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ABSTRACT

The study of the transport to large distances of radi-

ation produced by high-energy accelerators is of fundamental

‘interest and important in the calculation of the exposure of the

population living in their environment. The most significant of
the experimental data accumulated since the cohstruction of the
early particle accelerators and their theoretical interpretation

are reviewed.



. -1-
1. INTRODUCTION

An éncient Chinese prbverb tglls us that a man who takes a ride on
a tiger is often too afraid to dismount. "Skyshine“vhas been, for many
years, é tiger on whose back accelerator health-pﬁysicists have beén
riding. We feel that it is time_to dismount, loQk the tiger in the face,
and see if.he has an? teeth. |

: Alﬁhough the word “skyshiné" is widely used in rédiation physics,
we have béén ﬁnable to find a pfecisé definition‘of théiterﬁ.‘ It was
probably first‘used to describe ;ir—scatteréd éhpﬁbns-observed around
”hot—cellé" usea-for the ﬁanipulation of intensé'radioactive sources.
Furthermoré;_the terminology in the literature is often confusing. . For
example, the word "skyshine" often.describes ail the radiation reaching
points clése to the accelerator, whether_unsca?fered or scattered by the
ground, air, or neighboring buildings, and ofteﬁ includes direct radiation,
skyshine, and "groundshine." It is vital that thésé words be used more
precisely if general understanding is to be improved.

The.high radiation levels observed near parficle accelerators bﬁilt
with little or nb roof'shieldiné in the 1950's were.attributed to skyshine
neutrons. For example, at the quokhaven Cosmptron,l and at the 184-Inch
Synchrocyclotron- and Bevatron. at Berkeley,2 the fadiation levels were
sufficiently intense to interfere‘with accelerator operation. Initially
no overhead shielding had been‘instélled at these_aécelerétors, both be-
cause the high-intensity oper;tioh common today was not foreseen and be-
cause the magnitude of skyshine observed was»nét»anticipated. .This inter-
ference with accelerator operation. stimulated somé theoretical and exper-

imental studies of the production and- propagation of radiation fields

,



around high. energy accelerators.

Lindenﬁauﬁ3'4 simulated a particle'accelef;tof as an isotropic point
éource of neutrons of energy of about a feﬁ MeV. He modified an analyt-
ical solutionof the neutron transport equatiqn in avhomogeneous‘medium5
to take account of the presence.of the earth, énd aerived a forﬁula ex-
preésing £he"variatién of scalar neutron flux déﬁSity with disﬁance from
the source. His formuia cdnsists of two terms: One is called the "direct
component" bgcause it approximatelyvexpresses the flux density that
would reach a point at distanée from an isotropic source if neutrons were
on}y_absétbed Qi scattered out but not scattefed.in} This direct compo-
nent only dominatés‘the flux density at smail‘diStances frqm the acceler-
ator. Thé second term, represents the "indirgétf'or'scattéred coﬁponent,
and it was given the name of "skyshine." It was shown to‘be the only part
of the expression that was influenced by the préséhée or absence of a roof
shielding over the source, and which dominates the flux density at large

'distances.ffom the source. |

Early ﬁéasurements m#de within 300 m from particle aqcelerators were
found to bé in agreement with the Lindenbaum.fofmuiation within the ex-
perimental accuracy of the measurements (= factofxof two). This experience

’

suggested that some overhead shielding is required
9

in the ear;y fifties
for acceieraﬁors that produce neutron ihtensities greater than about 10
n/sec8 and soboverhead shielding w;s'adopted in the planning of new accel-
erators.

The skyshine problem was so serious at these first proton synchrotrons
that great consideration was given to skyshine9 dﬁring the preliminary de-

sign of shielding for the proposed strong-focusing synchrdtron to be
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constructed at Geneva (1952). In the initial.design'it'was prOposed\that
a Iarge earth mound be constructed to protect buildings édjacenﬁ to the
synchrotr§n1 This‘mound’was, in fact, constructed and existé to this
day; affecﬁionately known as Mt. Citron—-aftef iﬁs architect. Skyshine
is thué one of the few, if not only, radiation phehomena,to which a mon-
ument has begn erected With the provision of roof shielding or the con-
strﬁction of‘accélerators'undergrognd, radiétiop leyéls arouhd high-energy
acceleratotstecame.acceptabiy'low.

The Lindenbaum'equation proved sufficiéntly'accuréte for the estima-.
tion of radiation levels at distances up to a few hundred meters from

accelerato:é and there was no compelling reason to investigate high-energy

‘neutron transport phenomena.with great accuracy. Nevertheless, several

measurements were made and, as we shall see in the section on Experimen-
tal Data these tend to show that the neutron flux density decreases with dis-
tance faster than is predicted by the second term of equatioh(2)(section 2).

In comparing these early measurements with theoretical calcﬁlations, it is

important to stress the diffiéulty of performing reliable measurements at

large distances from accelerators where the intensity of the radiation

field may be comparable to that of the natural background. Furthermore,

the evaluation of the source strength appropriate to equation (2) is

aifficult.

Recently, however, because oflincreasing intefeét in the magnitude
of population eXpésures due to nﬁclear facilifies;‘interest has revived
in estimating radiétion>lévels at large distahcés:from high-energy accel-
erators.

10,11

It has been shown by several authors” that the main component of



-4-

the fadiation measured outside thé shielding'of high-energy accelerators
is neutrons of energy in éhe range between the thermal and the energy of
the priméryvcharged particle beam. Gamma rayé and charged particles do not
usually éontribute more than 10 to 20% of theAtbtal dose, except at some
electron'acéeleratdrs. Muons may represent an iﬁportant.contribution_at
very-highveneréy accelerators, but they are ciosely confined along
the direction of fhe primary beam that they rarely present a problem.
The dominant component to dose equivalent at large distances willlbé from
neutrons in the 100 keV to lOvMeV energy range;‘buﬁlneutrons of higher
energy are a1so important. Because ofvthe greagvdifficulty in making
measuremehts béyond'about 1000 m at existing high;energy accelerators,
estimates of radiation levels at distances out‘to tens of kilometers
(which may Be necessary for population dose calbulations) must depend
ﬁpon theoretical extrapolations.
2. THEORETICAL STUDIES

No cqmpiéte theoretical treatment of skyshihe'at high—énetgf acceler-
ators pregently exists. Any tﬁeoretical model, to be adequate, must treat
the air transport of neutrons with energies.of‘Up to hundreds of Mev. 1In
1957, based on experience at the Cosmotron, Lindénbaum3'4 reported one of
the first fheoretical studies of what he called skyshine phenomena at
bhigh-energy proton accelerators, and formulated an éxpressioh describing
the propagation of low-energy neutrons (~‘few-MéV) through the atmosphere.

In essence, Lindenbaum used the expression for fhe neutron flux pro-
duced by a point source in an infinite isotropic séattering medium. This
expression wasvderived by Case et gl.,s using diffusion theory .

Lindenbaum wrote the scalar neutron flux density, $(r), in the form



-Etr | ~k xr
o) = L c(e,r) + Ele) e , . (1)
anr? 4T D r :
witﬁ Q = neutron source strength (neuffohs sec-l),
Et = macroscopic total cross section,
Es = scattering cross section,
D = diffusion coefficient,
l/ko = diffusion length,
¢ = ES/Et, the ratio of the scattering to the total cross

*
section, and

€(c,r) and k(c) are functions of c'(ratio of scattering to

total cross section).
The assumptions made in the Case formulation are:

a. It is a solution for the one-velocity case of neutron diffusion,
i.e., the source emits monoenergetic neutrons, and the neutrons arriving
at points distant from the sourée have the samé-ehergy as those emitted-
at‘the source (they do not lose any kinetic energy in elastic collisions).
b: The,sourcevis an isotropic point sourceg.

¢. Neutrons diffuse in an infinite uniform absorbing medium (taken
to be air by Lindenbaum). |

d. Scattering is isotropic in the-center—offthe—mass system.

Given these assumptions, the general solution to the steady-state prob-
lem (i.e. a source intensity constant with time) has for the flux density
the familiar form (1) given by Lindenbaum.

For neutrons of a few MeV transported in air, equation (1) reduces to:

oL s . . 3 . -
This is the definition given by Lindgenbaum. However, in the original ref-

erence cited by Lindenbaum(Case et al.),c is defined as the average number

of secondaries emitted following an inelastic collision. Case et al. give
values of ¢ higher than 1. Qf course, the ratio Zs/Et cannot be greater than
1. -
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=2 -5
. . X .
d(r) = Q [7_._9%_19_, exp (-r/1.4 X 10h+ 24210 - 10 exp(r/2.5 X 104)]
r o

- .1 (2)
with ¢ in neutrons cm sec ,

r in cm,

Q in neutrons sec .

The presence of the ground requires some deification of equation
(1). Lindénbaum suggeste& this could bevadeéuately achieved by only
changing the value of c. Such a change_limits the use ofbthe equation
to the tréﬁsport of neutrons of few MeV. Lindenbaum pointed out that if
higher-energf neutrons were to be considered, changes in both mean free

‘path and ¢ would be necessary.

The first term of equation (1) is almost identical with the equation
describing propagation of radiation from a point source with absorption but
.without scattering. With the values of the parameters proposed by Linden-
baum, the first term of equation (2) Becomes ﬁégligible in comparison
‘with the second for distances larger than abouf 3 mean free paths in air
(some 300 m). The second ‘term of equatioﬁ (2).represents the component
of the radiation field scattered to the point of measurement from all
directions. In practice, the éémponent arriving from the ground is much
smaller thah that arriving from the air, leading to its often being referred
to in the literature as "skyshine."

Lindenbaum's equation was intended to describe those siﬁuations where
the neutron—léakage spectrum into the air was composed of, or at least
strongly dominated by, neutrons in a narrow bana of energy in the MeV

region. For those cases where the accelerator is well shielded with earth

or concrete, thne radiation field is controlled by high-energy neutrons
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(E > 100 MeV), and Lindenbaum's equation cannéf be expected to have great
accuracy.  However, even under such éonditioné‘if‘can often prédict neu-
tron dose-equivalent rates with aécuracy sufficieﬁt for health physics
purposes. " When neutrons in the MeV region are dominant, as when; for ex-
émplé, ﬁhere is either no roof shielding or the‘shield is constructed of
materials containing little or no hydfogen (e;gu séeel or lead), Linden-
baum's equation can predict neﬁtrbn flux densities to within é factor of
three atidistancés éut to ~ 200 m. In particulér; reasonabie agreement
(within avfaétor of 2) was found between measurements within a range of
30 and 150 m at the Cosmotron, and theoretical é%ﬁimates using equation
(2).4 Other workérs have developed treatments_éf skyshine similar to those
of Lindenbaum.l2’13
More recently, Lindenbaum's treatment of skyshine phenomena for low-
energy neufrbns has been verified by more sophisticated mathematical tech-
ﬁiques. For éxémple, Kinney 14 used a Ménte Carlo analysis to determine
the transport of neutrons bf various source enefgiés up to 20 MeV at an
air-earthvinterface. Ladu gg'gl.ls have also carried out Monte Carlo
calculatidns-for an isotropic point source of SfMeV.ﬁeutrons at an air-
earth interface. They also studied the influence of lateral shielding by
performing the calculations for different values of the solid angle sub-
tended upward by the source, w = 2 T(l - cos 6). Values_of 8 chosen were
30°, 60°, and>906. The first two cases correspohd‘to accelerators with-
out roof shieiding but with thick lateral shielding, and the last case

corresponds to no shielding. Ladu et al. summarize their results for

these three cases by the empirical relations:
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ar ¢, 20m < r < 300 m, (3)

¢(x)

$(r) =B exp ( /N, r>300m . (4)
values of a and A were found to depend somewhat upon the value of 0, but
o was in the range of 1.5 to 1.6 and A in the range of 200 to 230 m.

' Figute l_shows the variation with distance of total ﬁeutron flux density
calculated by Ladu EE.EL;' compared with Lindenbaum's fhéory. Ladu et al.
conclude ;hat the transport of low-energy neuﬁréhs,(~few Mevf produced at
air-earth interfaces is quite well understood-—a view supported by. the
good agreeﬁent both between various theoretical tieatments of low-energy
neutron and secondary Y-ray transport through air and between the calcu-
lations and gxperiment. An understanding of the transport of léw-energy
_neutrons through the atmosphere h;s been necessary in the understanding
of nuclear weapons' radiation effects and for the design of shielding in

nuclear powered aircraft. These two programs have carried out rather

‘comprehensive theoretical and experimental studies of air transport phenom-

16
ena.

As an exémple of the good agreement between theoretical calculations,
Figure 2 shows the neutron dose as a function of distance from a fission
neutron source calculated by discrete ordinates.and Monte Carlo calcula-

7,18 . - .
17, There is a similar agreement for other energies up to 14

tions.
MeV. Figures 3 and 4 show good.agreement between meésured19 and calcu-
lated17 doses both fqr 14-MeV neutrons and secondary Y-rays.

Successful as’thé low-energy theoretical treatments have been, a
complete theoretical treatment must include a discussion both of the

diffusion of low-energy neutrons and the transport of the high-energy

neutrons emerging from the accelerator. It was Lindenbaum who first
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pointed ouf that at distancesvof several hundred meters from accelerators
with no roof shiglding, and at all distances froh_éccelerators with roof
shielding, high-energy neutrons (E > 100 MeV) would control the external
radiation field.
The presence of these high-energy neutrons was first demonstrated-by
Dakin20~wh6 measured neutron fluxes at distances bétween 105 and 500 m

around the Bevatron by using a BF, counter shielded at the back and sides

3
with concrete. Concrete was placed in front df the'detector, and crude
estimates were madé of the fast-neutron energy spectrum. Dakin interpréted
his results by assuming that the neutron specfrum consisted of two groups,
the first having an averagé énergy between 1.4 and 4 MeV and the second
between 100 and 260 MeV. For both groups, the radial variation éf neutron
“flux was similar, and, within the experimental acquracy,'did not differ
greatly from inverse square. By considering the transport of neutrons
in the atmosphere, Moyer21 was able to explain this rather surprising ob-
servation. At distances out‘to 500 m the radialfdepéndence of low-energy
diffusion neutrons and high-energy direct-flight'neutrons is very similar
(see Figure 5).

Somewhat late: Tardy Joubert22 showed that the neutron spectrum hardened
with incréasing distance from the 3-GeV protonFSYnchrotfon.“Saturne," at
Saclay. Figure 6 shows the mean neutron energy as é function of distance
from the accelerator, which inpreases frém 0.45 MeV to 1.2 Mev.

Stevenson23 has reported fair success in describing the qualitative
behavior of measurements made at CERN and Brookhaven with a computer
code named ASPIC. In this program the inelastic interactions of high-

energy neutrons with air nuclei were treated by a simple analytic and
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.Monte Carlo calculation. It was assumed that high-energy neutrons were
emitted isétrbpically into the upper hemisphere where they inteiacted with
a mean free path of 850 m producing a number of low-energy neutrons having
a mean free path in air of 150 m. Further work is_needed along these lines.
The basic computational techniques for performing adequate numerical cal-
culatioﬁ of.skyShine already exist.

There-seems to be no fundamental reason why neutron transport codes
of the type developed at Oak Ridge24 should not be successfully applied
to the problems of accelerator skyshine. Because accelerator skyshine
radiation levels have not presented a serious problem in recent years,
these calculations have not been made. However, the recent impetus given
to environmental radiation studies makes such'éalculétions most desirable.
3. EXPERIMENTAL DATA

The abéénce of any unifying theory has inhibited the development of
experiments designed to provide an understanding of the mechanism of ra-
diation aﬁtenuation at large distances from acéelerators. Although
measurements around several accelerators have been reported in the lit-
erature; many have been made as part of health physics radiation survey
programs. Data accumulated in this Qay are often extremely difficult to

25,26

interpret. Hofert et al. at CERN , and more recently, Jenkins at

SLAClo have described these difficulties in some detail, which are clearly
demonstrated in Figure 7 showing the data obtained from a radiation sur-
vey around the CERN 28-GeV Proton Synchrotron. The large experimental
errors inhereﬁt in such measurements make, in our judgment, interpreta-

tion in terms of radiation-transport theories almost impossible.

In order to understand the radiation—transport phenomena involved,
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one needs carefully controlled experiments which, in the competitive atmo-
sphere of front-line research accelerators, are difficult to mount. Skyshine.
alone has been sytematically studied27 in possibiy'only one experiment at
the 50-MeV proton linear accelerator of the Rutherford Laboratory. Neutrons
were produéed by stopping a 50-MeV proton beam in a thick aluminum target.
Roof shielding was not provided but the target region was shielded with a
3-ft. (~1-m) thick, 12-ft(3.65-m) high concreée wéll{ Measurements were
made of the neutron dose-equivalent rate as a fuﬁction of distance from

the shield wall. The wall was then increased to 5 feet (1.5-m) thick and

12 feet (3.65-m) high: and finally to 5 feet (l{S—m) thick and 19 feet
(5.8-m) high.'.Figure 8 shows the néutron dose-equivalent rate as a function
of distance from the shield. The upper curve showé tﬁat increasing the
thickness of the shield from 3 ft. (0.9-m) to 5 ft. (1.5-m) had no signif-
icant effect.on the radiation level, indicating that skyshine was the dom-
inant sourceIOf neutrons. This was confirmed by measuring thé dose-
equivalent rate at a depth of 3 ft. (0.9-m) in the éhield wall and outside
the 5 ft. (1.5-m) shield wall. The dose rate at a depth of 3 ft. (0.9-m)
was less than 1% of the rate outside the.shield_wall.> Figure 8 demonstrates
the shadowing effect of the concrete wall--the maximuﬁ radiation level
moving outwards as the wall height increases. Undér such cdnditions the

observed neutron dose-equivalent is due to neutrons scattered from the

atmosphere back to the ground and can be truly described as skyshine.

In some cases a direct view of the accelerator is possible. For
example, at Berkeley where the Laboratory is situated in hilly terrain,
many of the reported measurements were made looking ‘down upon the Bevatron

from the surrounding hillside.28 The influence of site fopography is not
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yet understood but it is probable that when hills_intervene in the direct
line of sight to the accelerator, the radiation‘ievéls measured would be
substantially reduced. No systematic studieé ha&e 5een reported, but the

~ shadowing effect of buildings and hills is ofteﬁ invpked to explain de-
pressed radiation levels. McCaslin29 has reported some data to support
this view: In analyzing measurements obtained at three environmental mon-
itoring stations of the Lawrence‘Berkeley Laboratory, all approximately

at the same distance from the Bévatron, he observed that the dose equiva-
lents recorded at two stations not in direct view of that accelerator were
a factor of two lower than that recorded by the station in direct line-
of-sight. Inside buildings with substantial walls,,the neutron flux dens-
ity will also be considerably reduced. For examplé,'in cosmic-ray ex-
periments Yamashita gg»gl.3o noted a reduction by;almost a factor of three
in the counting'rate of a paraffin-moderated BF3 counter, when they moved the
detector from the roof to inside the first floor of a‘four—story parking
garage in Bérkéley.

Table I summarizes a number of measurements of the variation of
neutron flux density with distance, from a variety of types of particle
accelerators, reported in the literature over the last twenty years. The
techniques of measurement reported are varied, ranging from moderated
BF3 counters and Bonner spheres to Anderson rem meters. Comparison be-
tween neutron fluence and rem measurements can be obécure. The influence
of site topography is not yet understood. Neverthelessi in almost all
cases, attempts have been made to fit the experimental.data to empirical
or theoretical formulae. The functional form of the dose rate or flux

density dependence with distance used in these fitting procedures ranged
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in sophistication from a simple exponential variation to evaluation of all
the parameteré of the Lindenbaum expression (1).

Cowan and Handloser31 reported the first measurement of accelerator-
produced radiatibn at large distances. Measurements were made with an
ionization chamber of the radiation levels at:disténces between 75 and
300‘m-froﬁ the Cosmotron at Brookhaven. The absorbed dose rate in air
at distance r from the accelerator, D(r) was éxpressed in the expoﬁential
form: .

D(r).= Do r-n‘ : (5)
with a value of n = 2.3 * 0.2.
Early measurements At the i84—inch Suchrocyclotron, the 6-GeV Bevatron at
Berkeley and the 50-MeV p;oton linac at the Rutﬁerford Laboratory inter-
preted in fhis way gave values of n of 2.0 % 0.2 and 1.97 + 0.05 respec-
tively.32 Baérli33 reported a value of n = 2.46 (no error quoted) to
deééribe measurements taken around the CERN 28-GeV Proton Synchrotron (PS).
Earlier measuremenﬁs at the CERN 600-MeV synchroéyclqtron (SC), made out
to larger diétances than those repor£ed from the CERN PS, héwever, suggested
a slower variation of dose-equivalent with distanées.34 The value of-
n measﬁred at the CERN PS did not vary with accelerator.opéréting con-
ditions or with components of the radiation fiela measured (see Figure 9).
This latter observation is consistent with the h&pothesis than an equil-
ibrium radiation spectrum emerges from the radiation shield. The CERN PS
is well shielded underground and atAthe time,thesé measurements were made,
an internal target was used to produce secondary pérticle beams and was the
dominant, highly localized (essentially a poiﬁt)‘source of radiation.

Under these conditions an emergent equilibrium spectrum is to be expected.



-14-

Ladu, Pelliccioni, and Rotondi35 have reported measurements at the
1-GeV electron synchrotron at Frascati at distances between 50 and 300 m.
The accelerator had no roof shielding when thesg_measurements were made.
Flux densities were measured in two mutuélly perpendicular directions and
values of n of 1.95 and 2.46 obtainea, bﬁt no éfrors are quoted.

A simplé exponential variation of dose—equivélent or fluence with
distance'was adequate to describe these early measurements because at
distances up to several hundred meters from the neutron source the inverse
square-law variafion dominates the neutron tranﬁport (even in the Linden-
baum equation) and furthermore, these early measurements were of limited
accuracy. The most recent measurement to be deséribed in this manner is
due to Katoh and Doke36 who reported measuremenﬁs at distances up to 200 m
from a 50-MeV proton cyclotron with roof shieldiﬁé removed. The dose
equivalent rate was measured using a Bonner sphere system and an Anderson-
type rem meter. Large values of n of 2.7 * 0.1 and 2.6 ¥ 0.2 for the
variation of dose-equivalent rate with distance were determined, possibly
indicating substantiél absorption of low-energy neutrons in the atmosphere.
All the measurements described in simple exponential form show a decrease of
neutron flux density (dose equivalent) with distance that is at least as
fast as the inverse square (n = 2).

An alternative interpretation, first suggested by Dakin28 was to ex-
press the variation of neutron flux density with‘distance in the form:

: -r/A
¢ (r) = 22— € (6)



-15-
with the exponéﬁtial term tentatively interpretédAés representing neutron
attenuation in the atmosphere.. Measurements madébét distanbes from 100
‘to 400 m from the Bevatron, using a moderated'st.cqunter, were more pre-
cise than'earlier measurements made in the same location,” and were well
interpreted‘by equation (6).

Mostvdf the eaflier experiments have been aléo interpreted in terms
of Lindenbauﬁ?s theoreticai treatment of skyshine (2) which
predicts‘thé>neutron fluxes obser?ed around a large variety of particle
accelerators, to within a factor of about three Kwhi;h is usually suffi-
ciently accurate.forhealth thSics purposes) . >E6r exampie, in the early
work at»tﬁe:Rutherford Laboratory, tﬁe Lindenbaﬁm‘théory waé found to fit
the shape of the neutron flux density distribution at distances between
30 m and 300 m from the effectivé neutron source.'?"7 Somewhat later
Bathow et 31.38 reported measurements at the DESY 4-GeV electron synchro-
tron. - A 4-GeV electron beam was directed onto an aiuminum target whose'
thickness (136 cm) gave optimum neutron productién, The shielding- con-
figuration afound the target ensured that no direct radiation was measured.
Measuremenﬁs were ma&e at distances from 55 to 545 m-from the target. The
average energy of neutrons produced in the target was 1 MeV, with 13% having
energies gréater than 25 MeV. Bathow et al. ana%&zed their experiments in
ferms of the skyshine of the Lindenbaum equation (i.e., the second term

of-eéuation (1)) :

Ke ~ o (7)
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In this experiment the neutron source strength, Q, was measured. The dif-
fusion length (l/ko) was determined from the experimental data as 140 m,

where kois.given by:5
ko = I, Bs + 9¢ - l2c2)/5] A (8)

where Et is the macroscopic effective total section,

is the ratio of the macroscopic scattering cross section,

Q
I
™ .lmM

t

Es, to the total cross section and.Et. Using an average neutron energy of
0.5 MeV, Bathow et al. calculated a value of Zt. of 1.3 X ;0'2 m—l, and
hence éubstituting for ko and Et into equation 7, they obﬁained c & (0.88.

Thg diffusion constant D is giveh by:

D~ (1/3Z) (9-4c/5) . ‘ (9)

Substituting for c¢ and Zt, a value of D = 28 m was obtained. ‘

Bathow et al. concluded that it was possible to‘describe'the skyshine
due to neutrons with energy below 10 MeV quite éimply, and to within a
factor of two, by skyshine theory. They were encouraged by the apparent
success with which the Lindenbaum theory could be used to analyze measure-~
ﬁents made'atvseveral accelerators. Table II summarizes the parameters
of equation (7) found to fit the experimental daté measured at several
different accelerators. The parameters found are quite similar, with the ex-
ception of those for the CERN SC. For this accelerator the mean neutron
energy reported ( ® 10 MeV) was considerably higher than for the other
accelerators ( = 1 MeV), which may account for the value of 300 m qbtained

for the relaxation length (to be compared with 100 to 140 m for the other

machines). The measurements made extended out to 1500 m from the radiation
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source, which itself was geometriéally well definéd. The 600~MeV protons
were stqpped in a water target, which had né éverhéad‘shielding, for this.
measuremeht. It must be emphasized, hﬁwever, that.Similgrity of the Linden-
baum parémeters for most of the.exﬁerimental data does not prbve the valid-

ity of the Lindenbaum formalism. The accuracy of the prediction is only

to within a factor of two, which can also be achieved by alternative formu-

lae.

Relativé measuremeﬁts of dose-equivalent rate or flux-density are a
poor test of any model, because the.dominant factor in reducing fadiation
intensity is ﬁhe inverse squ;re law. Jenkinslo_hés shown that relative
measuremehts of the neutron dose rate around the Sténford 20-GeV electfon
linear accelerator cannot discriminate between alternative theoretical
or empirical formalisms of skyshine (see Figure 10); This inability to
discriminate is probably due to the presence of high;energy neutrons in
the leakage spectrum. As Moyer21 noted, the spatial dependence of low-
and high-energy neutrons emerging £rom'the'éccelerétor (Figure 5) and its
shield are similar for distances up to at least 500 m. Any test of the
Lindenbaum formalism requires an absolute measurement of the source inten-
sity in addition to the neutron flux density as a function of distance.

Only ohe of the reported experiments appeared to havevall_conditions
satisfied.fér a realistic comparison with the Lindenbaum skyshine formal-

32,39,40 . :
The 50-MeV proton linear accelerator at the

ism in equation 7.
Rutherford Labbratory was surrounded by a flat area completely free of
buildings. A beam of 30-MeV protons was stopped in a thick aluminum tar-

get about 1.5 m above the ground, producing a point-source of low-energy

neutrons. Direct radiation was eliminated by a thick shield wall. No
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neutrons gfeater than 30 MeV could be‘produced,iana neutrons in the few
MeV region dominated. Outside the‘shield'wall meéSurements of mean neu-
tron energy gave a value close to 0.75 MeV. Abéélute measﬁrements of the
neutron flux at distances between 30 and 750 m were made with a calibrated
loﬁg counter, whereas fluxes between 1 and 30 m were measured with sulfur
capsules and moderated .indium foils. It was.aléo possible to make an ac-
curate estimated of the neutron source strength, which permitfed an absolute
compafisoﬁ With Lindenbaum's prediction.v Measurements at disténces.up to
300 m indicated that Lindenbaum's expression prediqté fluxes considerably
higher than those observea (a factor of 3 at 300 m). The measurements by
Simpson and Laws40 at distances out to 750 m even further accentuate the
divergence as may be seen in Figure 11 which compares various measured
values of Fflux density with those calculated usipg Lindenbaum expression
for values of ¢ = 0.5 and 0.9. The parameter 4ﬂ_r2 ¢ (r)/Q is plotted as
a function of disfance. This method of presentatidn is useful in that it
removes the dominaﬁt role of the inverse squareilgw'and draws attentionb
to residual'vériations. .

With- this apparent failure of the Lindenbaum.formalism and the absence
of adequate alternative theoretical predictions,.recourse has been made
to empirical descriptions of experimental data., Thbmas41 has analyzed
the experimental data obtained at Berkeley, HarWéll, apd Saclay and found
an unexpected agreement that is probably fortuitous. The Berkeley42 ana

Harwell39’40

. . 43
data have already been described. Tardy-~Joubert and DeKerviler
have reported measurements made around "Saturne"”, the Saclay 3-GeV proton

synchrotron. < They do not give numerical data or errors, but show a smooth
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curve between 37 and 700 m from the machine. . Figure 11 shows the experimen-
tal data obtained at these three laboratories. Only the Harwell data in-
cluded a precise estimate of‘the source strength Q. For the Berkeley data,
an arbitrary normalization was chosen so that 4 T r2'¢ (r)/Q = 1.0 at r =
280 m. The source strength taken for the Saclay:data was obtained by ex-
trapolating the smooth experimental curve back to r = 0.

_The main features of the curve are the buildup to a magimum of 1.6 at
110 m, return to 1.0 at 280 m, and exponential decrease thereafter with
attenuation length of 267 m.v The experimental résults for all three lab-
oratories‘are seeh to be in fair agreement (discrepancies ~ 6%). An empir-

ical expression that fits the experimental data well (within 5%) at dis-

tances greater than 50 m is:

agQ - - '
b0 =, 2 (l-e /My /A L5 5 % 10° em, (10)

2.8

with a =
3
U =5.6X 10" cm, and
A= 2.67 X lO4 Cm.

Kom.ochkov44 has reported that measurements at the_Dﬁbna 10-GeV Synchro-
bphasotron are better interpreted by equation lOvthén by the Lindenbaﬁm
equation out to a distance of 440 m from the accelerator.

It is of interest to note that the value of étﬁenuation mean free
path in air for the neutrons obtained from measurements around these
accelerators is in fair agreement with that found for fission neutrons.
Stephens and Aceto,45 usinQ reactor facil;ties at the Nevada Test Site

found A &~ 224 m. Differences may be expected in the leakage neutron
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spectra frpm a reactor and from high~energy aCcélerators; but may be signif-
icant that,"bf the four accelerators whose radiation fields are described
by equation 10, threevwgre‘proton synchrotrons with no or very thin roof
shielding; while the fourth.was a 5-MeV linac.

The variation with.distance from an accelerator of both the intensity
of skyshine neutrons and the average neutron enéfgy will initially depend
upon the leakage spectrum of neutrons emefgingrfrdm the accelerator into
the atmosphere. This leakage spectrum is initially determined by the
.particles acéeleratéd, theif energy, and the quantity'and type of roof
shielding.  DeStaeb1er46'47, has shown that the-fadiaﬁion field outside
well-shielded high-energy, high-intensity electron accelerators is very
similar to that found around shielded high-energy proton accelerators.
Under such conditions, the nuclear cascade has achieved an equilibrium to
be controlled.by neutrons with enefgy greater than 100 MeV.

It has been the experiehce at high-energy iaboiatories that neutrons
éontribute the greater part to radiation levels at large distances from

. : 2
both electron and proton accelerators. For example, Hack reports the

dose-equivalent composition of skyshine from a 50-MeV proton linac as:

Fast neutrons (mean energy ~ 1/2 MeV) ~ 90%
Gammas ' ~ 10%
Slow neutrons ~ 1%.

At electron accelerators the experience is similér. Figure 12 shows

the gamma and neutron dose levels recorded at one of the Stanford LinearA
Accelerator Center monitoring stations. The data shéwn include natural
background, and periods of intense accelerator operation may be readily

observed. Neutrons are seen to dominate the accelerator-produced radiation.
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At Qell—shielded accelerators the leakage neutron spectrum will
reach equilibrium in the accelerator shield. This equilibrium is con-
trolled by neutrons of energy greater than about nloo MeV and the
charécteristics of their interaction in matter. At the interface
between different media some change will occur in this equilibrium--most
noticeablf at energies below about 10 MeV. Equilibrium to a spectrum de-
termined by the nucléa; properties of the new medium will be reesﬁablished
in a depth corresponding to the high-energy inelaséic mean free path(~95 g
cm_2 or 800 m in air). The nuclear properties éfbconcrete énd air are
quite similar so cthequently one would expect the radiation in air close
to a concrete shield to be almost in equilibrium. The data reported by
Baarli33 Figure 9 from measuréménts at the CERN.PS are consistent with this
hyﬁothesis. "Photons, thermal neutrons, and fast neutrons all show the
same radial dependence over the range 10 to 900 m from the accelerator.
This suggests that the neutron-leakage spectrum from the CERN PS shield is
in equilibrium and that this equilibrium does nof éreatly change in the
air. Howevér, in the qase of an accelerator constructed with a large iron
magnet, which has no overhead shield, the leakage spectrum of neutrons
streaming ﬁpwéras into the air from the iron magnet yokes will be rel-
atively rich in neutrons in the few-hundred-keV energy region. Early
measurements of skyshine made at the Cosmotron and Bevatron and later at
f’Saturne"22 ( Figure 6) show spectrum hardening; Distenfeld48 has reported
measurements of the leakage spectrum from a steel experimental back-stop
used at the Brookhaven 30-GeV Alfernating'Gradient Synchrotron (ACS)
using Bonner spheres. His measurements confirm the presence of low-

energy neutrons which will be of great importance in determining the
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character of skyshine.

We might therefore expect to observe substantial differences in the
form‘of the variation of skyshine with distance depending upon the particles
accelerated, their energy, and the quantity of.accelerator shielding. 1In
particular, in the empirical expression of equatioﬁ (10), the observed
value of X_ﬁay vary.widely. A reasonable lower limit would be that measured

for fission neutrons of = 225 m.45

If the accelerator is capable of pro-
ducing neutroné of energy greatef than about 100 MeV, i£ is reasonable té
assumé that at large distances when an equilibrium spectruh has been es-
tablished in air, A will take on the value correspénding to high-energy
neutrons. The high-energy attenuation length in air may be calculated

as ¥ 95 g cm-2. In cosmic ray studies we have measured the attenuation
of stroﬁgly interacting particles produced in exteénsive air showers and
obtained values in the range of 100 to 120 g cmfz. .It is reasonable,

therefore, to take an upper limit of A as ® 100 g cm —2(850 m) .

The transport of fission neutrons through the atmosphere was meas-

49,50

ured during Operation BREN (Bare Reactor Experiment Nevada). In

this experiment the ORNL Health Physics Research Reactor (HPRR) could

be hoisted up to heights of several hundred meters above the ground. The
HPRR is a small fast reactor that produces an esséntially isotropic distri—
bution of unmoderated fission neutrons. Figure 13 shows measured neutron
doses as a function of distance from the reactor for three positions of

the reactor above the_ground,50 with the neutron detector always at

ground level. Figure 13 shows that at distances beyond 300 m from the
reactor, the neutron dose has the form of equation (10), with A~ 224 m

-2, . .
(23 g cm ),in agreement with the measurement of Stephens and Aceto.
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As the radiaﬁion source.is lowered tqward tﬁe grouﬁd,vthe neutron éose
decreases.by about a factor of two.

Measurements of the transport of 14-MeV neutfons throuéh air were
made during O'peration'HENRE19 (High-Energy Neutron}Reaction Experiment).
Thg 14-MeV neutrons were produced; using the D—T'reactién, by an acceler-
ator.that could be raised above the ground to a maximum height of 366 m.
Figure 4 shows measurements made with the accelerator 336 m and 8.2 m above
the ground. . In the first experiment the detector was at the same height‘
above the ground, as the source, and the experimental conditions approximated
ah infinite airAmedium; in the second experiment the detector was on the
ground. Measurements were made out to.about 1000 m from the sourde. At
distances beyond about 500 m, A has the approximate value of 25 g cm-2
(close to that observed in the reactor experimeht).

The HEﬁRE measurements are particularly interesting in that some ex-
perimental iﬁvestigations of the mechanisms of skyéhine'were made.'r,)l With
a fixed source position above the ground the defectbr height was varied
from 0.2m tp‘él m from the ground. Measurements were made of the total
.neutroﬂ dose, and of the contributions to dose due to neutrons arriving
from both the upper and lower hemispheres. Figure 14 summarizes the ex—
perimental data. It is readily seen that the abébrbed dosg produced by
neutrons arriving from above is little influenced By the detector position.
The number of neutrons reaching the detector from below are, however,
strongly dependent upon detector height above the ground. Frenchf52 was
able to estimate the perturbation on an infinite air medium due to the
presence of its interface with ground, using a model called the First-

Last Collision Model. The model assumes that the interface effects'are
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primarily due to the influence of the first collision on neutrons near
the source and the influence of the last collision on neutrons near the
detector. Figure 14 shows quite good_agreement:befween this modgl and
the experiméntai data. |

It may be concluded that transport of neutrons:of energy up to 14 MeV
through the atmosphere and at an air/earth interface is theoretically well
understood. The value of A ® 267 m suggested by Thomas41 from measurements
obtained at the PLA, Bevatron, and "Saturne" is consistent with the known
leakage spectrum from these accelerators.

At well-shielded high-energy accelerators, higher values of A would
be expected. Distenfeld and Colvett53 have made measurements out to 900 m
from the Brookhaven AGS and report a value of A ~ 600 m (72 g cm—2). Al-
though the experimental inaccuracies in such measurements are high and
the value of A not well constrained, the higher value is consistent with '
the hypothesis suggested. A recent analysis of:the environmental monitor-
ing‘data at the Lawrence Berkeley Laboratory ténds.to support a value of
A = 850 m for the attenuation in air of neutrons produced by the Bevatron
and the 184fInch Synchrocyclotron.54 |

There are conflicting data, however, not supporting this general
hypothesisj Hofert gE_gl.25'26 have recently reported values of A in the
range 244-290 m around the CERN PS, which do not agree with the value of

33,34 Since the CPS is a well-shielded acceler-

A obtained at the CERN SC.
ator-—similar.in construction to the Brookhaven AGS--one would have ex-
pected a value of A close to 850 m. These inconsistencies in the published

data indicate the need for continuing study of the skyshine problem. Such

studies are not merely of academic interest. For example, regulatory
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agencies pften require estimates of population e#posure resulting from
the operation of nuclear facilities. .Stephens’gg_gl.ss have shown that
estimates of population exposure fesulting from the operation of a high-

/3

energy accelerator are proportional to Xz . with‘values of } ranging
from 244,t° 850 m, the corresponding unéertainty in population dose is
more than a factor of two.

To summarize the experimental data, we have.selected some of the
measurements from those previously discussed and plotted them in Figures
15a to 15f. - The criteria for selection were: |

a. The ﬁeasurements were performed ét disﬁances up to at least 100 m.

b. Fast neutron flux density was measured, rather than dose
equivalent.

These curves‘are all fitted by an expression of,thé-type (10). Table III
summarizes co¥responding vaiues of buildupvfactors, buildup distances, and
attenuatién parémeters A. While the buildup factOrs.and buildup distances
agree quite well with each other; the va;ues of ‘A vary between abéut 300
and 900 m. These differences in A might be expiéined by differences in
the energy spéctrum of tﬁe source. However, the lack of precise infor-
mation of the source spectrum, wide differences in energy sensitivity of

neutron detectors, and perturbation due to topography and buildings do

not allow any firm conclusion to be drawn.
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4. CONCLUSIONS

Despite the léck of precise experiment;lbdatavand the absence éf an
adequate ﬁheoretical study, skyshine phenomené at-ﬁigh—energy acceierators
are empirically understood. Provided that an estiﬁate of the source strength
can be obtained, radiation levels up to distances of several hundred meters
may be estimated to within a factor of about three.. This is usually ad-
equate for radiation protection purposes.

'_Unfortunately,vthe early theoretical work 6f Lindenbauml has not
been followed up. Lindenbaum was aware that his treatment of the prob-
lem was .limited to neutrons.of a few MeV and sﬁgéested improvements suit-
able for higher energies. His work hés not beén éxtended, perhaps bécause
skyshine has not been of great practical imporfance_with the accelerators
built after the Cosmotron and Bevatron.

The absénce of any adequate theory of radiation transport around
accelerators makes interpretation of experimental data difficult. This
difficulty is enhanced by the inaccuracies inherent in the measurements.
Although a great deal of experimental data has been reported, many data,
however, were taken under conditions where topograpﬁy or the presence of
buildings perturbed the measurements. Despite such difficulties, the
available experimental data are consistent with our present understanding
of electromagnetic and hadron cascade phenomena as obtained from shielding
experiments, and we conclude that: |

1. The radiation inténsity decreases at least as fast as does the in-
verse of the square of the distance from the source;

2. At large distances from accelerators, ngutrons are the dominant

component of the radiation field.
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'3.V Fof well-shielded accelerators in the GeV region, the neutron
spectrum emerging from the shield is in equilibrium. At lower energies
or at,a;celerators with inadeqﬁate overheédfshielding, hardening of the
épeétrum with distance is observed.

4. VThe empirical relation

-r/A

¢ (x)~ age™” :

4m r?

is a simple but adequate expression fo; ﬁhe skyéhine intensity around
most accelérators.v Values of A.reported in thg\lite;ature vary betwéen
267 m and 850 m. At large distances (several thousand meters--from our
understanding of high-energy hadron cascades), weawould expect A to
approach the value of ~ 100 g cm-z.

There are two reasons for improving our understanding of skyshine
phenomena. The first is academic in gﬁat it is:of interest in itself.
.The second reason is, however, more pressing and'is of practical impor-
tance. There is increasing interestbat the present time in estimating
the population exposure resulting from nuclear installations. If such
estimatesvare to be made, and used by 5dministr#£o£s, they should be as
accurate asvpossible.' In an atmosphere of increasing public concern at
even extremély small radiation exposures it may:biove to be unwise to
grossly overestimate population dose. It may therefore be necessary to
obtain more pfécise data on skyshine. Such an experimental program should
take account of the following facts:

1. Precise measurement of skyshine must inélude a reliable estimate
of the neutroﬁ source strength.

2. Measurements must extend well beyond the existing range of
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distances—4preferab1y out to 2500 m. Intense source strengths will be
necessary to achieve‘this and the accelerator uséd for these measurements
should preferably be in a remote location.

3. Crude measurements of the reiative compqsition of the radiation
field—particularly of neutron spectra——should be made.

4. Experimental cohditions shoula be as simple as possible. The
region around the accelerator should preferably bé as flat as possible
with no hills or large buildings to perturb measurements. The influence
of detector height above the ground should be studied.

When»uﬁexpectedly high radiation levels were observed around.the
early synchrocyclotrons and proton synchrotrons, it seemed that a "tiger"
had been loosed on the world. Early theoretical studies identified the:
tiger as skyshine, but the experimental data obtained in the fifties were
not sufficiently accurate to confirm this suggéstion. The éddition of
roof shielding to accelerators was sufficient to substantially reduce
radiation levels and seemed to make the tiger disappear into the jungle.
It was not elear whether the tiger had teeth or whether he was a paper
tiger. However, the "beaters"” of‘the USAEC and EPA have been at work, and
the tiger has reemerged. Let us hope he may soon be safely placed in

his cage!
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Table I Summary of skyshine measurements.

Particle *
A
ccelerator Accelerated »Enerqy Date Comments | References

Cosmotron Protons ‘ 3 Gev 1953 Measurements with ionization . 31
chamber - 75m-300m

184-Synchrocyclo- | Protons i Movements'with r'noderatedVBF3 42

~tron counter to 500m. Presence
of energetic neutrons demon-
strated.

Bevatron Protons 6.2 GeV 1962 , 42

PLA (RHEL) Protons 50 MeVv 1962 True skyshine measured - abso- 32,37,39,40
lute source measurement

Saturne Protons 3 GeV - 1963 : 7 22

CERN SC Protons 600 MeV 1963 34

CERN PS Protons 28 Gev 1964 : 25, 26,33

Frascati Electrons _ 1 Gev 1965 15

AGS (Brookhaven) " Protons 33 GeV ‘ 1966 53

DESY Electrons = = 6 GeV 1967 38

JAPAN . Protons : 50 MeV 1969 Distances up to- 200 meters 36

SYNCHRO PHASATRON Protons . 10 Gev 44

(DUBNA)
SLAC Electrons 20 Gev 1973 ‘ 10

* Date of first publication given if several exist
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Table II
Summary of Lindenbaum's equation parameters obtained from skyshine measurements at several

*
accelerators.

Range of l/k0 §£ : Mean neutron

Primary measurements -1 -2 _ - D energy
Laboratory beam energy (meters) (meters) (m "X10 ) C - (meters) (MeV) Reference
CERN SC 600-MeV protons 80-1500 1300 0.68 0.91 53 10 . 34
Frascati  1.1-GeV elec-  50-200 100 1.7 '0.86 22 0.25-0.4 35

trons : ] ’
DESY 4-GeV electrons 50-550 140 1.3  o.88 28 0.5 38
Harwell 30-MeV protons  30-300 140 1.2 0.86 - 31 0.71 32
Dubna 10-GeV protons 100-500 140 . 1.0 0.81 37 0.7-3.0 44
Saclay 3-GeV prdtons 50~600 . 135 1.0 =~ 0.77 39 0.9-4.0 43

. 38
from Bathow et al.




Table III.

Summary of some experimental measurements.

Laboratory Primary Type of Buildup Buildup A for Reference
Beam Measurement factor distance expression(10)
: (in meters)’ (in meters)
CERN-PS 29-GeV Neutron fluence ~ 3 150 395 56
proton with a long
counter
Dubna 10~-GeV Neutron fluence <100 230 44
proton with a long
counter
BNL 30-GeV Neutron fluence 2.8 125 610‘ 53
proton with Bonner sphere
CERN-SC 600-MeV Neutron fluence 2.7 140 990 34
proton with a long
counter
DESY 4-GeV Neutron fluence 6 or 7 150 330 or 270 38
electron with a BF, counter
and scintillators
RHEL 30-MeV Neutron fluence 2.5 110 303 39,40
proton with a long

counter




10.

11.

12.

13.

14.

15.

~33-
REFERENCES

8.4, Lindenbaum, Brookhaven National Laboratory Proton Synchrotron, in

Proc. Conference on Shielding of High-Energy Accelerators, New York,

April 11-13, 1957, USAEC TID-7545, p. 28.

B. J. Moyer, University of California Radiation Laboratory Proton

Synchrotron, in op. cit. in Ref. 1, p. 38.
S. J. Lindenbaum, Skyshine, in op.- cit. in Ref. 1, p. 101.

S. J. Lindenbaum, Shielding of High Energy Accelerators, Annu. Rev.

Nucl. Sci. 11, 213 (1961).

K. M. Case, F. de Hoffmann, and G. Placzek,»Introduction to Neutron

Diffusion Theory, Vol. 1, Los Alamos, 1953.

M. S. Livingston, Standard Cyclotron, Annu. Rev. Nucl. Sci. 1, 160
(1952).

M. S. Livingston, Synchrocyclotron, Annu. Rev. Nucl. Sci. 1, 167,

(1952).
H. W. Pafterson and R. H. Thomas, Accelerator Health Physics (Academic

Press, New York, 1973), p. 437.

A. Citron, W. Gentner, and A. Sittkus, CERN Internal Report: PS/WG3;
1953, (unpublished).

T. M. Jenkins, Accelerator Boundary Doses~ahd Skyshine, Health Phys.,
27, 3, 241 (1974). ' |

A. Rindi and R. H. Thomas, Radiation Environment of High-Energy Accel-

_eratois,‘Annu. Rev. Nucl. Sci. 23, 315 (1973);

W. K. H. Panofsky, Shielding Work at Stanford University, in op. cit.
in Ref. 1, p. 199.

R. W. Williams, Attenuation, in op. cit. in Ref. 1, p. 92; and, Cam-

bridge 6.BeV Electron Accelerator, in op. cit. in Ref. 1, p. 171.
W. E. Kinney, Oak Ridge National Laboratory Report ORNL-3287 (1962).

M. Ladu, M. Pelliccioni, P. Picchi, and G. Verri, A Contribution to the

Skyshine Study, Nucl. Instrum. Methods, 62, 51 (1968).



16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

-34-

For a general review see: N. M. Schaeffer, Reactor Shielding for

Nuclear Engineers, Radiation Research Associates, Inc., Fort Worth,

Texas Report, TID-25951, 1973, Chapters 8 ahd 9.

E. A. Straker and M. L. Gritzner, Neutron and Secondary Gamma-Ray
Transport in Infinite Homogeneous Air, Oak Ridge National Laboratory

Report ORNL-4464, December 1969.

W. M. Webster, Neutron Air Transport Calculations, Lawrence Livermore

Laboratory Report UCRL-50570, January 1969.

Qperatibhs Plan--Operation HENRE, edited by F. F. Haywood, T. G. Prov-

enzand,and J. A. RBuxier, USAEC Report CEX-65.03, Oak Ridge National
Laboratory, 1965. '
H.»S; Dakin, Lawrence Berkeley Laboratory, private communication,

1961.

B. J. Moyer, Method of Calculating the Shielding Enclosure of the

Bevatron, in Premier Colloque International sur la Protection Aupres

des Grands Accelerateurs {(Presses Universitaires de France, Paris,

1962), p. 65.

P. Tardy Joubert, Etude du Rayonnement autour d'un Accelerateur de
Haute Energie. Production et Diffusion des Neutrons de Cascade,

Centre d'Etudes Nucledires de Saclay Rapport CEA-R 2975, 1966.

G. R. Stevenson, Estimation of Radiation Intensities at Largé Dis-

tances.ffom Beam Loss Areas, CERN Lab II Internal Document RA/Note

72-10, 14 June 1972.

For a review see: J. Ranft, Estimation of Radiation Problems Around
High Energy Accelerators using Calculations of the Hadronic Cascade

in Matters, Particle Accelerators 3, 129 (1972).

M. Hofert and J. M. Hanon, The Influence of the PS Operation on Stray
Radiation Levels at the CERN Site, CERN Health Physics Internal

Report HP-73-121, January 1973.

M. Hofert, F. Coninckx, J. M. Hanon,and G. Roubaud, Environmental

Implications of the Operation of the Present Neutrino Facility with



27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

-35-

. . 12
Beam Intensities Exceeding 5 X 10 Per Pulse, CERN Health Physics

o

Internal Report HP-74-136, February 1974.

R. C. Hack, Health Physics, in PLA Progress Rgpoft for 1966, RHEL
R/136, edited by C. Batty and J. M. Dickson, Chapter 9.

H. S. Dakin, Lawrence Berkeley Laboratory, private communication,

1962. For data see: R. H. Thomas, Lawrence Berkeley Laboratory

Report UCID-10008, 1964.

J. B. McCaslin, Lawrence Berkeley Laboratory, private communication,
December 1974. Reéported in: R. H. Thomas, Implementing the Require-
ment that Radiation Levels be Maintained as Low as Practicable at the
Lawrence Berkeley Laboratory, Lawrence Berkeley Laboratory Report

LBL-3604, March 1975.

M. Yamashita, L. D. Stephens,and H. W. Patterson, Cosmic Ray Produced

Neutrons at Ground Level, J. Geophys. Res. 71, 3817, 1966.

F. P. Cowan and J. S. Handloser, Health Physics Program for the
Brookhaven Cosmotron, Brookhaven National Laboratory Report BNL-264

(T-43), 1953.

R. H. Thomas, Skyshine Measurements Around the Rutherford Laboratory

Proton Linear Accelerator, in Proc. First International Conference

on Shielding of High Energy Accelerators, Paris, Jan. 1962, (Presses

Universitaires de France, Paris, 1962), p. 108.

J. Baarli, The Radiation Protection of the CERN Laboratory and its
Surroundings When Operating the CERN Accelerators, CERN Internal
Report DI/ﬂP/59, 4 Nov. 1964. '

A. Rindi and J. Baarli, Scattered Radiation at Large Distances for
the CERN 600 MeV Synchrocyclotron, CERN Internal Report DI/HP/19,
July 1963. - ;!

M. Ladu, M. Pelliccioni and E. Rotondi, Misure di neutroni di
"Skyshine" intorno al Sincrotrone di Frascati, Energia Nucleare

12, 1, 1965.

K. Katoh and T. Doke, High Energy Shielding Studies in Japan, in



37.

38.

39.

40.

41.

42,

43.

44.

45.

-36-

Proc. Second Internal Conference on Accelerator Dosimetry and Exper-

ience, Stanford Linear Accelerator Center, November 1969, CONF-691101,

p. 377.

R. H. Thomas, Neutron Background at Large Distances from the PLA,

" Rutherford Laboratory Internal Report NIRNS/M/12, October 1960.

G. Bathow, V. Clausen, E. Freytag, and K. Tesch, Skyshine-Messungen
und ihr Vergleich mit Abschatzungen, aus der diffusionstheorie, Nuk-~
leonic 9, 14 (1967). (Available in English translation as Stanford

Linear Accelerator Center Internal Report SLAC-Trans.-42.)

R. H. Thomas, K. B. Shaw, P. W. Simpson,and J. F. MacEwan, Neutron
Surveys Around the Rutherford Laboratory 50-MeV Proton Linear Accel-

erator, Rutherford Laboratory Internal Report NIRL/M/30, March 1962.

P. W. Simpson and D. Laws, Rutherford Laboratory Internal Report,

Addendum to NIRL/M/30 (See Ref. 39).

R. H. Thomas, The Proton Synchfotron as.a Soutce of Radiation, in

Engineering Compendium on Radiation Shielding, (Springer-Verlag,

Berlin, 1968), Vol. 1.

H. W. Patterson, The Effect of Shielding on Radiation Produced by the
730 MeV Synchrocyclotron and the 6.3 GeV Proton Synchrotron at the

Lawrence Radiation Laboratory, op.cit. in Ref. 21, p. 95,

P. Tardy-Joubert and H. de Kerviler, Neutrons Scattered Around Saturne,

.Centre d'Etudes Nucléaire de Saclay Internal Report CEA-2303, 1963.

M. M. Komochkov, The Dubna Synchrophasotron, in Engineering Compendium

on Radiation Shielding, edited by R. G. Jaeger (Springer4Verlag, Ber-

lin, 1970), Vol. III, Section 10.7.32. See also: V. N. Lebedev,
L. S. Zolin,and M. I. Salétskaya, Distribution of the Penetrating
Radiation Field Over the Protective Zone of the 10 GeV Synchrophaso-
tron, Joint Institute for Nuclear Research, GSSR, Internal Report

P-2177, 1965.

L. Stephens and H. Aceto, Variation of a Fission-Neutron Flux and

Spectrum from a Fast Reactor Measured Over Large Distances, in



46.

47.

48.

49.

50.

51.
‘52.

53.
54.

55.

56.

-37-

Neutron Dosimetry (IAEA, Vienna, 1963), Vol. 1, p. 535.

H. deStaebler, Transverse Radiation Shielding for the Stanford Two-
Mile Accelerator, Stanford Linear Accelerator ReportJSLAC-Q, Nov. 1962.

H. deStaebler, Similarity of.Shielding Problems at Electron and

Proton Accelerators, in Proceedings of the Symposium on Accelerator

Dosimetry and Experience, Brookhaven, 3-5 Nov. 1965, p. 429, CONF-

651109-22, Stanford Linear Accelerator Report or SLAC-PUB-179.

C. H. Distenfeld, and J. R. Klemish, Skyshiné, in Health Physics and
Safety Division, 1973 Annual Progress Report, Brookhaven National Lab-

oratory Report BNL-19213, 1 August 1974, p. 12.

F. W. Sanders, F. F. Haywood, M. I. Lundin, L. W. Gilley, J. S. Cheka,
and D. R. Ward, Operation Plan énd Hazards Repbrt-—Operation BREN,
USAEC Report CEX-62.02, Oak Ridge National Laboratory, January 1962;
also J. A. Auxier, F. F. Haywood, and L. W. Gilley, General Correlative
Studies--Operation BREN, USAEC Report CEX-62.03, Oak Ridge National
Laboratory,v1963. '

F. F. Haywood, J. A. Auxier, and E. T. Loy, An'Experimental Investi-
gation of the Spatial Distribution of Dose in an Air-Over-Ground
Gebmet;y, USAEC Report CEX-62.14, Oak Ridge National Laboratory, Augﬁst
1964. |

R. L. French and L. G. Mooney, Nucl. Sci. Eng. 43, 279 (1971).
R. L. French, A First-Last Collision Model of'the.Air/Ground Interface

' Effects on Fast Neutron Distributions, Nucl. Sci. Eng. 19, 151 (1964).

C. Distenfeld and R. D. Colvet, Skyshine Considerations for Accelera-

tor Shielding Design, Nucl. Sci. Eng. 26, 117 (1966).

A. R. Smith, Health Physics Department private communication, October

1974.

L. D. Stephens, R. H. Thomas, and S. B. Thomas} Population Exposure
from High-Energy Accelerators, Lawrence Berkeley Laboratory Report

LRL-3310, July 1974, (submitted to Health Physics).

W. Olléndorff, A Study of Radiation Levels at the CERN Site, CERN
Internal Report DI/HP/66, 4 December 1964.



Figure 1

Figure 2
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FIGURE CAPTIONS

Calculated neutron fluence as a function of the distance from
an isotropic source (6 = 90°). The histograms represent the
Monte Carlo calculations performed by the authors for the total
fluence and the fluence of neutrons of energy >2.5 eV. A smooth
curve has been plotted over the histograms. Calculations using

the Lindenbaum expression are also shown. (From Laduvgg_gl,ls)

Comparison of the neutron dose in an infinite air medium as a

~function of the distance from a point isotropic fission neutron

. . . 7
source as calculated by discrete ordinates method (from Strakerl ),

and by Monte Carlo method. (From Websterls),

Comparison of the measured and calculated neutron dose in an in-~

finite air medium énd in an air-over-ground geometry as a function
of distance from a 14-MeV neutron generator. The neutron generator
and the detector were raised to approximately 366 m to simulate an

P . . . 17,
infinite air medium. (Opgratlon HENRE Refs. 19)

Comparison of the measured and calculated secondary gamma-ray dose
in an infinite air medium and in an air-over-ground geometry re-
sulting from a 14-MeV neutron generator as a function of distance

from the source. (Operation HENRE from'Refs;l7’19)

Comparison of radial dependence of the flux densities of low-

energy diffused neutrons (dashed line, calculated using the ex-

pression %g-exp Eigﬁlg' ), and direct hiéh-energy neutrons
(solid line, calculated using expression 1 exp - ) (After
21 r2 740

Ref. ).
Average neutron energy as a function of distance from the accel-

erator as measured at the 3-GeV Proton Synchrotron Saturne at

Saclay (From Ref.zz)
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Measurements of dose rate as a function of distance from the
CERN 28-GeV proton synchrotron. The ordinate gives dose rate

in rem per hour (normalized to an extracted proton beam intens-
ity of 1012 protons per second) multipliéd by the square of the
distance (measured in meters) from the accelerator. The dashed
line drawn throﬁgh the data points has a relaxation length of 285
m at distances beyond 300 m. (After Hofert gg_gl.zs)

The variation of neutron dose rates as a function of distance from
the 50-MeV proton linear accelerator of the Rutherford Laboratory.
The inset shows the experimental arréngement; \The upper (solid)
curve is drawn through data points obtained with the original con-
crete shielding wall 12 ft high (3.65 mf and 3 ft (0.9m) thick

( @ ) and with an additional shielding added to give a total
thickness of 5 £t (1.5m) () but with the Samevheight. The
dashed line is drawn through points measured with a concrete wall

7
19 ft (5.8 m) high and 5 ft (1.5m) thick (&). (After Hack2 )

Variation of dose equivalent as a function of distance from the

3
CERN 28 GeV proton synchrotron. (After Baarli3 )

Measurements of relative dose rate as a funqtion of distance
around the Stanford 20-GeV electron linear accelerator. The
circles and triangles are experimental daté. The.solid line
shéws a‘plotting of the Lindenbaum skyshine expression, and the
dashed line shows a plotting of the expression ,

D = K exp (-r/k)/r2
where A = 3280 ft (1 km) (After Jenkinslo)

The neutron flux densities as a function of the distance from
. . 39,42,43

the source measured at three different accelerators ‘
are plotted together with the Lindenbaum expression for values

of ¢ = 0.9 and 0.5.

Quarterly dose plot recorded at a monitoring.station located at

the Stanford Linear Accelerator Center. (After Jenkinslo)
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Figure 13 Neutron dose times slant range (distance) squared (D X R2) per
unit power of the reactor as a function of slant range for a
detector height (HD) of 0 m and various reactor heights (HR).

(Fromég)

Figure 14 Comparison of measured and calculated scattered fast-neutron dose
near air-ground interface 305 m from a 14-MeV neutron source.
The insert at the bottom shows the relative position of the de-

téctors and the source. (From 50)

Figure 15 Measurements performed around different accelerators. On the
A abscissa is the distance froﬁ the accelerator in meters, on the

ordinate is the product of the measured neutron flux density:by
the square of the distance. In these coordinates a l/r2 varia-
tion shows up as a horizontal line. a) Measurements of fast
neutron flux density performed with a long counter from a "source
point" (the PS bridge) at the CERN 28-GeV Proton Synchrotron5
b) Measurements of fast neutron flux density performed with a

44

moderated BF3 counter at the Dubna 10-GeV Proton Synchrophasotron.

c) Measurements of dose-equivalent rate performed with a 12-in.

(30 cm) Bonner sphere 5ystem at the Brookhaven 30-GeV Proton AG5.53

d) Measurements of fast neutron flux density performed with a
long counter at the CERN 600-MeV Proton Synchrocyclotron.

e) Fast neutron flux density measurements performed with a
v ) 3
BF3 moderated counter at the 7.5-GeV electron synchrotron, DESY. 8

f) Fast neutron flux density measurements performed with a long
counter at the Rutherford Laboratory 50-MeV proton linear accel-
erator. The solid dots indicate the measurements taken for a

p beam of 30 MeV,39 and the 6pen dots for a p beam of 50 MeV.40
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This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Energy Research and Development Administration, nor any of
their employees, nor any of their contractors, subcontractors, or
‘their employees, makes any warranty, express or implied, or assumes
any legal liability or responsibility for the accuracy, completeness
or usefulness of any information, apparatus, product or process
disclosed, or represents that its use would not infringe privately

‘owned rights. :
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