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I. INTRODUCTION

A. General Remarks

We are interested in shielding a two-mile-long electron linear accel-
erator which is similar in many ways to the S-band machines that have been
built at Stanford over the past 15 years. The machine is designed for an
eventual beam current of 60 pa at 4O Bev, which is 2.4 Mw of beam power.
Our goal is to design radiation shielding which is adequate but not exces-
sively expensive.

The accelerator site is in rolling hills, at present relatively un-
populated, on Stanford land west of the campus. The boundary of the project
is at least 500 feet from any point which is likely to be struck by the
beam, and the resulting decrease in radiation level with distance has the
consequence that consideration of the radiation workers Just outside the
shield, and of the general population potentially at the boundary, yield
essentially the same requirements on shielding thickness, because the
tolerance levels and expected occupancy are different for these two groups
of people.

The accelerator complex is divided into three separate parts which
have different radiation problems deriving in part from their different
functions. The machine itself is a disk-loaded waveguide about U4 inches
in diameter and two miles long which will be located in a housing under
25 ft of earth. (A principal purpose of this report is to review the
information that led to the selection of the 25-foot shield.) At the end
of the machine, after acceleration is over, there will be a beam-switch-
yard area where the main electron beam will be deflected by magnets, col-
limated and energy-analyzed, and directed against targets to make secondary
beams or delivered to targets in the various experimental areas. The
switchyard area will be covered by 40 feet of earth. (The radiation problems
here are similar to those along the machine, and we shall discuss them
briefly.) Finally, beyond the switchyard area will be the target areas,
where most of the physics experimental equipment will be located and where
the experiments will be done. The shielding problems there are much more
complicated, and we do not consider them at all in this report. In par-
ticular, the p mesons will be important and may actually dominate target-
area shielding in the forward direction, whereas along the machine they are

negligible.



From the shielding point of view the machine is a long source of
radiation buried in a tunnel with people working above, and the principal
question is how thick to make the walls. The switchyard area is similar,
except that the probable source strength is greater.

In this report we consider only the design of the main shield for pro-
tection against high-energy, penetrating radiation. For example, we do
not consider any problems arising from induced radioactivity, or from
ducts and passageways through the main shield.

There have been two previous reports on shielding the two-mile ac-
celerator. 1In the original Proposal, in 1957, all aspects of the shielding
were considered by Panofsky who arrived at a shield thickness of 35 feet
of earth along the machine.! In 1961 the design of shielding along the
accelerator (the so-called transverse shielding) was reviewed, and the
same thickness (35 ft) was arrived at, although some of the reasons were
different.? This report is the third, and deals mainly with the transverse
shielding. A brief comparison of the conclusions of these three reports

appears in Appendix A.

B. Outline of the Calculation

The physical calculation of the shielding thickness involves a number

of distinet steps, listed below, each of which affects the radiation level
multiplicatively. (We do not consider accelerator operational procedures
in detail, although these also affect radietion levels.)

(a) Determination of radiation tolerances.

(b) Estimation of the amount of the average electron beam power

that is intercepted by the accelerator.

—

N
0

Development of the electromagnetic cascade.

Production of penetrating particles by the electromagnetic
cascade.

(e) Attenuation in the shield.

1"proposal for a Two-Mile Linear Electron Accelerator," Stanford
University, Stanford, California, April, 1957. -

®H. DeStaebler, "A Review of Transverse Shielding Requirements for
the Stanford Two-Mile Accelerator," M-262, Stanford Linear Accelerator
Center, Stanford, California, April, 1961.

NOTE: All references are given on the page where they are cited, and
in addition are listed at the end of the report.
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Estimation of the biological hazard of the particles coming out
of the shield.

(
(

In order to choose the shield thickness the result of this calculation

) Estimation of the biological hazard far from the machine.
)

o 0R

Estimation of the errors involved.

is combined with economic and operation considerations, with special attention
given to the consequences of making the shield too thin. In this report

we concentrate on the physical calculation which is described in the next

five chapters.

The essential content of the calculation can be summarized as follows.
When an electron of energy EO is absorbed (e.g., an errant beam electron
hits the accelerating structure) the differential photon track length
(i.e., the total path length throughout the shower traversed by photons

of this energy) is (Approximation A)

aft 1 E,
_ = - — X

ik 2 x2 °

where k is the photon energy, and XO is a radiation length.

shield
\\/ <N\ ANANRN
2]

For the transverse shielding the shield is parallel to the beam direction.

2z

Since the effective thickness increases at small angles we are primarily
interested in the penetrating particles produced at large angles. The
photons produce most of these particles, and the neutrons turn out to be the
most penetrating component (although at high energies all nucleons and

pions are about the same). The nuclear reactions are weak enough so that

the soft shower is not perturbed. For example, the gilant-resonance reactions

- 3 -



produce about 1/5 neutron per Bev of absorbed electron energy. If each
neutron represents 20 Mev, only &bout EO/SOOO = 0.4% of the energy goes
into this reaction. If we assume that the photopion cross section is
constant at 100 pb/nucleon above 200 Mev, the fraction of the energy

absorbed in this way is only

E
1 o dN - N
£f=— | — dk — Ao(k) k
E J gk a
o k

1

where NO is Avogadro's number, and A is the atomic weight. Thus

NoX, B, 6 x10%3 x 100 x 107°° x 13 Lo Bev
£ = ° L Py 2 =~ . In | ———
2 k] 2 \QOO Mev
or
=~ 0.2%

The angular distributions of the nucleon and pion secondaries leaving
the machine are calculated from approximate kinematics. The nuclear
cascade in the shield is approximated by a one-dimensional model. The
attenuation length for low-energy neutrons is short, and although they
are abundant, they are easily absorbed. The absorption length gets longer
until the neutron energy reaches about 300 Mev; it increases only slightly
above this. High-energy neutrons are rare because there are few high-
energy photons. Low-energy neutrons are rapidly absorbed. The neutrons
that dominate the shielding calculations have energies around 200-500 Mev,
and the relevant cross sections are fairly well known.

The spectrum of particles outside the shield is inferred from shielding
measurements, and the biological effect is not calculated from basic
brinciples but 1s rather estimated empirically.

The yield of secondaries is clesrly proportional to the number of
peam particles hitting the target. Through Approximation A this yield

is proportional to the absorbed electron energy. Therefore it is

S T



proportional to the absorbed beam power. In Section II we make an
estimate of the distribution of beam-power absorption in the machine, and
conclude that it should be approximately uniform under average operating
conditions. This assumption gives rise to a shield of uniform thickness

which simplifies construction of the accelerator as well as the shield.



IT. RADIATION POLICIES AND HAZARDS

A. Policies

The radiation policies of this project* are similar to those recom-
mended by the U. S. Government but are somewhat more conservative. These
policies are described in detail in Appendix B, which is a report written
by W.K.H. Panofsky. The following paragraphs are for the most part a
summary of the material in Appendix B.

Past experience has shown that the maximum exposures which were con-
sidered reasonable have continually decreased with time. In fact, over
the past 50 years the recommended maximum exposure for radiation workers.
has decreased almost exponentially, with a time-constant of about 10 years.
So our conservatism, which amounts to about a factor of 3 in tolerance
lévels, might be thought of as a saféty factor, but we prefer to consider
it a guess at the official radiation policy in 1966 when the machine is
scheduled to turn on.

"Radiation workers'" are defined as all persons who work on the site,
and the "general population' is everyone else--those with no official
connection with the project. The AEC recommends a maximum annual exposure
to whole-body penetrating radiation of 5 rem for radiation workers, and
of 0.5 rem for the general population. ( he unit rem is similar to a
roengten and is described more fully in the next section.) The SIAC
maximum exposures are 1.5 rem for radiation workers, and 0.1 rem for the
general population.

A report by the Federal Radiation Council discusses sources of back-
greund radiation, and concludes that the average genetically significant
background from natural sources (cosmic rays and natural radioactivity)
is about 80 to 170 mrem/year, while from man-made sources (mostly medical

¥-rays) it is about 80 to 280 mrem/year.®

The average total background
exposure, roughly 200 mrem/year, is referred to as the "doubling dose"
because an additional exposure of the same magnitude would rouginly double
the average radiation exposure. The maximum SLAC exposure for the general
population has been set at about half of the doublirg dose, which appears

to be a suitably conservative choice.

*
Now called "SIAC" for "Stanford Linear Accelerator Center,” and
previously known as "Project M."

SSee a summary in Rediation Hygiene Handbook, Ed. H. Blatz (McGraw-iill,
New York; 1959)..
6n

Background Material for the Development of Radiation Protection
Standards," Staff Report No. 1 of the Federal Radiation Council, May 13, 19060,
Government Printing Office, Washington 25, D.C.

-6 -



The FRC report takes the viewpoint that there is no exposure level
below which the expected statistical genetic effects are zero, and that
therefore every exposure must be justified in terms of the benefits derived
in the course of receiving the exposure. There is no "tolerance exposure”
with the connotation that exposures below it are completely without 111
effect while exposures above 1t are not permissible. The FRC develops the
concept of "guide level" which means, for example, that in the case of
radiation workers the benefits derived solely from the fact of their em-
ployment are presumed to justify radiation exposures below the guide level.
Any exposure above the guide level may be justifiable in terms of increased
benefit. (In this report, from habit and from common usage, we still use
the term "tolerance" to refer to the levels listed in the table.) However,

7

the FRC report stetes, ... all exposures should be kept as far below any

arbitrarily selected levels as possible,” and we tend to consider the
SLAC guide levels as nearly absolute upper limits which may be exceeded
only under the most exceptional circumstances.

In what follows we evaluate the calculated radiation level at the
critical locations, namely, at the surface of the shield for radiation
workers, and at the project boundary for the general population. Ths
radiation guides are given in terms of arnual exposure, and we convert
these to radiation rates {levelﬁ) by assuming continuous occupancy for
the general population and 4O hr’Week for 50 weeks for radiation workers.
The ratio of the guide annual exposures is 15, and taking account of
that the radiation level at the boundary should be at least 65 times lower
than the level at the surface of the shileld if radiation worker “=olerance

exists there. For radlation workers the average gulde level is

% nrpm/GQ hr week = 0.75 mrem/hr, which corresponds to about 5 particles/cm®-s

=}

B. Hazards Irom Penetrating Particles

The rad is a unlt of radiation exposure which corresponds to the
absorption from a radiation fileld of 100 ergs of erergy in one gram of
matter. The unit of radistion exposure for people is called the rem

R
{"roengten eguivaient man”) and is related to the rad through the relative

biological effectiveness (REE) of the radiation:

exposure in rem = exposure in rad X RBE

- 7 =
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The RBE is a more or less empirically determined quantity and is measured
relative to 200-kv X-rays. Generally speaking, the greater the ionization
density (equivalently, the greater the linear energy transfer), the greater

is the biological effect arising from a given energy loss; hence, the greater
the RBE. Basically the RBE indicates the efficiency of a particular
radiation field for causing a particular observable biological effect relative
to 200-kv X-rays. The RBE depends on the kind of radiation field as well

as on the particular effect being observed. The RBE usually variesg from

1 to 10, although values as low as 0.85 have been measured for fast electrons,
and values as high as 20 have been suggested for heavy ions or recoil frag-
ments. For orientation we list below the values of RBE for neutrons as a

funetion of neutron energyo3

Neutron Energy RBE
Thermal 3
0.1 kev 2

5 kev 2.5
0.1 Mev 8

10 Mev 6.5

In Fig. 1 we show the number of rem resulting from a neutron beam of
1 neutron/em®. At 10 Mev and below the points are from Figs. 2B through
12B of the NBS Handbook 63. When low-energy neutrons are incident on &
human body there is appreciable absorption of the beam, and thus the dose
changes as a function of depth. The points in our Fig. 1 represent the
maximum dose at any depth, which usually occurs about 1 em into the body.
The constant dose for neutrons below about 10 kev arises from the effects
of the capture gamme rays. In Fig. 1, the points at 40 Mev and above are
from preliminary calculations of G. J. Neary,"L The biclogical effects of
high-energy nuclear particles are complicated and thus difficult to cal-

culate, and we appreciate the fact that Neary has taken it upon himself

“National Bureau of Standards Handbook 63, “Protection Against Neutron
Radiation Up to 3C Mev,"” November, 1957, Superintendent of Documents, Wash-
ington 25, D.C.

*G. J. Neary in unpublished reports of the Medical Research Council,
Radiobiological Research Unit, AERE, Harwell. It is my understanding
that these calculations will be included in a volume of Committee IV of
the International Commission on Radiological Protection (probable title,
"Protection Against X-Rays above Three Million Volts and Heavy Particles
Including Neutrons and Protons") to be published by Pergamon Press probably

in 1963.
-9 -



to write down his thoughts on the subject. The points in Fig. 1 are
for neutrons of the stated energies in equilibrium with their secondaries
(multiple-collision dose); this is the appropriate situation for a person
standing Just outside of a thick shield. ©Neary's high-energy points are
uncertain by something like a factor of 2.

For reference, we show in Fig. 1 the first-collision dose for photons
and for charged particles, each with an assumed RBE of 1. The photon curve

7

is calculated for standard tissue. For the charged particles we assume

an energy loss of 2 Mev/g—cm'a. We then obtain

Mev particle erg
2 1 = 3.2 X 100 — = 3.2 x 10~8 rad
g-cm™2 cm? g

which 1s independent of specific gravity.
The composition of the radiation field outside of & thick shield is
complicated, and in Section V we discuss the problem of estimating the

radiation level from the calculated flux.

T"Measurement of Absorbed Dose of Neutrons and of Mixtures of Neutrons
and Gamma Rays," National Bureau of Standards Handbook 75, February, 1961,
Superintendent of Documents, Washington 25, D. C.

- 10 -



ITI. BEAM LOSS IN THE ACCELERATOR

A. Introduction

All of the SLAC shielding problems arise when high-energy electrons (or
other particles) strike matter. If all of the beam electrons were cleanly
accelerated without interception to the end of the machine, then there would
be no radiation problem along the machine. However, all machines lose some
beam during acceleration, and we assume that at times a large fraction of
the beam will strike the machine as a result of mis-steering or malfunction-
ing. We also assume that on the average, even with the accelerator properly
adjusted, scme small part of the beam will be lost because of such effects as
slight imperfections in the injection or steering-magnet optics.

Since the shielding requirements depend directly on the amount of beam
loss, it is necessary to make some estimate of this loss. One way to pro-
ceed would be to make the shielding thick enough so that if =211 of the
beam were absorbed by the machine continuously at any given point, the
shield would be still thick enough to give tolerable radiation levels oult-
side. This is the most conservative approach; however, it is uneconomical,
and 1t is also unnecessary because the accelerator can and will be turned
off very rapidly if significant, localized beam interception occurs. Our
procedure, then, is to estimate the average operating conditions, and
then to design a shield for the accompanying radiation levels. In the
next section we describe the way in which the average beam loss has been
estimated by making use of measurements from the Mark III accelerator at
Stanford.

When the beam strikes something, it is clear that the resulting
radiation level is propcrtional to the number of striking electrons--

roportional to the current. It is alsc proportional to the energy of
the electrons because of the physics involved. To see this we note that
the primary electrons initiate cascade showers, and as the generations
multiply the average energies of the particles decrease as thelr numbers
increase. By simple shower theory (conservation of energy), the number
of particles created in an electromagnetic cascade is proportional %o
the energy of the initiating particle. As long as the energies of the

particles producing the radiation field are much smaller than the energies of the



initiating particle, the radiation levels are proportional to the energies
of the initiating particles as well és to their number. Thus the radiation
level is proportional to the absorbed beam power.

The SLAC accelerator consists of a copper pipe about U4 inches in diameter
that contains annular disks which aré spaced 1.5 inches apart, are C.25 inch
thick, and have 0.8-inch-diameter holes in the center. (These loading disks
;re used to reduce the phase velocity of the rf accelerating wave to
approximately the velocity of light.)jlf we assume that the energetic part
of the shower is absorbed in 5 radiation lengths, and that the shower develops
in the disks, then an electron is absorbed in a distance of about 1.5 ft.
Since this distance i1s small compared to the other distances involved in
ihe shielding, we usually assume thalt an electron is absorbed in zero
Eistance. If the electron beam is 0.25 inch in diameter, and if it makes an
angle of 10™> radian with the axis (a very serious misalignment), then the

whole beam will be absorbed over abo@t (1000/k4) inches = 22 ft.

IB. Calculation ovaverage Beam LossiBased on Measurements at Mark III

The Mark III accelerator is 310 ft long (= 1 Bev maximum energy) and
bas an internal structure that is very similar to that of the two-mile
machine.8 The injector will also beésimilar, but we assume that the in-
Jection optics of the large machine will be somewhat better than Mark III's,
énd we include this assumed improvement in the calculation.

The method used here for estimatﬁng the average beam loss for the SLAC
accelerator is the very simple one of measuring the beam loss on Mark III
and extrapolating with a simple model.

1. Analytic

After the electrons have been acbelerated for a few wavelengths
(N = 10.5 cm) they are relativistic, and there are no radial forces from
%he rf flelds so the transverse momentum is constant. In Mark III there
ére some external quadrupole lenses Which are sometimes used for focusing,
and on the Monster there will probably also be external focusing magnets,
However, in the following we neglect’ these and assume that there are no

radial forces.

8See,for example, Chodorow, Ginzton, Hansen, Kyhl, Neal, Panofsky,

et al., Rev. Sci. Imstr. 26,.134% (1955).

- 12 -



We first consider an electron which starts from the axis of the ac-
celerator with a radial momentum P, and an initial momentum p
(with P, << po or, alternatively, a very small injection angle) and

which is accelerated in the =z direction.

e
a— - / )
— piz)
P
/
~ f
~ ;
e r{z)
NZ/ ‘
injector o //1 |
\ Y ? A he) ! e ~
[ | acceleravor
— \'//__ \ 5 — . | o
o
et z ol

We make the coneistent relativistic assumption that the momentum (not th

energy) increases linearly with distance,

p(z) = p  + €z

where e is typically 3 Mev/c per foot. The equation of the orbit is
i S D / o
dr P
b, > )
- = 3 P, << P(‘L)
N
az  p(z)

which integrates immediately to
& o

p,  plz)
r(z) = r(0) + — dn ——
E o,



where in the sketch we assumed r(0) = 0. On Mark III the electrons

are injected at T = 80 kev, for which p, 1is

cp, ~ yome2T = 0.29 Mev

We define a fictitious distance Zo such that

= €2
pO o]

2 =O—'32-2=o.1ft

Then with r(0) = O we have

(2) = 2% fa
r(z) - z/zo)

The current at a distance 2z down the machine consists of all electrons
with radial displacements less than the radius of the holes in loading
disks, R. We denote by p;(z) the radial momentum for which the radial

displacement is R at =z.
1 =
pr(z) = Re/{n(z/zo)

Now we introduce our arbitrary model by assuming that the injection

optics can be specified by a single parameter n,

dN n
ag = ©

where dN/dQ is the angular distribution of the beam at injection. A

value n = O 1Implies an isotropic, non-focused beam; n < 0 implies a

focused, directed beam; n > O implies a diverging beam. Using the

- 1L -



small-angle approximation again we have

The current at =z 1s

If the current at the end of the machine (z = L) is I, then
%n(L/z ) n+2
I(z) = Ie
{n(z/z
o

2. Qxperimental
On Mark IIT there are current monitors located at 10 ft, 100 ft, and

310 ft. These monitors are ferrite toroids in which the beam is the primary
current winding. The current pulses are photographed on an oscilloscope.

In Fig. 2 we show the calculated variation of I with 2z for several
values of n (for z, = 0.1 ft), and also some experimental points measured
at Mark III under tuned-up operation. The errors are only suggestive and
apply to all points at the same =z. The gun injects a steady current for
about 1 psec. The pre-buncher is a 2856 Mc cavity which bunches the
electrons at 10.5 cm intervals before they enter the accelerator. In
earlier times no pre-buncher was used, and the bunching occurred in the
machine itself. The Monster will be pre-bunched, and n = - 1.5 seems

a reasonable value to use.

- 15 -
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3. Power Loss

The rate at which power is absorbed is

arP(z) _ aI
a- E(z) dz
We have
ar 1, [ta(/e I
£ o}
-—=m+2)—= n+3
dz z’}{n(z/z P
4 O
Since E(z)/z = ¢ = const = Ef/L, we can write
Tn+?2
ap BT, [alt/z |’
__—:(n_:.") ~ :‘n+
dz L i4n 2/201 -

The final beam power is Pf = EfIf, so the fractional power loss along

the machine 1is

d{P/PfE (n+2) fn(L/

™

a(=/r) {n;L/i%} i{n(z/zo}l

This is shown in Fig. 3a, with n = - 1.5, and z = 0.1 ft for
0
1, = 310 ft, and L = 10,000 ft.
The +otal fractional power loss is
1 .
d P/P.i
P/P, = L 5/
f
10 ft/L a(z/1)

We do the integration graphically. There is a logarithmic divergence at

7z = 0 which is integrable. The fractional power loss as a function of
n is shown in Fig. b for L = 310 ft and I = 10,007 ft with z, = U.1 T

bt
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C. Summary

Our goal is"to arrive at a reasonable value of average beam power 1oss
to use in shielding calculations. We want to make our best guess at the
average operating characteristics, and then at the very end to put in a
safety factor which is big enoﬁgh to insure that the shielding will be
adequate.

The experimental data we have introduced are from Marx III under
tuned-up operation. From Fig. 3b we estimate that if the beam optics
in the two-mile machine were similar to those in Mark III, then the average
beam power loss would Le about 5% of the final beam power. However,
our assumption is that the beam optics will be better, so we arbitrarily
take P/Pf = 3%.

So far we have only considered average operating conditions. Occasionally
a very large beam loss will occur, for example, from missteering or misaiign-

PR 1 o

ment. To get a feeling for the magnitude of this problem, we note that if

the full current is absorbed at an energy EP/E for 10 minutes per day tuen
the average power loss 1s about O.}ﬁ of Pf. This 1s an example of a serious
mistake 1n accelerator operation, and since 1t gives an average power loss
small compared to our previous number, we Jjudge that 3% is still & reason-

able value to use.

EBven in an ideal machine there would be some beam 1oss ari

wn

ing fTrom
interactions with the residual gas. We have ectimuted that, at a prescure
of 1075 mm Hg, about 0.4% of the beam power would scatter cut.”

To summarize, in the following we scsume that the total sverage beam

\ . v . . V- ,
loss along the machine is 3% of a final besm powsr of 2.4 Mw (e.g., (D us

36}

at 40 Bev) distributed uniformiy slong the full lenzts of Lthe muchine.  Wo

assume rather arbitrarily that this 3% is uncertain by a factor of
mxtensive use of collimators along the macnine 1o .ocallize wne radiation
problems arising from uniwanted, errant beam electrons would change the dis-
tribution of beam power loss. Unfortunately it ls difficult to design
collimators and to estimate their efficacy. 1If they are used, the radiation
problems will be easier to handle, and we will incorporate the changes int

the shield design.

“H. DeStaebler, "Scattering of Beam Electrons by the Residual Gas in
the Accelerator," M-281, Stanford Linear Accelerator Center, Stanford,
California, October, 1961.
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Fig. 3a shows that the rate of power loss is greatest near the front
end of the machine, and from this one might suppose that the radiation
levels there might be higher than that calculated on the assumption of
uniform beam loss. However, further consideration suggests general reasons
why the sharp rise near =z = 0 in Fig. 3a is not worrisome. First, this
sharp rise comes partly from the assumed form of the injection optics, and
it may not be present at all in the Monster. Second, electrons below 1
or 2 Bev are not as efficient per unit energy in producing penetrating
particles as electrons of a few Bev and higher.

In the beam-switchyard area the average beam loss may be higher than
3%, e.g., when energy slits are used in defining an energy spectrum
narrower than the natural energy spread out of the machine (= 0.5%)5 For

this reason tire shielding will be somewhat thicker in this region.
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IV. FLUX OF PARTICLES LEAVING THE MACHINE AND INCIDENT
ON THE INSIDE OF THE SHTELD"

In Section A below a number of assumptions are made, with 1ittle
Justification, and only a small effort is given to making them seem
plausible. The principal justification lies in the reasonably good
(a factor of 2) agreement with experiment that is described in Section B.
The reason for deriving a calculational model is that the experiment was
done with 925 Mev thin-target bremsstrahlung, whereas we are interested
in the yields from a l/k2 spectrum with energies up to 20-40 Bev; thus a
model is necessary for extrapolation to the different conditions. Despite
these differences the experimental results agree quite closely with t

calculations over an important range of energies,

A. Description of Calculation

When an electron of energy Eo is absorbed in the copper of the
accelerating structure, the differential photon track length for photons

of energy k 1is

ad E _ .
— = 0.57T = X_  (g-om™ /Mev)
ax k=

where XO is a radiation length in copper (13 g_cm"g), This expression
is derived under Approximation A of shower theory, in which all inter-
actions are neglected except palr production and bremsstrahlung, sach
with its high-energy asymptotic cross section.*® Monte Carlo calculations

of shower development in ccpper carried out at Oak Ridge agree guite well
with this expressicn for the differential track length over most of the
range of interesting photon energies.™ The use of Approximaticn A is noct

a significant source of error in the shielding calculation.

I am indebted %to Charles H. Moore for programming many of the
calculations in Sections IV and V.

)

19 B. Rossi, High FEnergy Particles (Prentice-Hall, 1952), Chap.

1l¢. D. Zerby and H. S. Moran, "Studies of the Longitudinal stcloDment
of High-Energy Electron-Photon Cascades in Copper," ORNL-3329, Cak Ridge
National Laboratory, Ozk Ridge, Tennessee, 1962.
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We make approximate calculations of the yields of nuclear particles
from the electromagnetic cascade by using the crcss sections which have
been measured for photons on free nucleons. Because the photon spectrum
is weighted as l/kg, and alsoc because absorption in the shielding becomes
very great for particle energies below about 200 Mev, the range of
secondary-particle energies of greatest significance is around 200-500 Mev.
Since neutrons have only nuclear interactions, they have the greatest
penetrating power; for thick shields and large angles from the primary
beam, such as we consider here, neutrons are the dominant radiation which
must be stopped. Charged pions lose an appreciable amount of energy by
ionization, and we take them into account more approximately than the
neutrons. Neutral pions decay into two photons in about 10718 sec. The
photons are rapidly absorbed in the shield, where the electromagnetic
absorption length is about five times shorier than the nuclear absorption
length. However, it is possible for pions to undergo nuclear interactions
which give rise to neutrons, and this is one way we take them into account.
We neglect the photoprotons because they lose so much ensrgy by ilonization;
for example, a LOO-Mev proton has a residual range approximately equal to
one nuclear mean free path.

Since we put greater emphasis on the photoneutrons, we shall describe

the calculations in terms of secondary neutrons. Then we shall indicate
how we get the charged-pilon spectrum.
Suppose that the cross section per nucleus for a photon of energy k

to give rise to a neutron of kinetic energy T at an angie 8 1s 50/3Q.




The yield of secondary neutrons per incident electron of energy EO is

a®n B X\ N do | &(k,8%)
= |0.57 — |KA
aTan x® | A an’| d(T.8)
Track Cross Jacobian
length section
per
nucieus

where an asterisk denotes the center of mass, and where

v}

d™n . - f s
EﬁfaA is the number of neutrons per (Mev-sr) per inciden®
- electron for the reaction indicated by o.
No is Avogadro's number.
C is the cross section per "effective target nucleon” in =
corper nucleus.
XA is the number of effective target particles per nucieus.
A is the atomic weight of target.
K is the number of effective target particles per nucleon
(K depends on the reaction).
AMk,0%
a(k . . . ¥4 s g
<£’972 is the Jacobilan which converts dn"dk +tc d4qaT.
-0

The following method of calculation is similar to that used by Clson,
s = - - - -
and we have leaned heavily on his work.*< We consider five reactions

which vield secondary neutrons. The first three are direct photoproduction:

¥ + nucleon - 1lx + recoil neutron (1)
. \
Y + nucleon — 21 + reccil neutron (2)
. .- \
v + nucleon pailr - nucleon + reccll neutron (3)
The other two are secondary reactions between a pion and a nuclieus.
(absorption) = + nucleon pair -—» nucleon + neubron (n)
(scattering) = + nucleon - 7 + neutron ()

129, 1. Olson, "Photcprotons from Nuclei Exposed %o
Radiation," Thesis, Cornell University, Tthaca, New Yoriz, 1960 (unpubliched).
A. Silvermen told me about this reference, and 1t has Dbeen very stlmulating.

~
-

Wl
'



We suppose that these secondary reactions occur only in the same
nucleus in which the pion is produced. (The neutral pions usually cross
this nucleus but not many others.) The accelerator pipe itself is a
small part of a nuclear mean free path thick, and we make a minor error
in neglecting it. We do not take explicit account of the neutrons pro-
duced by pions in the shielding. We denote by G the probability that a
pion gives rise to a neutron by reaction (A) or (S).

Tt will turn out that for our shield calculation reaction (1) followed
by reaction (A) or (S) is the dominant source of neutrons (6 ~ 90°).

We proceed in two steps. First we estimate the elementary-particle
cross section (¢). Then we estimate the number of effective target parti-
cles per nucleon (K) for each particular reaction.

We neglect the effects of the Paulil principle and also the guantitstive
effects of Fermi motion. Partly for these reasons and partly for the sake
of simplicity we assume that the production reactions (1), (2), and (3)
are isotropic in the center of mass, even though many of the free-particie
reactions are known to be nonisotropic. We take

do (k)

o
_ total

4 by

g
For reaction (1) we use a cross section which is approximately the
. o} .
average of the measured cross sections for ¥ + p —=p + =« and
-+ 5 ] . ; ..
y +p—->n+ 3. (Roos and Peterson™~ have a nice summary of the data on
total photo~pion cross sections, which we show in Fig. EJ

There are four reactions under category (1):

y + p S+ D {1la)
+ .
-1 + n (i)
o -
Y+ noxn +n (1ic)
— 7 4+ D (1a)

13c. E. Roos and V. Z. Peterson, Phys. Rev. 124 1610 (1961 ).
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Of these only (1b) and (lc) lead to final neutrons. We assume that all

four cross sections are equal and take

o(1) ~ 3 [cexp(la) 4 oexp(lbﬂ

For neutron production each proton contributes once (1b) and each neutron
contributes once (lc), so we assume that there is one effective target
particle for each nucleon in the copper nucleus (K = l),

For charged-pion production we also have K = 1, but for pion absorption

we have K = 2 because here the neutral pions contribute. So we have

K (1) =1 neutrons
K (1) =1 charged pions
K (1) =2 total pions

For reaction (2) we use a cross section which is approximately the
+ - s
same as that observed for y + p -p + x + n (see Fig. 4).

There are six reactions in category (2):

+
1

Y+ PP o+ +D (2a)
s+ 14 P (2p)
sa o+ 1% 4 n (2¢)

y+non +1 +n (2d)

o o .
S+ 1w +n (2e)
s+ + P (ef)

Three of these lead to recoil neutrons. We assume that all of these cross

sections are equal,

o(2) = oexp(2a)

For neutron production each target proton contributes once, and each
target neutron contributes twice. Even though there are more neutrons
than protons, we assume that on the average there are 3/2 effective target

particles per nucleon. For charged pions, each neutron reaction and each
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proton reaction contributes one charged pion on the average, and there

are three reactions for each nucleon; Thus the effective number of nucle-
ons per nucleon times the average yiéld of pions per interaction 1s 3, and
ve take K = 3. Again there are as many neutral pions as charged pilons.

We have

K (2) =1.5 neutrons
K (2) =3 charged pions
K (2) =6 total pions

Reaction (3) has been measured up to k = 900 Mev on deuterium.t*

The cross section shows a slight peak at about k = 250 Mev and falls
approximately as 1/k3 above k = 300 Mev. We approximate the deuteron.

cross section as follows:

(3)

A
o
2

o}
exp

60 ub for. k < 300 Mev

Q
—~
W
N~

il

/7 2 -
- 60 (359\ gb for Xk > 300 Mev
\ /

This is the approximation introduced‘by Panofsky for the original Monster
shielding calculations®’*® and it isgsimilar to the approximation used
in some of the CEA calculations.*®

There is some doub®t about the prbper value of K to use; however, ve
have already made rather violent approximations in the pion reactions
%hich turn out to dominate the neutron yield, so it does not make sense
%o worry too much about the particuldr value of K.

Levingerl8 has interpreted the nuclear photo-effect by representing

the nucleus as a group of pseudo-deuteron clusters. He derived the

theoretical result

0., (nucleus) = a? Nz

i 7 Gth(aeuueron)

liMyers, Gomez, Guinier, and Tellestrup, Physf Rev. 121, 130 (1961).

; I"proposal for a Two-Mile Linear Electron Accelerater,”" Stanford )
Un‘wers ir. (Ctanfard Tinear Arncelergtor Center), Otanford, Tal forids. 1977
l5"'Conference on Shielding of High-inergy Accelerators, New York, April 1957,"
TID-7545 Technical Information Service Extension, Oak Ridge, Tennessee. |
18R, wilson, "A Revision of Shielding Calculations,’ CEA-T73, Cambridge
Electron Accelerator, Harvard University, Cambridge, Massachusetis, May 1999.

18 .
J. S. Levinger, Nuclear Photo-Disintegration (Oxford, London, 1960).
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where both cross sections are theoretical, A 1is the atomic weight, Z the

atomic number, N = A - Z, and Q'

is a numerical constant equal to about

6.4 to 8 (see References 17 and 18).

Experiments on the nuclear photo-effect with = 300 Mev bremsstrahlung

have been analyzed following the

ideas of Levinger and R. R. Wilson (see,

for example, reference 19).

- q Y2 )
cexp(nucleus) =Qa Uexp(deuteron,

The values of « range from about 1.5 to 3.0, as found by the MIT group.19

In our present notation,

t

i

o (nucleus) = KA o (deutercn)
exp

So
! NZ
K= —
a2
For copper,
NZ _
— = 0.248 = 1/4
2
A

In this report we use K = 1, which corresponds to « = 4.0.

We summarize the values of @ used in various reports.

Report Reference a X
Panofsky in Proposal 1 1.5 0.37
Dedrick in M-227 20 1.5 0.37
DeStaebler in M-262 2 3.0 0.75
_ Olson (thesis) 12 6.4 i.6
Wilson in CEA-T3 16 0.85  0.21
(for iron)
This report el 1.0
95tein, Odian, Wattenberg and Weinstein, Phys. Rev. 129, 348 {1960).
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Before considering the secondary reactions (A) and (S), in which a
pion interacts inside its parent nucleus and a high-energy neutron is pro-
duced, we digress for a moment to discuss kinematics. For the production
reactions (1), (2), and (3) we use two-body kinematics and assume that
the initial nucleon is at rest (no Fermi motion). The
reaction (2) actually contains three particles. We force it into the

two-body situation by assuming that the two pions always behave like

W

single particle of mass 474 Mev. (This is not supposed to represent an

actual resonance; it is simply two pion masses plus a Q value of about
200 Mev.) We get pions from this fake "di-pion" by assuming that the

di-pion decays at once and that each pion has half the total energy or
the di-pion and that each pion moves in exactly the same direction as

the di-pion did when it was produced. This is our most Procrustean

application of the requirement of two-body kinematics. Schematically,

//l two plons, B = %E ,
T W

di-pion, M. = L74 Mev
’ 20

/-\\./\/’\/->

In our calculations we find that for copper and for angles 6 = 80
the dominant source of neutrons is from the intersction of single pions.
Olscn found at these angles from carbon that the contributions Irom the
pseudo-deutercn photo-effect and from single picn absorption were roughly

equal and together accounted for the observed proton yield.

pion interaction is important, and we describe the drastic approximations
which are made in the kinematics to simplify the calculations. We do net

describe Qison's espproximations, but only the onss we have used.
i bd

1£D. N. Oison, op.cit.
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When & pidn interacts 1nside the nucleus the kinematic situation gets
very complicated. Wé use the same kinematic approximations for reactions

(A) and (S), and they are indicated in the sketch.

reaction A or Suﬁ‘\:;ﬁﬁa; neutron Tn = Eﬂ/g
E \\

pion ,/9 | ‘\en
A

o BT
N

recoil nucleon

We assume that

s
Tn 7 2k,
6 8

ni
SR TR

b
do
n 7

The obvious reason for making these éssumptions is simplicity; the only
Justification for their use lies in the agreement with experiment they
lead to, but we say a few words abouf the physics of these assumpt ions
anyhow. The idea behind the angular assumption is that this is a bad-
geometry situation. We are interestéd in neutrons at angle 4. A pion
with initial angle @ rarely makes a neutron at angle 6; however, pions
with angles greater or less than 6 can make neutrons at 6. The energy
assumpt ion would seem to greatly overestimate the neutron energy for
scattering (S), but in the case of absorption (A) it is true, on the
average.

Now we consider the probability that a pilon interacts before leaving
the nucleus, and, following Olson, we use the optical model which reliates
the probability of interaction to the size of the nucleus and tc the mean-
free path for interaction in nuclear matter.

If pions are produced uniformly in a spherical nucleus of radius R.
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the probability that they interact on the way out of the nucleus is

G=1 --43 1 - :; {: - (1 + %) e-x}

2x X
where

x = 2R/\

and A 1is the mean-free path in nuclear matter and in general is a function
of the pion energy.®> TIf the interaction cross section is ¢ (cm®/nucleon),

and the nucleon density is

A
= nucleon/cm®
o = (muc1e0n/on)
gﬂR
then
L
1 3n R
A= — = (Cm)
po Ao
and
2R 3 Ac
X = — = = ———
A 2 aRF
Substituting
R =z A/
o}
gives
a
% = — ak[3 \
2 nr
o
#3Brueckner, Serber and Watson, Phys. Rev. 8k, 258 (1951).
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For copper we teke r_ = 1.2 X 1072 ecm and A = 6L, which gives

2 Lsmb - 7.5

where o 1is the effective interaction cross section per nucleon.
To get ¢ we first consider reaction (A). Experimental data is

. - + . . + 4
available on = + d »p + p and on the inverse reaction p + p —»xn + a.%%

There remains the question of the number TI° of deuteron-like clusters per
nucleon in the nucleus. We take I = 1 rather arbitrarily (Olson used

I = Lz/A = 1.8). So we use
qA) = o (" +d->p+p)

and this is plotted in Fig. Sa.

) it does not seem appropriate to use the total
scattering cross section, especially when we consider the drastic kine-
matic assumptions which we are making for reactions (A) and (3). For the
sake of argument we arbitrarily say that the appropriate cross section

is one-fifth of the average charged pion total cross section on protons.

]
i

ATRE

_ . :
[?exp(ﬂ + D)+ Uexp(ﬂ * pl

This is plotted in Fig. Sa. In Fig. Sb we plot valuves of G derived

o
[0}

using ¢ = o(A) + o(3). In the following calculations we take G to
constant independent of pion energy. This is indicated by the dashed
ine at G = C.kO.

)

that the neutron energy spectrum has an additional factor o

H

I

from changing energy variables:

._._..de]é‘y._\ = KG ._q___dgN _ E?fi
47 dan T 4T an 4T
n neutrons it T

il

T %@ +T>
n 2 5T

daT
7t

aTp

2 . . ) . ; ‘ : e .
“See references cited in 8. J. Lindenbaum, Ann. Rev. Nuclear Gecl, 7,

317 (1957)-
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We summarize the values of the numerical factors which govern the
yield of neutrons and pions, and which multiply the direct production

cross sections denoted earlier by o(1), o(2), and o(3):

Neutron Production

Direct Via Pion Interaction
Reaction Eé Kall 7 Egéll T
1 (single =) 1.0 2 0.8
2 (di =) 1.5 6 2.4
3 (deuteron) 1.0 0 0

Charged Pion Production

Direct Reduced by Pion Interaction

Reaction Xen x (1-G) Ky T
1 (single =) 1 0.6
2 (di =) 3 1.8
3 (deuteron) 0 0

B. Experiment

At the Mark IIT accelerator at Stanford we measured the yield of pro-
tons from copper irradiated by 925 Mev thin-target bremsstrahlung. Con-
sidering the crudeness of the approximations which are made in the calcu-
lation and the symmetry between neutrons and protons, we take the yield
of neutrons and protons to be the same; thus the measured proton yield
will be used to check the calculated neutron yield. The protons were
detected at angles with respect to the photon beam of 8 = SOO, 650, 80°
and 9&0 (950 could not be reached for mechanical reasons) and over the
momentum range 400 Mev/c € p € 900 Mev/c, which corresponds to a kinetic
energy range of 80 Mev € T € 360 Mev., These energies and angles are
important ones for the transverse shielding, and thus the measurement

provides a significant test for our calculation.

- 34 -



The apparatus will be described very briefly. The analyzing magnet
used was that developed by R. Hofstadter (180o bend angle, n = 1/2,
double-focusing, T72-inch radius of curvature). The gamma-ray beam, the
electronics, and the counters were developed by C. Schaerf to detect the

recoil proton from the reaction ¥ + p - p + noe The present measurement

was made as an adjunct to Schaerf's experiment. Schematically we had the

following arrangement:

scintillation

counter Eﬂ/
telescoii//J:FJ /

A

&
Sl

proton

radiator . §;§7
— T T vy beam
vacuum beam copper target
pipe monitor ditching _
e Dbeam

magnet

A1l of the equipment and technigques were standard. The telescope consisted
of three plastic scintillators in prompt coincidence. This coincidence
opened a gate which caused the pulse from the middle counter to be pulse-
height analyzed. The final counting rate was derived from the analiyzer
data where the protons and (n+,e+) were separated by pulse height. The
momentum acceptance of the system was determined by the width of the first
scintillation counter; the solid angle was fixedfby a lead aperture
("obaffle") 2-inches thick placed three-quarters of the way through the
magnet.

We now calculate, as before, the expected number of proton counts per
incident electron, N. The calculation involves two-body kinematics, so

that for each reaction there is a unique relation between (k,8%) and
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it would put a sharp peak at about 500 Mev/c, which seems "intuitively"
unreasonable. The results at the other three angles are similar to those
at 65°. Most of the protons come from the interaction (scattering or
absorption) of pions produced singly. In all cases we smooth off the
vield from this reaction around k = 800 Mev so that the total yield
curve drops fairly smoothly as the proton momentum rises. The pseudo-
deuteron model contributes significaﬁtly only at the largest momenta.

At 500 recoil protons from single-pion production are significant, but at
larger angles these protons have momenta which are too low.

In the following four figures (Fig. 7 through Fig. 10 ) we compare the
measured points with 0.60 times the total calculated yield (again excluding
the contribution of protons from di-picn absorption). The factor 0.60
is in no sense a best fit; it is used only to make a visual comparison

. . . . o
easler. ZFach point 1s corrected for counting losses (<.5%) and for chance

*
coincidences {a Ffew percent at low moments and up to 30% at high momenta)
and has a background of 1.0 £ 0.2 count/volt subtracted. Some typical

error bars are shown (counting statistics only).

C. Recapitulation

"agreement”

The Justification of our calculated yilelds lies in the
with the measured yields. In the succeeding calculations we make use of
the yields as calculated in Section IV.A (including the 3i-pion reacticns),

and we ascribe to them an uncertainty of a factor of 2.

*The gingles rates were almcst independent of the true signal rate,
so the chance rates were independent of the signal. But the signal de-
creased as the momentum increased, so the correction increased with
momentum. Delayed coincidences were continuously measured, and these
were uced to make the correction. Any systematic uncertainties in this
correction were ignored.
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where C 1s the value of the integrating capacitor, and (ee) is the
effective charge collected per beam electron.
The radiator consists of a piece of copper, a plece of aluminum and

some junk (mostly aluminum foils and air). We use a total radiator

thickness of t = .057 radiation lengths apportioned as follows.
Radiation’ "
Thickness Densitg* lengths Thickness
(inches) (g-cm™) (g-em™2) (r.1.)
Copper 0.0202 8.90 12.8 3.56 x 107%
Aluminum 0. 0620 2.70 23.9 1.77 x 1078
Junk 0.40 x 107% (estimated)

(.b2 = .05) x 10-%(measured)

¥
Handbook of Chemistry and Physics
**UCRL 2426 (rev.)

The target consisted of a piece of copper O.0404k inches thick rotated
vertically by h5o + 20 with respect to the beam direction in such a way
that the protons had less copper to go through to get tc the analyzing

magnet. The target thickness was

.0hol x 2.5

ol = 8.90 =57 lj==1J29 g-cm™®

Air at STP surrounded the copper, but in 3 inches, which was approximately
the width seen by the magnet, the air amounted only to sbout .01 g«cm—2
and 1t is neglected.

Using the method of calculation described in the first part of
Section IV (but with a thin-target bremsstrahlung spectrum) and using the
numerical values Just given, we calculate the expected yield of protons.
Fig. 6 shows the result for 6 = 65°. We neglect the contribution from

di-pion absorption because its calculation is most uncertain and because
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Ray-tracing for a point source shows that the limiting aperture is the

upper baffle, which has a trapezoidal hole with

A = 12,94 x 2213 ; 2.5 36 0 1n.2
We use ro = 72 inches and do = 50.6 inches and get
36.0
AQ = = 4.6 x 1077 sr

722 + 50.6%

This value of AQ 1is consistent (within uncertainties estimated as % 30%)
with that derived from electron scattering oeaks taken by Schaerf. (These
peaks depend on the absolute value of the electron scattering cross

sections, and also on the efficiency of the telescopes which we take here

as unity.) Finally we have

/“/A g% do = ég~AQ = 6.9 x 1077 (4.6 x 1.077) = 3.2 x 10°° sr
W)

Magnet

The main electron beam is monitored by a secondars-emission monitor
(SEM) in which one low-energy secondary electron is c liected for aboul
every 10 primary beam electrons which pass through. The efficiency of
the SEM, €, is determined by comparing the ratio of charge collected b.-
the SEM ©o that collected by a large Faraday cup which absorbs all of the
charge in the main beam. We use € = .045. This value is probably
accurate to a few percent.

The experimental counting rate is not protons/electron but rather
protons/volt of integrated beam current. The number of electrons per
integrated volt, n, 1s given by

n(ee) = C % 1 volt

1.06 x 1077 _
n = - — = 1.47 x 10t electron/volt
.0b5 x 1.60 x 107+

- B -



calculation; we take f(k) =1 for all k.

N o= t(pd)

N Ko(k o(k,e" ¥eh
JKolx) » 3k, o%) 1%
(h+/e-) g k o(p,6) vYop

The last factor is the magnet acceptance. The p 1in the denominator
is put in to make this factor more nearly constant. We evaluate the
. . . . 2
acceptance according to the first-order optical eguation of Judd. L The

momentum acceptance Ap/p for a counter width Ax 1is

Ap _ L ox
P D .,

where T is the central radius of curvature, and D 1s the dispersion,

1+ M
D= l-n
For our case the magnification M =1 and n = 1/2, so D = L.2% ve
have Ax = 2 inches, so
HNp 1 2 .
—_— = — .(Q‘;d
D 'E,Tg OJ/’/D
y 4 . 5 21
The solid angle is given by
A
N =
2 2
as + r
o 0

where A i1s the area of the limiting aperture, and do ig the object

distance.
“lp. L. Judd, Rev. Sci. Instr. 21, 213 (195C).

Values of D measured by F. Bumiller are within aboul 5% of the
theoretical values.

i
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(p,6). 1In terms of the production variables,

dn N Kao(k)
O : *
N = b/l/w — dk —_ e 4 | (o)

dk A e
(p+/e_) Magnet Photon Cross Target
acceptance spectrum section thickness
as

In terms of magnet variables,

tf(k) | N Ko(k) d(x,8")
! ’ff by (e S 3(p,8) weas

A sketch can define some of the symbols:

photon proton
k (Mev) p (Mev/c)
e 7 0

radiator target

t (r.4.) £ (em)

Ags before, more than one reaction can contribute, and the total rate i3 &
sum over all reactions. The factor f(k) gives the detailed shape of the

bremsstrahlung spectrum and would vary from about 1.1 to 0.9 in this

Z5por the Jacobian we used Hand, Kendall, and Schaerf, "Relativistic
Two~Body Kinematics," HEPL-236, High-Energy Physics Laboratory, Stanford
University, Stanford, California, April 1961.
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V. PENETRATION THROUGH THE SHIELD AND THE RADIATION LEVEL
AT THE OUTER SURFACE OF THE SHIEID

In this section we describe two calculations of the penetration of
neutrons through the shield. We refer to the first calculation as the
Method of Moyer, since it is basically an application to our conditions
of & technique developed by B. J. Moyer at the Lawrence Radiation Lab-
oratory, Berkeley.* The second calculation is one performed at the Oak
Ridge National Laboratory in which three coupled integro-differential
equations describing the transport through the shield of neutrons, protons
and charged pions are solved numerically on a computer. The two calcula-
tions differ in many ways, but they give similar answers. One common
fegture is that each treats the nuclear cascade in one dimension cnly.

All of the spreading in angle and space comes only from the sprsading of
I r £

LI

ol
b
o

ate

=

the initial neutreons coming from the machine, as calcu

ceding section. At the end of this section we estimate th

M
9]
Q
5
4]
®

Ne
-
&)
5
o
]
w

Nl

of this one-dimensional approximation.

A. Method of Moyer

Consideration of the following simple experiment, which is tTyplcal
of most shielding experiments, will elucidate the important featurss of
penetration of particles through a thick shieid. A beom o7 i
gy Eo is incident on a shield of thickness H behind which there is

a detector whose threshold energy Ed is usually much smaller than &

/// //;/j;/:> Detector
-4———————H—-——-I>-
—_— ’/
2;;;;22::/// Threshold
E, < E
. a o
7
'X‘

Our name for this method and our description cf it have not been
sanctioned by Prof. Moyer, and we apologize if we have sald anything which
embarrasses him.
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In general the response of the detector

like this (semi-log plot):

N\
AN
N\
AN
AN
buildup N
factor N N
AN
4 N
1o detector N e
& response transition layer

as the thickness is changed looks

approximate
exponential
absorption
with mfp = A

! |

1

4% |

®
—+4

thickness, H/\A

and can be represented at

-H/A

response = Be

In general B 1s a function of Eo and Ed’ and A

E_ but i1s independent of Ed'
(&)

fagr™
ine

This last observation

transition region is about 2A wide.

large depths as

(HS few A)

is a function of
is very important.

The response curve 1is simply

explained 1f the cross section as a function of energy decreases or remains

constant as the energy increases, as is
H <A there
Ha A

a wide energy range. For

sponse is constant. For one or
seccndary has enough energy to activate
For H > few A

increases. some of the

For

- L7

the case for nuclear particles over
re few interactions, and the re-
two interactions occur, each

the detector, and the response

secondaries have low enough energles

they do not trigger the detector, and the response starts to decrease.

H >> few A the primaries, which are the most penetrating, are in



equilibrium with the secondaries, tertiaries, etc., and the observed

the rapid absorption of the secondaries. In the following calculations
we treat B approximately and AN more exactily.

The experimental knowledge of A as a function of incident energy
is meager. Marny of the measurements were made in the courss of desisning
a needed shield and are not published, and the errors are poorly known.
A bias which affects some measurements concerns iLhe apparent atienuation
resulting from scattering out of the beam rather than true absorption
There are +wo approaches: one is to use very bad geometry, with the in-

nd assum> thatb

jav]

cident beam very wide and with large angular divergences
as much scatters in as scatters out; the other approach is Lo use a Nnarrow,
parallel, incident veam and use a wide detector =o “hwt all o7 the scat

particles are counted. Most experimerntel geometrizss lie iy botween these

two extreme cases by some more or less unknown amournt. Tabnic T Summsyd

some of the measurements.

alrly poor geometry,

The Berkeley and Brookhaven measurements all have f

and the sffect of apparent attenuation caused by scatiering-our should

4]

ericus,

be f ‘rly small. In the CERN experiments the scattering-out is

so these values of A are lower limits The particular Princeton czl-
culation we refer to is one dimensional so it Is completely [ree of

scattering effects. A calculation done at

extensiwely in the next section and is not
In Table II we list some properties of various materials. Under
heavy aggregates we show the chemical composition of the principal con-

stituent. TFor earth and ordinary concrete, Si0O_ Is =1

&7}

nain constituent;
and for attenuation purposes this is probably a satisfactory approximation

zxcept for neutron energies below about 1 Mev whers ihe interactions with

nydrogen in the wster become Important. he last column shows
mean free path relative to S10 . For =z =i elament we have (A in g-om F)

With ) f _1J 2
3 }
|



we have
1 N xre 1
o

O o~

IS

>

For a mixture of elements we have

where f. 1s fractional abundance by weight of the i'th element.

Earth and concrete always contain some water, but this has not been
included in the calculation. The proper conclusion from this simple cal-
culation is probably thet the mean free path (g-cm™@) in heavy concrete
is about 15% longer than in earth or ordinary concrete, and that it is
appreciably longer in iron, copper, or lead.

In order to summarize the data from Table I we divide the measured

. and plot

values of A by the calculated mean free path relative to SiC
the points in Fig. 11 (leg-log plot). ' This procedure is supposed to give
A in g-cm™® of earth equivalent. We zlso show the mean free paths derived
from the total cross section for neutrons on aluminum {taken as a repre-

-

sentative nucleus for comparison). QGenerally the remcval mz=zn free path

is about two times larger than the mean free path from the total cross
section. In order to get the removal mean free path as a function of
neuvtron energy we follow Moyer and co-workers and use the general shape
cf the aluminum mean free path to connect the three measured Berkeley
points. It is tempting to look for some physics in this relationship,
which shows that the effective removal mean free path 1s aboul twice

the total mean free path over a wide energy range. One might expect that

the removal mean free path should roughly equal the inelastic mean free

path, since at high energies the backward elastic cross section is small.
However, below about 150 Mev the effective removal mean free path in con-
crete 1s smaller than the ineiastic mean free path in aluminum. Our

approach is to us2 the variation of the aluminum total mean free path to

uide the eye in drawing a smooth curve through the three Berkeley points.
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TABLE II

Properties of Materials

Y
Material Approximate Density Radiation Relative to Si0
Constitution (g—cm'B) (Lb-Ft~>) Length -2
Lo (g-cm™2)
‘ (g-cm™=)
Earth 810, 1.8 112 28 1.00
Ordinary Concrete SiO2 2.3 RN o8 1.00
Heavy Aggregates
Barite Bas0 11 1.38
4
Chromite FeO Cr20 17 1.20
3
Geothite Fe 0 «HO 18 1.1k
23 2
Hematite Fe O 7 1.20
23
Tlmenite FeO Ti0_ 18 1.18
Limonite 2Fe O -3H O 18 1.11
23 2
Magnetite Fe O 17 1.21
3 4
Iron Fe 7.8 L&/ 13.9 1.h1
Coprer Cu 8.9 55 13.0 1.46
Lead Pb 11.3 705 5.8 2.27
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3

he resulting curve (shown dashed in Fig. 11) is what we use in the sub-
sequent calculations for A{T); over much of the renge of interest X

is almost the same as its high-energy value of 170 g-em™ 2. It may appear
that we are being unnecessarily conservative in taking the largest values
of AN which have been measured, but the specter which haunts us in this
connection is the unknown contribution to the attenuation from scattering
out. For use in a one-dimensional calculation, AN should be obtained by
measuring the total detector response throughout the whole transverse plane
at a particular depth, and it is not clear to what extent this was done
in the various experiments. The differences between incident neutrons
and protons or pions should be small at high energies after a few mean
free paths. At lower energies ionization losses in the incident beam

couid make important differences, especially for protons.

In the following we use %(Tn} 50 determined in a one-dimensional
absorption calculation. An impoftant result is the decrease in A Dbelow
gabout 300 Mev, which means that the lower energy particles are very

strongly attenuated. (We note that Moyer has approximated this behavicr
by taking A constant at the high-energy value of 170 g-cm” 2 down to
150 Mev and neglecting all neutrons below this energy--in effect making
the approximation A = 170 g-em™@ above 150 Mev and A = C below 150 Mev.)
Since the thick-target bremsstrahlung spectrum is rich in low-energy
photons, the lower energy neutrons atre especially abundant. The lack
of high-energy photons and the strongattenuation of the low-energy
rieutrons have the result that the most troublesome neutron energy is
eround 300 Mev.

ext we consider the geometry and define a number of symbols. We
agproximate cur conditions by a cylindrical shield of thickness H sur-
rovnding 2 uniform line source, and we wish to calculate the radiation

avel gt the surface as a function of H.

Side View want radiation Jevel here End View
o e e
A A
A0 I
: \;”??';; T Y S : egarth
\ o . i o .
\ \ N csnieid

v

Foaavmrag )
TATiiE
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When one electron of energy EO hits the machine, the yield of neutrons

(calculated in Section IV) is a function of Eo’ T and & which we call

d%n
dTdQ

For each neutron incident on the inside of the shield the number of
particles emerging is

B(T)&exp - H/[MT) sin 8]
where B 1is the buildup factor, and A 1is the removal mean free path,
each a function of the neutron energy. To find the flux at the surface
of the shield we have a choice of whether the unit of area through whiclh w
count the particles is to be parallel to the surface of the shield or per-
pendicular to the direction of motion of the particles. We choose the
one perpendiecular to the direction of motion because the radiation is
guite penetrating. At any rate, the choice is of small consequence be-
cause most of the radiation comes out (in the one-dimensional approximation)
at about 900 where there is slight difference between the two fluxes. This
means that to find the total yield through the shield it is a good approxi-
mation to multiply the flux at any point by the total outside area of the
shield. If dI/dz 1is the rate at which electrons of energy E_ hit the

Eo
accelerator at a distance z down the machine (number of beam electrons per

em .sec), the flux (differential in meutron energy) at the surface of

tlhe chieid da
Ll tNle i 38

ap [ 4, dlld%h
aT = "5 3z e 4Q4T
Z-_:'O

sin 6
H + R

B(T) expl- H/(X sin 9)}[

where [. is the length of the machine. 1In our calculations of &2n/dTdn

we 1se an incident electron energy of ¢ = 45 Bev. We change from an

integration over =z %o an integration over 6 for a fixed point F
el
R+ I
tan & = - ‘
14 :T‘) + H
- - (R 4 \, N o2 '
51ing i



/>
do r ar £ (z)/ d2n) [
o 77| . !
— = ] ae ——-—————\ B(T) expl[- /(N sin €)] |
m o - ! 17
iy z € deQf VE
We take the product Eo(z)(dI/dz) to be constant and egual to f{
where I is the Tinal beam power of the machine (2.4 Mw = GO

E
f

Lo Bev), £ is

of the machnine

(. = 10% £t).

cl1E, B(m) VP

the total fraction of the beam power absorbed in the walls

(f = 3%)) and L

P

number of rem/n-cm © (takin roper asccount of the difference in
D

D{mrem/h

An approximation

[N
w

SRS S
METLOT

L R+ E ‘é
_7[/ =)

is the total length of the maclhine

1 a@n

ae -

e 4ATdn

integrate over the neutron energy:

/ )
r) = | F(T) %%~d?
S
IE., 1
I
I R+ H

e

made by Moyer is to extract the product

integral and to replace it by a con

’5( H
coq- H/INMT) sin 6]
Y 1

radiation level (mrem/hr) we multiply the flux by F(T),

me

ti
1 d%n

B(TYF(T) .~ ex
je dTan.

B(T)F(7)

—y .
2van

< BF >,

units)

from

This approxi-

mazde plausible by consideration of the radiation which one would

expect to be in equilibrium with a high-energy particle.38 This radiation
consists mostly of low-energy, short-range nucleons with some electrons
and gaemmas arising mainly from ﬂo decay. The composition of this
radiation would be expected to change somewhat as the energy of the primary
neutron changes, and there is some effective factor F'(T)(rem/n-cm™2)
wiiich would convert the neutron flux tc a biological dose. Tois factor

38g. 7. Moyer in "Conference on Shielding of High Znergy Accelerators”
(Ref. 15). See also S. J. Lindenbaum, Ann. Rev. Nuclear Sci. 11, 229 (1961)

)
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is primed to differentiate it from the F(T)

which there are calculated values. F!

defined in Section II, for

is an effective value of T averaged

over the actual spectrum of secondaries, tertiaries, etc. which accompany

each surviving neutron.

J aT
o
T E 1 P P 1
A_C,A—J’x
D - f —t [ a8 ,.deF'(T)B('N -
L R+ H _1/2 g €

the product F!'(T)B(T) as a constant < F'B >

The biological dose, D (mrem/hr), is

{

exp - B/{N(T) sin 9];

d%n

daTdn

In line with the simplifications which have already been made, Moyer takes

el

equal to 1.2% v 1077 rem/n-cm”7,

which he believes to be conservative (i.e., larger than ihe true but un-
R 2, - 3.0 s . -1n PR et
known value).- From Fig. 1 in Section [I we see that thiis is the value
which Neary calculated for 150 Mev neutrons accompanied by their equi-

librium radiation.

we use < F'B » = 1.2% x 107 rem/n-cm=2. The

level 1is

I / 2 0
IE. < FIB > ‘ r 1
D = 2.6 % 10% ¢ [ d8 [ aT -
L B4 b ¢
-n/ & Q

9B, J. Moyer, "Evaluztion of Shieldiins

Bevatron," UCRL-9769, Lawrence Radiation Laboratory, Berkelcy,

June 1961.

i

This seems like reasonable agreement. In the following

final formula for the radiation
dén
—— exp - I/INT) sin &)

d7d0

improved
Californis,

AL

red for the



where
D

3.6 x 10°

oty

< F'B >

S0 we have

D(mren/hr)

is the

is the

is the

is the

is the

is the

is the

is the

is the

radiation level (mrem/hr).
numerical factor which changes rem/sec to mrem/hr.

power in the beam as it emerges from tihe machine

(3.75 x 10"* e7/s x 40 Bev = (O pa xbO Bev = 2.4 Mw).
fraction of the beam power abcorbed in tie machine (3%),
length of the machine (3.05 v 10% c¢m = 10% £t).
effective biclogical effect per neutron

(1.25 % 1077 rem/n-cm-2).

radius of the tunnel which contains the machine

(152.5 cm = 5 ft).

thickness of the ceylindrical earth shield (p = 1.8 g-cm
which surrounds the machine (H 1in centimeters).

angle of emission of the neutrons with respect to the
beam direction (in radians).

energy of the neutrons emiited from the maciiine (in Mev).
neutron yield per absorbed beam electron of energy <
(neut/Mev-sr),

45 Bev.

removal mean free path of neutrons of energy T; &t

large energies A 1is approximately conctant at

170 g-em™@ = 94,5 em = 3.10 Tt.

2.6 x 108 x 3 x 1072 x 3.75 x 10" x b0 x 1.2% x 1077

d2n | . o C
AT 3mqg . oXP - H/INT) sin e)
d%n .
B s - A/ INT) sin 2
aT Tras O INT) =i



The quantity d2n/dmdq is calculated for neutrons as described in the
previcus Section.*

Fig. 12 shows the neutron yieli d”n/dTdc for & - 80
near the angle of peak neutron flux. TFig. 13 shows the prodict
(3% n/aTde expl - H/AN(T) sin @] for H - 26.9 £t,which ie near the 25-foot

thickness we eventually choose for the shield. Fig. 14 shows the integral

L capse H/INT) sin )

for H = 2.9 ft and for various values of 6. Fig. 19 shows the radiation
level as a function of shield thickness. For reference the dashed line

shows our radiation worker tolerance, 0.75 mrem/hir.

B. Comparison of the Princeton Monte Carlo Calculation and the Method

of Moyer

One of the calculations of the Princeton group is the penetration
of 300 Mev neutrons in heavy concrete using 2 numerical Monte Carlo pro-
cedure.>°

They give the total number of particles, mostly nestrons, wiin

energles greater than about 5 Mev as a function of deptl, and the energy
spectrum at a depth of 170 inches (about 30 ft earth equivalent). There
are statistical errors inherent in the Monte Carlo procedure, as well as
errors arising from the input data apa various approximations. 'The over-
all error is not known explicitl

The number of particles at depth i can ke represented by

N(x) = pe /M
B 5.2
A = 145 g-cm™F heavy concrete

The energy upectrum is

dN r n e P m PR T i . ~ .
HT-m I/I () Me V'I] <T L 1Q me 300 Mev)

n = 0.% to 0.7

* .
T am indebted Lo 2hariecs 7. Moore for 1 machine computation of fiis

quantity and the integrals.

¢, J. Tsso, "Mont
Princeton- PennoyLVdﬂLd ncc~lorrﬁgr
(Unpublished.) I am indebted fo 0.
o this roport.

Caleviations for 3 Bev Proton:,’
rinceton, New Jersey, ca 123%%
M Meill for sending me a copy
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optical model with an absorption probability of about 1/2, it would seem
reasonable to suppose that the effective incident flux used in the Oak
Ridge calculations is about twice as great as we used in Section V.A in
applying Moyer's method. The second piece of input information concerns

the cross sections and energy distributions used in the transport equations,
and the third input concerns calculation of the dose. We discuss these

two aspects further.

In the cascade the general process consists of a particle of kind 1
with energy Eo interacting with a nucleus of kind J and creating
particles of kind k with energies E. The process is specified by the
interaction cross section, the multiplicity of secondaries of each kind
(n, », ﬂ+) and their energy distributions. Since this is a one-dimensional
calculation, the angular distribution of the secondaries does not appear;
they all go straight ahead. The Ozk Ridge calculation makes the approxi-
mation that earth is aluminum. The neglect of any hydrogen seems to be
the most serious shortcoming, but it is only important for neutrons with
energies less than a few Mev. ©Since the calculation follows the cascade
particles down only to about 30 Mev, this is all rlght. Figures 16, 17
and 18 show the numerical values of the input data used. Figure 16 shows
the interaction (inelastic only) mean free paths for the various kinds of
incident particles as a function of energy. The neutron data is measured;
the proton data is measured and deduced from Monte Carlo calculation; pions
are assumed to be the same as protons. Figure 17 shows multiplicitles, v, of
the various kinds of secondary particles as a function of the energy of
the incident particles. They assume that v, = Vp’ and that all of the
multiplicities are independent of the kind of incident particle. The
multiplicity data are derived from stars in nuclear emulsions, and no
corrections are made for any differences in atomic weight between emulsion
and aluminum. Figure 18 shows the energy distributions of the secondary
particles. These are shown independent of incident energy, but they go
to zero for energies greater than allowed by energy conservation. These
are also derived from cosmic ray and Monte Carlc data.

The dose in rads at a particular thickness of shield is calculated
by letting the energy spectra of protons, neutrons, charged pions and
muons interact with water. For the transverse shielding the secondary

neutrons predominate, and we only discuss the energy deposited by them.

- 65 -



BEEEERERRR R T T

P

f»f"i?SESﬂs + pions

129

eutirons
104

k(é-cm'%)

80—

60—

ho—

0 RN L bt L L

10 Mev 100 Mev 1 Bev

incident kinetic energy

FIG. 16--Inelastic interaction mean free path vs energy.

10

Bev

- 66 -



0

B i ; S
; ///
— i e
& / /
Vs
| neutrons and ./
protons///
e B
/// !
///ﬁ -
e pions
R— / ——
| P ¢ ! ' P [ - i i I
NNy ! I l bt |
10 Mev 100 Mev 1 Bev L& Bev

TIG. 17--Secondary multiplicity ve primary energy
(indevendent of %type of primary particle).

[

\O



(arbitrary units)

dn
dn

ibution

-
£

energy dist

10

[

IEERE

!

!

T

HERA

RERI

R R R

—

S F

\\\\\\\\ —

N

\\\ \\\\\\\ -]

\ o

neutrons i
and

protonc pions -

\ \ g

N\ \; %

\ N |

I

R I I I

10 Mev

rIG.

100 Mev 1 Bev
kinetic energy of secondary

1&--8econdary energy distribution vs secondary energy.

- 68 -




The neutron spectrum is divided into three energy ranges. Abo.e come
cut-off energy I' the neutron spectrum is given by the Osk Ridge cal-
culation; the neutrons interact in wi'er Ly elastiic scattering from
hydrogen or by non-elastic internction with oxyg n; at each interaction
half of the neutron energy is absorbed locally. Between T° and 10 Mev
the neutron spectrum varies as l/E (a variation suggested by tie cosmic-
ray neutron spectrum in the atmosphere) and is joined smooth:ly to the

calculation at T'; again half of the neutron energy is sbsorbed locally

at the

19

ite of an interaction. From O to 10 Mev the 1/E spectrum is
ased, but a different method of calculating the absorbed energy as a
function of neutron energy is used and is not described explicitly.4‘
For I = 109 Mev about 80% of the absorbed dose (rad) comes from
neutrons with energies less than I'. It is not clear how sensitive the
dose calculation is to the choice of ', or how much of the dose comes
from interactions in hydrogen and how much from interactions in oxygen.

1t seems possible that the assumption that hilf of the energy is ah-
s

fau)
sorbed locally is generous and that perhaps less than this is actually
absorbed. However, the actual situation is complicated.

The result of the Oak Ridge calculation is the dose in rad as a
function of shield thicknes:s and angle for one L%5-Bev electron absorbed
in the machine. We use the same geomstrical considerations and beam
loss as we used for the Moyer calculation, and we arbitrarily use an
RBE of 3 to convert the dose in rad to a dose in rem. As before tie
radiation level is a maximum around 80°, Figure 17 shows <he radiation
level at the surface of the shield as a function of shield thickness.
This calculation is about the same as the Moyer celculation. It would be
comforting to think that the differences between them are indicative

of the errors inherent in each, but such an inference is probably un-

varranied.

4 N . . s . ] N
*l1In the Oak Ridge Calculation the reference for this subsidiary meShod

is to . D. Zerby "A Monte Carlo Calculation of Air-Scattered Neutrons,”
ORML-222°, Oak Ridge National laboratory, sk Ridge, Tennessee, 1977.



D. Effects of Angular Spread in the Nuclear Cascade

In the calculations so far the gedmetry is very bad, and so we mig:ht
expect the scattering-in to cancel the scattering-out. The source of
penetrating particles in the machine is long, and their angular distribution
is broad. However, the most serious effect of spreading in the nuclear
cascade itself occurs because particles that scatter to greater angles
see a thinner shield and experience less nuclear absorption.

The amount of spreading that actually occurs in a nuclear cascade
is not especially well known. An early version of the Princeton Monte
Carlo calculation indicated that the root-mean-square angle between the
shnower particles and the beam direction was around 150 at depths of 2 to

3

3 mean free paths.4 In a shielding experiment at the Cosmotron with

3_Bev protons the lateral width of the cascade was % (1 to 2) ft at a

% This corresponds to an angle from

depth of 13 feet in heavy concrete, *
the point of incidence of the beam % (5 to lO)O.

Je estimete the effect of spreading in the cascade by changing the
angular distribution of the neutrons leaving the machine by (10 to 15)0.
Since the significant angles for the neutrons are around 900, changing
these by 150 does not change the effective shield thickness very muci.

For example if an angle is changed from 65° to 80° the effective thick-
ness increases by sin SOo/sin 650 = 1.09. If we take 107° as the effective
attenuation in this region, the exponent increases by 6(.09) = .54, and
the transmission decreases by about a factor of 3. This probably over-
estimates the average effect of spreading on the radiation level at the
surface.

Dedrick has done a calculation which is an extreme case of spreading

5

of the cascade.? He makes the assumption that, no matter what angle €

433, K. 0'Neill in "Conference on Shielding of High-Energy Accelerators'
New York, April, 1927, TID-7545, Technical Information Service Extension,
Oak Ridge, Tennessee.

4%7,, Beebe, J. Cumming, W. Moore, and C. Swartz, "Shielding Measurements"
Cosmotron Internal Report, 10/1/56, Brookhaven National Laboratory, Upton,
New York.

45K, @¢. Dedrick and H. H. Clark, "Elementary Calculation of the Trans-
verse Shielding," M-296, Stanford Linear Accelerator Center, Stanford,
California, February 1962.



a neuvtron has when it leaves the machine, as soon as it hits the shield
it turns and penetrates into the shield with 6 = 90°. This is indicated

in the sketch.

Usual Unusuval
Assumption Assumption
neutrons

NRAVEARIAN
N\ shie
\\\\/\ o

For a shield thickness of 25 ft of earth about 6 times more neutrons
are transmitted under the extreme assumption than under the usual
assumption.

In view of these considerations, in our final selection of the shield
thickness we increase the radiation levels in Fig. 15 by a factor of 2

to take account of the spreading.

. Hazard from o Mesons
36

Muray has shown, using pion yields calculated by Dedrick from a
statistical model,37 that . mesons are not a problem for the SLAC
transverse shielding. (However, they are a serious problem for the
straight-ahead shielding, which we do not consider in this report.) We
now give the results of a calculation based on the pion yields calculated

from Section IV and also repeat approximately part of Muray's calculatiomn.

267, J. Muray, "Muon Yields from Pion Decay and Electromagnetic Pair
Production," M-267, Stanford Linear Accelerator Center, Stanford, Cali-
fornia, May 1961.

7K. G. Dedrick, "Calculation of Pion Photoproduction from Electron
Accelerators According to the Statistical Model,'" M-228, and "More Cal-
culation of Photopion Yields," M-229, Stanford Linear Accelerator Center,
Stanford, California, October 1960.
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In the Oak Ridge calculation almost all of the dose arises from the neutrons;
the dose from the muons is less than 10™%* of the neutron dose. This is
mainly because their calculations were carried out at large angles (= 80°)
where the neutron levels were expected to be largest, and not at small
angles (=~ lOo) where the muon level is greatest.

The geometry appears in the following sketch.

ANINRVZAN
N \/ QNN

N
1\
!
!

We use the pion spectra calculated in Section IV. The mean free path
for decay of a pion of momentum p is ct(p/mec) where T is the mean
lifetime, and m 1is the mass of the pion. At an angle 6 the probability

that a n decays before entering the shield is

1 - exp | - (I | » R___TC
p? sin 9 cT \p ¢t sin 6 D

i
-

We make the generous assumption that the kinetic energy of the resulting
i 1s the same as the kinetic energy of the =x, and we assume that

g, = Gﬁ. If the residual range of the u 1is greater than H/sin e,

the u penetrates the shield and contributes to the radiation hazard
outside the shield. If not, the u 1is absorbed and we forget it.

We neglect = decay inside the shielding, but we overestimate the
energy, because we take TH = Tn whereas on the average < EH > =0.79 < Ej>a

We write down eguations similar to those used for the neutron penetration

-T2 -



We compare the doses calculated by the method of Moyer and by the
Princeton group. We average the product B(T)F(T) over the Princeton

spectrum using the approximation from Fig. 1 in Section II, namely,

F(T) = a™ with b~ 0.3 to 0.5.
EZ
daN -n+b
L[BFﬁdT k/T ar
El
< BF > = —¢ = Ba
2
an f -
= 4 T 4T
JF ar T

i
|

(Tl/Té>-n+b+1

(T l/T2> -n+3

0.39, n = 0.60,

-n+ 1
Ba’I‘b

i

-n+ b4+ 1 1

We evaluate this for B = 5.2, a = 1.93 x 108, b
Tl = 5 Mev, Tg = 300 Mev:

< BF >P = 5.5 x 1077 rem/n—cm"2

The value used by Moyer, including a 25% contribution from photons, is

< BF >M = 1.25 x 1077 rem/n-cm”™ 2

The Princeton calculation does not include photons, so in the comparison

we use

< BF >M = 1x%x 107" rem/n-cm_2

We calculate the dose at a shield thickness of 25 ft of earth (at
p = 1.8 +this is 1370 g-cm™2) and summarize the results in the following table.

& A < BF > _ < BF > e~%/x

g-cm  earth eqpivalent) (rem/n-cm ) (rem/n-cm 2}

Princeton 126 5.5 x 107 | 0.94 x 10712
Moyer 155 1.0 x 1077 | 1.k0 x 10712
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Although the factors < BF > and the values of A are rather different,
they tend to cancel in the dose values, which differ by about 50% at a
thickness of 25 ft. A 5% change in either of the values of A would

cause asbout a 50% change in the corresponding dose value. This comparison
does not prove anything, but it shows that two completely different methods
of calculation give dose values which are rdther similar.

Most of the results of the Princeton calculation are concerned with
their particular conditions. Since their primary beam consists of protons
and ours consists of electrons, the spectra of particles ineident on the
shield are quite different; therefore, it is not possible to apply most

of the Princeton results directly to our shielding calculations.

C. Oak Ridge Calculation

This calculation involves the numerical solution (on an IBM 7090) of
three coupled integro-differential equations, one each for neutrons,
protons, and charged pions, which describe the interaction and regeneration

of particles in a nuclear cascade.*°

The problem was set up in complete
analogy with the electromagnetic cascade, in which there are only two
transport equations, one for photons and one for electrons and positrons.
The Oak Ridge calculation takes account of ionization loss of the protons
and charged pions; it neglects the effects of neutral plons because the
decay vy rays are absorbed quickly relative to the rate of absorption

of the nuclear particles; it includes y mesons from n-p decay, but these
are negligible for the present purpose (see Section V.E) and we do not
discuss them here; pions are removed by decay as well as by nuclear inter-
action.

There are three separate pieces of.physical input information. The
first is the energy distribution of the particles leaving the machine
which impinge on the inside surface of the shield. The Oak Ridge cal-
culation uses the spectra calculated here in Section IV. They include
the neutrons and the pions; the calculation was not done separately for
the neutrons and pions, so the relative contributions are not known. How~

ever, since most of the neutrons arise from pion reabsorption via the

“OR. G. Alsmiller, F. S. Alsmiller, J. E. Murphy, "Transverse Shielding
for a 45 Gev Electron Accelerator” ORNL-3289, Oak Ridge National Laboratory
Oak Ridge, Tennessee, 1962.
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in the method of Moyer. The u spectrum is

den R me
b1l

dTdq ¢t sin 6 p

and the differential flux at the surface of the shield is

¢/
do IE. 1 2 1 d%n R me
_ =T - — de -- s ———
daT L R+ H _J-= € dTd) c1 sin @ p

Note that the flux is across an area perpendicular to the direction @

and not across the surface of the shield. This makes a big difference

at small 6. The flux is

/2
1.5, R ( ao ,  d®n_me
o = —= [ aT LA
- | ! A
J ,
elet R+ T o, sin 6 4dTdn
-1/ 2 to

where TO is the kinetic energy of a p with residual range equal to
H/sin ©. Again we convert tc dose level by multiplying by 3.6 x 10%

and using a dose conversion factor of F = 3.2 X 1078 rem/;—cm“g,
A

'ﬁ’
ﬂ/g O
_ . n L -
IE. 1 R P dae dgnﬂ me
AL -
D = 3.6 x 10° F J — | aT —
€ Let R + H _ﬁ/g sin € TO dTaq p
where
D is the radiation level at the surface of the shield (mrem/hr).
f is the fraction of beam power loss (3%).
N i e a (o -8 -2
F is the dose conversion factor (3.2 x 107° rem/u-cm™2).
T, is the final beam current {3.75x 1014 e"/s = 60 pa).

=
I—O
[67]
o
®
Hy

inal beam energy (k0 Bev).

M Fh

is the energy for which pion yield was calculated (45 Bev ).



L 1is the length of the machine ( 3.05 x 10° em = 1C* ft).
ct 1is the proper decay distance of pion (3 X 1019 x 2.5 x 1078 = 750 cm).
R 1is the radius of the tunnel (5 ft).

is the thickness of the shield (25 ft).

& 1is the angle of emission of the =n with respect to the
direction of travel of the electron heam.

T is the kinetic energy of pion (or muon).

is the yield of pions per 45-Bev electron hitting the

ATQ L achine (n/Mev-sr-e-).

m is the mass of pion (140 Mev).

is the momentum of pion (Mev/c).

g{g ig ]
: d=n nm
D = 840 f de [ gp &8 T
T
O

To evaluate the integrals we make some approximations which overestimate
the flux of penetrating muons. We také p =T, EO = Ef, and TO < Ef.
We evaluate the energy integral for two different calculations of the
pion spectra: that calculated here in Section IV, and that calculated
by Dedrick in M-229. For the spectra in Section IV we observe that they
always drop faster than l/Tv, where v 1is a function of 6 which in-

. .0 O . .
creases from 1 at 5 to 3 at 307; so we make the approximstion

d2n {/dzn -\‘ ; T \\5‘\,1
i | E K - I s T ,), TO
arde 7 lamal, T
i : J'O‘
Then
E E .
© f ‘ . v o
. d2n mc F (d=n %!To me® d*n me*= TO\ ©
aT - < j dT: H— ~ ——}
i ] N, ATE0 | Lom i 3T U :
. aTdQ p aTae /| T/ T dre/, v AT/ g
o] o] @) ‘ L
d%n |\  me®
& —_— for T << Eg.
\aTda /s v ©
e



The calculations of Dedrick, based on a statistical model, give
spectra which drop faster than exponentially at high energies, so we

make the approximation

d2n . fd®n - - /r.
mn - |ama), © | O} 1, T, sT
(@]
Then
Eo Ef
d®n me ~ (den —T/T 4aT
.= p= i (__]
f AT 374w o~ \aman me f e T
T rIlo T
(@] 0]

We simplify and overestimate the integral by holding T 1in the denomin-

ator constant at TO and assuming TO << Efo Then
Eo
d2n me d%n T,
at — < mc?® —
¢ ITi
ol aTdQ p \amda [, T
o

We evaluate these integrals by making the approximate analytical

fits to the calculated pion spectra. We take H = 25 ft, E_. = 40O Bev,

and 2.2 Mev/g—cm‘2 for the enérgy loss of the muons®® (for :Xample, at
0 = 90o this gives TO = 3.0 Bev). The values of the approximate
integral over energy are shown in Fig. 19. The statistical model gives
yields that are about 1000 times smaller than the yields from single
photoproduction ("dipion" production, as described in Section IV, does
not give any muons which penetrate the shield), This probably arises
because in the statistical model very few pions have large energies.

To see why this 1s so we summarize briefly the assumptions behind these
two calculations. In the statistical model (a) the cross section is
100 pb/nucleon independent of photon energy, (b) the average pion multi-
plicity increases with energy and the actual multiplicity has a Poisson
distribution, and (c) in the final state center of mass the nucleon is

at rest and the created pions are isotropic and equally share the

*®Tnis is the plateau value of the ionization loss in a hypothetical
medium with 2 =10 and A =20. E. P. George in Progress in Cosmic
Ray Physics Vol. I (North Holland Pub. Co,, Amsterdam, 1952).
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available energy . In contrast, the assumptions in Section IV were that
(a) the cross section is isotropic in the center of mass and equal to

60 pb/nucleon independent of photon energy, (b) a single pion is created,
and (c) two-body kinematics prevail with the initial nucleon at rest in
the laboratory system.

We integrate numerically over angle and find a radiation level of
T.2 X 102 mrem/hr for the Section IV pions, which is about 100 times
below tolerance (the Dedrick pions give a level about 1000 times smaller,
and we neglect them in the following). The radiation level from the
neutrons is also about 100 times below tolerance, so the accuracy of the
nmuon calculation is of interest.

A1l of the approximations we have made overestimate the muon level
except perhaps the neglect of angular divergence arising from scattering
and rn-y decay. However, because of the bad geometry most of the muons
which scatter toward less shielding are compensated by those which scatter
into more shielding. In addition, the assumption that the muon energy
equals the pion énergy overestimates the muon energy; and since only
the highest energy muons penetrate, this approximation tends to compensate
for any increased yield arising from scattering. In our calculation the muon
radiation level arises only from photons with energies greater than 20 Bev,
where the pion production has not been investigated experimentally.

The pion yields from the statistical model at energy TO are about
30 times smaller than those calculated in Section IV at large pion energies.
The integrals over the pilon spectrum are about 200 times smaller for the
statistical model because the yield falls so rapidly as the pion energy
increases.

Just for fun we calculated the radiation level which would arise
from . mesons which are pair-produced electromagnetically (we used a
"Bethe-Heitler" pair formula derived by Drell*Z), and which subsequently
Rutherford-scatter with form factor equal to unity. This level turned
out to be about 10 times less than the level arrived at using Dedrick’'s

pion calculation, so we neglect it.

423, D. Drell in "Some Aspects of Target Area Design for the Proposed
Stanford Two-Mile Linear Electron Accelerator," M-200, Stanford Linear
Accelerator Center, Stanford, California, Summer 1960. Also Phys. Rev.
Letters 5 278(1960).

- 77 -



F. Effects of Different Geometry and Different Beam Loss

We briefly consider the effects on the radiation level caused by
neutrons at the surface of the shielding as we decrease the distance over
which the beam is absorbed. As shown in Fig. 14 most of the radiation
at a point S comes from the accelerator at angles between 40° and 110°.
As long as the primary electron beam is absorbed over a distance 4
which includes the length subtended between 40° and 110° ({b}’ then the
radiation level will be proportional to l/{,(always assuming that the

beam power is absorbed uniformly over the length {J.

NN

. R 0 ~110°
—— e

I {b —_—

2 = (R + H)[cot 40°% + cot(180° - 110°)] = 30 x 1.55 = 47 £t

For the limiting case in which the beam is absorbed at one point the

radiation level as a function of angle is given by

d®n
dTdn

(o)
1 . o
D, = f SEB> sin®o \/\dT£
S .
e}

IfEf) ®+ 1)? c
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with the same notation as before. The integral is shown in Fig. 1lb

for H = 26.9 ft as a function of angle and it has a maximum at about 750.

s

o]

I < F'B >
= f‘ fEf] sin® 6 JF ar

max € (R + H)®

d2n

) exp[- H/A(T) sin 6]

dTdn max

where

f is the fractional beam power loss (3%)
I, is the final electron beam current (3.75 x 10%* e /s = 60 ua).
E, 1is the final beam energy (40 Bev).
¢ 1is the computational energy (45 Bev).
< F'B > is the biological effect (1.25 x 1077 rem/n-cm™2).
R is the radius of tunnel (5 ft).
H 1is the thickness of shield (25 ft).

8

[a

> is plotted in Fig. 1k.
S max

o]

- 6 (sin? d%n o or- ;
Ds(mrem/hr) = 5.38 x 10 sin® @ k/ﬁdT T exp[- H/N(T) sin 6]

e}

where the brackets have units (neutron/sr-45 Bev e ). From Fig. 1k
(adjusting to H = 25 ft) we see that the brackets have a maximum value
of about 3.3 X 10_7, so the maximum radiation level at the surface from

a point source is

= 5.38 x 107® x 3.3 x 1077 = 1.8 mrem/hr
max

The radiation levels are clearly proportional to the total amount
of beam power absorbed. In Fig. 20 we show the radiation level at S

for H = 25 ft (calculated with the method of Moyer) as a function of the
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distance over which the beam power is absorbed £ for a 3% loss and
for a 100% loss with a beam power of 60 ua at 40 Bev. For any 4 we
assume that S 1is located so that it has the highest radiation level
anywhere along the surface of the shield. At 4 = 10 £t we show the
limiting level for a point source, which is 60 mrem/hr for the full
2.4 Mw power loss.

As an example, we estimate the increased shielding needed near a
positron radiator. Positron beams are made by first accelerating electrons;
the electron beam hits a thick, high-7 radiator inside the machine, and
the emerging, low-energy positrons are accelerated in the remainder of
the machine by shifting the rf phase by 1800. The design of the lateral
extent of the extra shielding is complicated, but the extra thickness
is simply estimated.

For the sake of argument we assume that 500 kw of beam power is
absorbed at one point. From Fig. 20 we see that the radiation level

at the surface is

29%_52 60 = 12.5 mrem/hr

which is 17 times the radiation worker tolerance of 0.75 mrem/hr.

Assume that a safety factor of 30 is desirable; then the shield must
transmit 16.7 X 30 = 500 times less. We achieve this by replacing some
of the earth shield near the accelerator by a dense material of thick-
ness h., For ease of operation and construction, it is desirable to
keep a constant separation between the machine and the klystron gallery

(on the surface).

e O]
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/heavy N Y {{ \\\ _E_ P ‘//K ) ’/,.4(
hield \ . T
_— shie o \\\ // i — l -




From Fig. 14 we see that the most critical angle is 6 =~ 750. If AO is

the additional required attenuation factor {AO = 1/500), then

o-n/n, cos e)e-(H-thl e 0 _,

e-H/Al cos 6

where Al is the attenuation length in earth, and A2 is the attenuation

length in the dense material (both in feet); the requirement is

AN
h= —2 - A cos 6 In l/AO
1 - A/A 1
2 1

We use notation with A measured in feet and A measured in g-cm'p,
so A « Np. The ratio (Aé/AJ) depends on the density as well as the
atomic weight. Since A 1s energy dependent, we use an average value
derived from Fig. 15 after removing the inverse distance factor and

find
%l = 138 g-cm™2 earth

With p = 1.8 g-em >, this gives

A =2.52 ft earth
1
For 6 =75 and A_ = 1/500,

A cos 6 I 1/A, = 2.52 (0.906) 6.22 = 1h.2 ft

Using values from Table IT we have

Material o) pl/p2 )\2/>\
(1) Earth 1.8
(2) Light concrete 2.3 0.78 1.00 0.78 50

L Aé/Al h(feet)

(2) Heavy concrete
Heavy aggregate

(2) Iron 7.8 0.23 1.41 0.32 §ij_

=~ 3.7 0.49 =~ 1.15 0.56 18.1

Light concrete is not dense enough to achieve the required extra shielding

in 25 ft.
- 8 -



VI. RADTATION LEVELS FAR FROM THE MACHINE
In this chapter we estimate the radiation levels at the project
boundary using several different models. We conclude that the shielding
thickness required by consideration of radiation-worker tolerances at the
surface of the shield is about the same as the shielding thickness
required by consideration of general-population tolerance at the boundary

of the project.

A. One-Dimensional Calculation

1. Application

We apply the spirit and model of the previous chapter in order to
estimate the radiation level far from the machine. The main point is
that we assume that the one-dimensicnal model of the nuclear cascade is

a valid approximation. We have the following geometry:

Side View End View

P

air .

shield

S/
\:igzij}\\/e/\\\\ ;{

1

dz tunnel—" T—— machine

and we integrate over all values of =z Jjust as before.

We estimate the radiation level at a distance of h = 500 ft from
the machine, which is the minimum distance to the project boundary. We
shall conclude that, to within a factor of 2 or 3, the general-population
tolerance level exists at the boundary if the radiation-worker tolerance
exists at the surface of the shielding. This is true for a line source
of radiation which is long compared to 500 ft. If the socurce is short

compared to 500 ft, then the relative radiation level at the boundary will
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be even lower because the radiation level will decrease more like l/r2
than like l/r. To our degree of approximation there is no significant
difference in nuclear properties between air and earth (again with the
possible exception of hydrcgen content). The fadiation level at P 1is
less than the radiation level at the surface, S, Dbecause of an inverse
r factor and because of the slightly increased nuclear absorption:

E e-h/x

R
+ h

+
s

R

Here X 1is the effective absorption length averaged over energy; to be
conservative we use ko = 170 g-cm-z. For h = 500 ft we have

h o= 500 X 30.5 x 1.3 X 1072 =20 g-cm 2. With R =5 ft and H =25 ft,

L .p | 5+25 | _-20/170 _ 0.89
P78 5+ 25 + 500 T Vs 1+ 16.7
Ds
D, = —
20

So the radiation level at the boundary is 20 times less than the radiation
level at the surface of the machine. In the strict one-dimensional approxi-
mation, in which all particles move in a straight line away from the machine,
there is very little uncertainty in the ratio. If we can believe one level,
we can believe the other. The ratio of the recommended tolerance levels

for radiation workers (LO hr/week occupancy) and for the general population
(continuous occupancy) is £5. On the basis of this calculation the require-
ments of the general population set the required attenuation by about a
factor of 3. That is, the requirements of the two groups are about equal.
In a previous calculation we concluded that the requirements of the gen-
eral population might require an attenation 20 to 50 times more than the
requirements of radiation workers< However, the previous calculation had
large uncertainties , and it now seems that we greatly overestimated the

radistion levels far from the machine.

°H. DeSteebler, "A Review of Transverse Shielding Requirements for
the Stanford Two-Mile Accelerator," M-262, Stanford Linear Accelerator
Center, Stanford, California, April, 1961.
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Still in the spirit of the one-dimensional approximation with cylin-
drical symmetry we can easily calculate the radiation levels at the
boundary in the same way as we did in Section V.E for the case in which
the beam power is not absorbed over the full 10,000 feet of accelerator.
The absorption distance in the machine for which the radiation level

ceases to be proportional to l/{, is

€

= (R+H+n) [cot 40° + cot (180° - 110°)]

530 X 1.55 = 810 ft

When the beam is absorbed at a point, the meximum level is (30/530)%

times less than at the surface:

(DP)max -

1.8 x 3.2 x 1072 = 5.8 x 10™> mrem/hr.

it

The variation of radiation level with {4 and fractional power loss is

shown in Fig. 21.

2. Discussion and gqualification

We now consider the adequacy of the one-dimensicnal spproximation
for a truly three-dimensional problem. For simplicity we first consider
the case in which the source and the observation point P are imbedded
in a homogeneous shield, and we want to obtain the radiation level at
P (that is, the rate of energy loss per gram in tissue) as a function of
the geometry and density of the shield. It is important to recognrize that
the gecmetry and density of the detector at P (a person, for example)
do not change as we change the characteristics of the shield. The quantity
which counts is the flux of particles at P (particles/cm®-sec) where
we agssume that the introduction of a person at P does not seriously
modify the fluxes near P. We consider the omni-directional flux, thet is,

the total path length of particles across a small sphere, divided by the

volume of the sphere.
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H =25 ft earth

4O Bev x 60 pa = 2.4 Mw

Beam power
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isotropic source

M /‘//

In the sketch it is clear that the geometry is bad, and for every
particle originally heading for P which scatters away, there will be

another particle originally bending away from P which scatters toward
it. However, there will be some particles which go past P and then are
scattered back through P.

If the radiation at P is well diffused, then we would expect that
about half of the radiation is composed of forward-going particles and
about half of backward-going particles. However, if the level is composed
mainly of high-energy particles, these probably move preferentislly away
from the source. So if we know the flux of forward-going particles at P,
the total flux is about a factor of 1 to 2 times larger.

We now change the density of the medium by keeping constant the number
of stoms and by expanding all dimensions except those of the detector and

the source.

% N ”‘\\ °
dg TTTT—
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Suppose that the flux at P can be written as a volume integral over

the whele medium where effective secondary-source strength of any
volume element depende on the number of nuclear interactions in it, i.e.,
s proportional to the number of atoms in the volume element times the

We take

e—u/A

dg = (p av)
u

+

A is some effective nuclear absorption length and is measured in

z-cm . We assume that the differentisl flux at P from dg also decreases

82 the square of the distance with a similar exponential attenuation

a9~ — om3/A
-
Then
o) r dv Awg AT A
P~ — // —_— | — e—L'L/A e_s/
A~ A \u f s

{—
| ]

0
oom
W
o
49

The integral is independent of the density if the limits of integration
eypand as we change the density; A is independent of density because
it 1s relsted to the nuclear cross sections of the medium. So ¢ is
proportional to p when P 1s imbedded in a uniform thick shield and
the gecocmetry changes with the density.

For the case at hand, we first consider the radiation level at the

is the effect of being at the interface

een two media of =zimilar nuclear properties but very different den-

gities? Since the dengity of the air is low, the fraction of the [lux

the surfzce coming from the air is less than if the alr were compressed
ovzrhead to the density of the earth. For P located in the air well
awey Trem the shield it seems that the flux should be similar to that

cslculatzsd fra

2

m the cone=dimensional model.

<

Now we relax the assumption of cylindrical symmetry. A typical cross

lock scomething like these, the following sketches, depending
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upon whether the tunnel is in a cut or a fill.

tunnel in cut tunnel in f£ill

In either case the radiation level on the surface of the grournd at the
boundary would be less than calculated on the basis of cylindrical symme-

try, and it is possible that the increased attenuation could be significant.

B. Skyshine

Skyshine is a concept which 1s particularly appropriate to a shield
which has two distinct parts of different thickness but not to a shield
such as ours which is substantially uniform. A typical situation is
depicted below in which a radiation source is shielded by thick walls and
a thin roof. Then most of the radiation level can arise not from penetra-
tion of the walls, but from penetration of the roof foilowed by subsequent
scattering in the air; hence the name "skyshine".

Measurements of the neutron flux at ground level and at distances of

about 200 £t to 1000 ft from the Mark III machine at Stanford46a and at

the Bevatron®’ show that the flux decreases approximately as l/re,

{
thin roof
3 /\
thick T J/ —_-\__—~‘:j§i:~—“

walls : t E
\-’
A

source of radiation

4680, W. Olson, Private Communication, 1962.

47 For example, R. W. Wallace and B. J. Mayer, "Shielding and Acti-
vation Considerations for a Meson Factory", UCRL-10086, Lawrence Radiation
Laboratory, Berkeley, California, April 1962.
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Lindenbaum applied the results of three-dimensional diffusion plus
absorption in a homogeneous medium to the problem of skyshine.g6 For a

unit source the flux ®(r) at a distance r is approximately

e-r/kt e-r/ko

o(r) =~ +
Lnr? LxDr
where
Xt = total mean free path = 450 ft in air
D =~ xt/s
ka = gbsorption mean free path = 10 A (in air
Aa > 10 kt’ but it is made shorter to take
account somewhat of the effect of the dense earth)
XO ) kt ka
3

The first term is the flux which has not interacted, and the second term
contains all scat?ered particles. It is sometimes argued that at large
distances the second term dominates and mekes @ vary as 1/r. The
quentity LnrZ®(r) is plotted in Fig. 22, and it is apparent that for
r < 2000 ft the predicted variation of @ is about as l/rEn Appar-
ently the exponential numerator in the second term locks like about l/r.
We make a rough estimate of the radiatiocn level to be expected at
the SLAC project boundary by assuming that the surface of the shield is
a line source each element of which propagates according to Lindenbaum's
recipe for neutrons. The basic assumption is that the radiation prop-
agates in the same way as the fast neutron flux. For a line source of
length L and total strength Q, the omni-directional flux at a distance

r is, for r < L,

#8. J. Lindenbaum, Ann. Rev. Nuclear Sci. 11,213 (1961).
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r Qdz sin<e

Ve L Lpr®

7z = 1r cot 6
Q H/Z rd6 Q A r
P(r) ~2 - =
L % bpr®  LIr dz

To get the relative dose levels at the surface of the shield and at

h = 500 £Y we approximate Q, the totsl strength, by the level at the
surface DS times the area #L(R + H). Using the same notsabion as
before, r = h, and

D, nL{(R + H) ® R +H
_ s
D, = =Dy =
LTIn 4

This is essentially the same as we calculated in Section VI.A on the
basis of the one-dimensicnal approximation.

A very careful experiment was done at the Rutherford Laboratory in
which the neutron fluxes from aluminum and beryllium targets bombarded
by 32 Mev prctons were measured as a fuunction of distance from asbout
30 te 900 ft.*® Up to 100 - 200 ft there was good absclute (% 30%)
agreement with Lindenbsum's calculation. From about 200 £t to 900 £t
the experimental points dropped below Lindenbaum's curve until at 900 3

the curve was about a factor of 3 high. This may indicate

ot

he inflacarce

cf the nearby, dense ground.

A Mcnte Carlo calculation of neutron scatisring was carricd ocut st

49

Osk Ridge in which trhe carth was included in an approximate way The

etures 2nergles varied from 1 te 1) Mev., Imelastic

1§23

catt

ing was

%8R, H. Thomas, "First International Conference on Shielding Around
High Energy Accelerators', Orsay and Saclay, France, February 1462.

*’W. B. Kinney, "A Monte Carlc Calculation of Scattered Neutr m
Fluxes al an Alr-Ground Interface Due to Point Isotopic Scurces on ‘he
Interface,” ORNI~3287, Osk Ridge National Laboratory, Oak Ridge,
Tennessee, July 1962.
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treated as elastic; neutrons disappeared only through (n,p) and (n,Q)
reactions. The air was taken as 79% N2 and 21% 02 with a density of
1.2 x 10°° g—(nn_j, and the ground was taken as S1 0_ with a density of
1.6 g—czn_z. The calculation yielded the neutron flu; at the air-ground
interface as a function of neutron eaergy, and these fluxes were compared
with those developing inan infinite air medium. For O < r < 100 meters
the fluxes were higher with the ground included, presumably because the
increased density accelerated the diffusion. For 100 < r < 200 meters
the fluxes were about equal in the two cases. TFor r > 200 meters the
fluxes with the ground included were about 2 times smaller than the fluxes
with air alone.

We estimate the effect of neglecting the hydrogen content of the
ground by finding the relative eaergy loss in oxygen auxd in hydrogen as

a function of neutron ensrgy. The total energy loss per unit ol path is

where Ki ig the mean free path for the i'th kind of interaction, Wy
is the weight percent of the i'th kind of nucleus with atomic welght Ai’
and AEi is the energy loss in the i'th interaction. We take as materials
O_ with 1% and 10% B O by weight. The first corresponds to air with 65%

relative humidity at 20° C, and the second is a typical water content in

the ground. These give the following values:

1% HO 10% H_0

i wl/Al Wy Wl/Al
wib | atom % wt% | atom %

i O.11) 1.7 1.1 15
0 99.9 | 98.3 I
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In hydrogen on the average the neutron loses half its energy in each colli-
sion (elastic scattering only). In oxygen on the average the neutron loses
2/a = 1/8 of its energy in each elastic scattering; and in inelastic
scattering the neutron loses 6 Mev, which is a?proximately the first
energy level in oxygen. For neutron energies less than 6 Mev only elastic
scattering is possible. Figure 23 shows the cross sections; from about

0.5 to 2 Mev the resonances in the oxygen elastic cross section are com-
pletely smoothed over. The following table gives the proportions of the

energy lost in H and O dinteractions as a function of neutron energy.

Neutron 1% H,0 10% H,0
Energy
(Mev) % E loss in % E loss in % E loss in % E loss in
i /
H 0 H 0
10 2 98 17 &3
1 8 92 46 5k
.1 20 80 73 27
.01 ] 27 73 79 2l

It would thus appear that neglecting the energy loss in water is not
a bad approximation in air, but that it is a poor approximation in earth
below about 0.5 Mev. So the Oak Ridge skyshine calculations are prob-

ably slightly distorted.
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VII. CONCLUSIONS

A. Along the Machine

The determination of the appropriate shield thickness depends on many
physical facts, some of which are poorly known. It also depends on oper-
ational and economic considerations, and on the probable consequences of
making the shield too thin.

In this report we are mainly interested in the earth shielding between
the accelerator and the above-ground klystron gallery. It is anticipated
(hoped) that the accelerator will run continuously and that the radiation
level in the gallery will be less than radiation worker tolerance. Since
the klystrons, vacuum pumps, and cooling system are in the klystron gallery,
it would be very costly in time and money if it became necessary to in-
crease the shielding thickness between the machine and the gallery.
Therefore, we have significant incentive to be conservative in selecting
this thickness. Even though this conservatism costs some money,* it
represents insurance against the catastrophe of having large radiation
levels in the klystron gallery and the accompanying large radiation levels
at the boundary, which could lead to (a) an extensive, expensive shut
down to add shielding; (b) machine operation at reduced current; or (c)
severely restricted access to the gallery, modified operational procedures,
and controlled access for the general population near the project boundary.

Calculation of the radiation level at the surface of the shield relative
to tolerance involves a number of steps which we recapitulate in Table III.
For each we estimate an uncertainty factor fi, and we find the combined

uncertainty factor T, by

(AnF)2 = \7 (/Enfi>2

¥
which gives F = 6.5.

*
The cost as a function of shielding thickness is complicated by a
number of factors stemming from all of the pipes, wires, waveguides, etc.,

which go from the gallery into the tunnel.

* K%
This corresponds roughly to combining the squares of random errors.

The product of the errors, =nf; = 51, corresponds roughly to adding the
magnitudes of the errors.
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TABLE IIT

SUMMARY OF FACTORS AFFECTING SELECTTION OF SHIELD THICKNESS

Estimated
Ttem uncertainty Comments
factor
Tolerance 1 We use 1/3 of the current AEC recommeniatior.
We use 2% power loss uniformly absorbed. Txtrs
am loss . . . . , .
Be os 3 shielding above localized sources is feasible.
Monte Carlo calculations verify Approximation £
Electromagnetic 1 except at high energies where it overestimates
cascade '
the track length.
Neutron production 2 Experiment checks the calculation.
Neutron attenuation 3 We take about * 10% in the mean free path.
Lateral spread 2 We increase the l-dimensional yield by a
factor of 2.
Biological hazard 2 We depend on empirical measurements.




The radiation level at large distances 1s uncertain by an additional
factor of 3, which yields F = 8.7.

From Fig. 15 in Section V, after multiplying by 2 for lateral spread,
we see that the radiation level is about 100 times below tolerance for
H =25 ft. To get a feeling for whether this is a comfortable safety
factor we note that 100 = F2 to F2:5, We interpret F as a kind of
standard deviation in a Gaussian sense, in which case there 1s roughly a
probability of 1% of finding a fluctuation greater than 2 to 2.5 standard
deviations. The error estimates are rough at best, and their interpretation
is terribly imprecise, but it is supposed to support our conclusion that
a 25 ft earth shield along the machine is probably adequate and that it
is not excessively thick.

From Fig. 20 1in Section V we see that the radiation level is 150 times
tolerance (including the extra factor of 2 for spreading) if all of the
beam is absorbed in a single point. This is not a serious level for

short occupancy.

B. Above Beam Switchyard

In the beam switchyard we expect that the average beam loss will be
very different than in the accelerator for several reasons. In the switch-
yard large magnets bend the beam through angles like 10° to EOO, and 1f
there is a maladjustment or failure in the magnets, generators, or control
equipment the whole beam can be dumped inside the tunnel. Energy slits
define the energy spread in the beam by absorbing particles whose energies
lie outside prescribed limits. These absorbers are strong localized radi-
ation sources, and 1t is feasible to have special shielding around them,
although simply thickening an earth shield may be cheaper.

Tentatively we estimate that the switchyard tunnels are 500 ft long,
and that a uniform beam loss of 25% in this distance is a reasonable guess
at average operating conditions. Using the procedure in Section V such a

source would yileld radiation levels

f1.0,000 (gp_ )
() - e

\

times larger than calculated for the klystron gallery-accelerator tunnel

shielding. Figure 15 in Section V indicates that increasing the shielding
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thickness from 25 ft to 37 ft decreases the radiation level by the same
factor. Such a thickness would yield a radiation level about 100 times
less than tolerance at the surface of the shield. In the extreme case

in which 100% of the beam is absorbed at a point where there is no special,
local shielding, the radiation level outside of a 37 ft shield is about
equal to tolerance instead of 100 times below tolerance.

We chose a thickness of 4O ft of earth for the beam switchyard shielding
because this conservatism is not very expensive. We note that the final
design of this shielding does not need to be made at this time, and that
refined calculations may suggest that a slightly different thickness is

better.
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APPENDIX A

COMPARISON OF PREVIOUS CAICULATIONS

In Table A-1 we glve approximate relative values of some of the
factors entering the shielding calculations used in three previous reports.
In Table A-2 we summarize the conclusions of these three reports. There
has been a shift in general design criteria from the 1957 Proposal in
which the shield was to be adeguate even if all of the beam (only 3 uwa then)

was stopped at any point. Now the shield is designed for average operating

conditions.
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TABLE A-1

SUMMARY OF SHIELDING CONSIDERATIONS
IN THREE REPORTS

Relative Value

Ttem Proposal M-262 This Report Comments
1957 1961 1962
Tolerance 1 1 1 ; All calculations used the same radiation policies.
Absorbed Beam 1.7 1 1 In the Proposal the full current of 3 pa was

Power

stopped to give a point source.

Neutron Yield
Per Electron

1 2 12 The two earlier reports considered only the
deuteron photo-effect.

Source Point f Line Line

Geometry i

Shield Sphere f Cylinder Cylinder

Geometry :

Biological 1 ; 10 2 In M-262 the effect of high-energy neutrons
Hazard/Neutron ! | was over-estimated.

Removal <1 <1 1 ! The earlier reports approximated AT) at

Mean Free Path

low energies to give larger transmission for
the same thickness.
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CONCLUSIONS FROM THREE REPORTS

TABLE A-2

Conclusion Proposal M-262 This Report
1957 1961 1962
Shield Thickness 35 35 25
(ft of earth)
Controlling Radiation General Both the
Human Group Worker Population same
"Safety Factor” 10 ~ 100 100 This is the tolerance
level divided by the
calculated radiation
level. In the Proposal
the assumed geometry
was a worst case.
- =~ 50 ~ 10

Uncertainty Factor




APPENDIX B

PROPOSED RADIATION POLICIES FOR PROJECT M

This Appendix is a report written two years ago by Panofsky, and it

describes the reasoning behind the selection of our tolerance radiation

levels.
Since it was written, the concept of higher permissible exposures

for individual, non-radiation workers has been abandoned, as was foreseen

by Panofsky.
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High-Energy Physics ILaboratory
Stanford University
M-234
1 December 1960
W.K.H. Panofsky

PROPOSED RADIATION POLICIES FOR PROJECT M

In our proposal for the construction of a two-mile linear accelerator
at Stanford (April 1957), we stated the following policy regarding radiation
tolerances:

"Since the general tendency has been toward more
conservative radiation tolerances, we are adopting here
for design purposes the following tolerances:
1) 30 mr/LO-hr working week for 'radiation workers';
2) A level equal to natural background radiation
(or 0.002 r per elapsed week) for all areas outside
the project boundaries will be maintained. This is
about a third of the 'doubling dose.'"
Since that time, the AEC has adopted specific regulations (given in
AEC 0524-02-F) which essentially adopt the recommendations of the National
Committee on Radiation Protection ("Maximum Permissible Radiation Exposures
to Man," 8 January 1957). In addition, the Federal Radiation Council was
established during the last year, and has issued its first report, "Back-
ground Material for the Development of Radiation Protection Standards"
(13 May 1960).

Clearly, the radiation standards adopted in connection with the design
of the two-mile accelerator should meet the AEC regulations, but in addition,
considering the long-range nature of the project, a more conservative approach
is indicated for the following reasons:

1) Past experience has been that radiation doses considered reasonable
have decreased. For example, the average population exposure recommended
as a guide for radiation protection standards by the FRC for large
populations is half that given in the AEC Manual and in the recommenda-
tions of the NCRP.

2) The intensity estimates provided by accelerator designers at the incep-
tion of projects have been realistic; in some cases, in fact, intensities

of the completed machines have exceeded the original estimates.
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3) It is recognized that there is no level of exposure below which the
expected statistical genetic effects will be zerc, and therefore any
exposure must be justified in terms of the benefits derived; in the
words of the FRC report,

"Under the working assumptions used, there can be no single
'permissible’ or 'acceptable' level of exposure, without
regard to the reasons for permitting the exposure. The
radiation dose to the population which is appropriste

to the benefits derived will vary widely depending upon

the importance of the reason for exposing the population

to a radiation dose."

T

For this reason, the FRC concludes, "...all exposures should be kept
as far below any arbitrarily selected levels as practicable.”

For these reasons, the policies adopted in designing the accelerator will

under any circumstance rely on cur best judgment, and will also be

affected by the problem of relations bétween the project and the neigh-

boring communities.

In connection with this project, we are concerned almost entirely with
the control of penetrating whole-body radiations. There will be some
problems with the handling of irradiated targets and other materials
invelving short-range radiations, and also with inhalation of short-lived
radiocactive gaseous isotopes which would be produced in closed target
areas [for exsmple, N*° formed by the reaction N**(y,n)N*]. We believe
that these can be controlled quite readily by apprcpriate handling pro-
cedures in the first case and ventilation in the second.

A summary of various whole-body exposures to penetrating radiations

and recommended levels is given in the follcowing table:



RECOMMENDATIONS ON MAXIMUM ANNUAL EXPOSURE TO WHOILE-BODY PENETRATING RADIATION

Non-occupational
General population
Occupational Individual (30-yr average)

AEC Menual 0524-02-~F 5 rem 0.5 rem 0.33 rem
Federal Radiation Council,

Report 1 (13 May 1960) 5 rem 0.5 rem 0.167 rem
Stanford Project M Proposal,

April 1957 1.5 rem 0.1 rem 0.1 rem

For comparison:

U.S. genetically significant per capita average %
exposure from natural sources 0.08-0.170 rem

U.S. genetically significant per capita average %
exposure from man-made sources (mainly medical) 0.08-0.280 rem

Our recommendation therefore proposes to limit radiation exposures to
persons not directly involved in the project to levels below the average
per capita level to which the population in the U.S. is now exposed. We
do not consider it advisable to adopt a different standard for persons in
the neighborhood of but not directly involved in the project from the .
standard for the general population. Apart from;the great difficulty of
Justifying any other position to neighboring communities, we believe that
giving substantial radiation exposures to persons not directly concerned
with the project is not in accordance with the general guide-lines of the
FRC quoted above. In addition, considering the general downward trend of
occupational maximum permissible radiation exposures, we should like to
retain as an objective the design figure of 30 mrem/week as given in our
original proposal, which is a third of that allowed by the AEC.

The technical problems of radiation control of the project are such
that our ability to meet the tolerances specified depends both on initial
design of the shielding, target area arrangements, etc., and on the actual
procedures used during machine operation. It is not feasible to design
the target area so that it is absolutely impossible to cause excessive

radiation levels arising from human error or equipment malfunctiocn. The

%Summaries of Federal Radiation Council, Background Material for the
Development of Radiation Protection Standards, Tables 3.1 and 3.2
(13 May 1960); see that report for discussion.
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target area facilities must therefore include radiation detection devices
and monitors which will automatically shut off the beam in a short time
so that the accidentally high radiation levels will not contribute sig-
nificantly to the long-time average exposure of the population. In
addition, physical barriers must be provided so that even in the very
short time before the beam.can be shut off excessive exposures are pro-
hibited for the most unlikely and extreme condition in which the entire

beam is made to miss the shielding arrangements within the target area.

- 107 -



N

LIST OF REFERENCES

"Proposal for a Two-Mile Linear Electron Accelerator,” Stanfard
University, Stanford, California, April, 1957.

H. DeStaebler, "A Review of Transverse Shielding Requirements for
the Stanford Two-Mile Accelerator," M-262, Stanford Linear Accelerat-
or Center, Stanford, California, April, 1961.

National Bureau of Standards Hendbook 63, "Protection Against Neutron
Radiation Up to 30 Mev," November, 1957, Superintendent of Documents,
Washington 25, D. C.

G. J. Neary in unpublished reports of the Medical Research Council,
Radiobiological Research Unit. AERE, Harwell. t 1s my understanding
that these calculations willl be included in a volume of Committee IV
of the International Commission on Radiological Protection (probable
title, "Protection Against X-Rays Above Three Million Volts and Heavy
Particles Including Neutrons and Protons") to be published by Pergamon
Press probably in 1963.

See a surmary in Radiation Hygiene Handbook, Ed. H. Blatz (McGraw-Hill,
New York, 1959).

"Background Material for the Development of Radiation Protection Stand-
ards," Staff Report No. 1 of the Federal Radiation Council, May 13,
1960, Government Printing Office, Washington 25, D. C.

"Measurement of Absorbed Dose of Neutrons and of Mixtures of Neutrons
and Gamma Rays," National Bureau of Standards Hahdbook 73, February,
1961, Superintendent of Documents, Washington 25, D. C.

See, for example, Chodorow, Ginzton, Hansen, Kyhl, Neal, Panofsky,
et al., Rev. Sci. Instr. 26, 134 (1955).

H. DeStaebler, "Scattering of Beam Electrons by the Residual Gas in
the Accelerator," M-281, Stanford Linear Accelerator Center, Stanford,
California, October 1961.

B. Rossi, High Energy Particles (Prentice-Hall, 1952), Chap. 5.

C. D. Zerby and H. S. Moran, "Studies of the Longitudinal Decvelopment
of High-Energy Electron-Photon Cascades in Copper,'" ORNL-3329, Oak
Ridge National Lab., Oak Ridge, Tenn., 1962.

D. N. Olson, "Photoprotons from Nuclei Exposed to 1 Bev Bremsstrahlung
Radiation," Thesis, Cornell University, Ithaca, New York, 1960
(Unpublished). A. Silverman told me about this reference, and it has
been very stimulating.

C. E. Roos and V. Z. Peterson, Phys. Rev. 124 1610 (1961).

- 108 -



b
U

J-3
]

Myers, Gomez, Guinier, and Tollestrup, Phys. Rev. 121, 130 (1961).

"Proposal for a Two-Mile Linear Electron Accelerator,"” Stanford
University (Stanford Linear Accelerator Center), Stanford, Cali-
fornia, April, 1997.

"Conference on Shielding of High-Energy Accelerators, New York,
April, 1957," TID-7545 Technical Information Service Extension,
Oak Ridge, Temn

R. Wilson, "A Revision of Shielding Calculetions," CEA-T73,
Cambridge Electron Accelerator, Harvard University, Cambridge,
Mass., May 1959.

J. 8. Levinger, Phys. Rev. 84, L3 (1951).

J. 8. Levinger, Nuclear Photo-Disintegration (Oxford, London, 1960).

Odian, Wattenberg and Weinstein, Phys. Rev. 118, 348 (1960).

ron Mcdel Calculation of Photonucleon Yields,"
© Accelerator Center, Stanford, C&l Tornia,

H. DeStacbler, \ Review of Transverse Shielding Reguirements for
the Stenford Two MllC Accelerator," M-262, Stanford Linear Accelerab-
or Center, Stanford, California, April, 1961

D. L. Judd, Rev. Sci. Instr. 21, 213 (1950).

nes of D Measured by F. Bumiller are within about 5% of <the

Brueckner, Serber and Watson, Phys. Rev. 8k, 253 (1851).

7

[

{

nces cited in S. J. Lindenbaum, Ann. Rev. Nuclear Sci.

the Jacobilan we used Eand
-Body Kinematics,' HEPL-23
L'ord, Californie 1

ndall, and Schaerf, "Relativistic
O, Hléh Energy Physics Laboratory,

5. J. Lindenbawn, Ann. Rev. Nuclear Sci. 11 213 (1961).

& Shielding of High Energy Accelerators, low Yorks,
957," TID-T545, TecAulbal Informacion Service Extension,
R
=

mnicacion from Wede Patterson, 1961. See
J 4oy¢r, "Shielding and Activation Consi
actory, " UCRL-10095, 1962.

- 109 -



28.

30.

32.

33.

3k,
35.

37.

38.

39.

Lo.

hi.

Private communication, J. Tinlot (Rochester U.) 1962. These
measurements were made in connection with a proposed u scattering
experiment at the AGS.

Citron, Hoffmann and Passow, Nuc. Instr. and Meth. 1L, 97 (1961).

C. J. Tsao, "Monte Carlo Shield Calculations for 3 Bev Protons, "
Princeton-Pennsylvania Accelerator, Princeton, New Jersey,

ca 1958. (Unpublished). I am indebted to G. K. O'Neill for send-
ing me a copy of thils report.

H. Wade Patterson, "The Effect of Shielding on Radiation Produced
by the 730 Mev Synchrocylotron and the 6.3 Bev Proton Synchroton at
the Lawrence Radiation Laboratory,” UCRL-10061, January, 1962,
Unpublished.

B. J. Moyer, R. Hildebrand, N. Knoble, T. J. Parmley, and H. York,
USAEC Document, AECD-2149 (1947).

A. Wattenberg in Encyclopedia of Physics, Vol. 50 (Springe=-Verlag,
Berlin, 1957).

F. F. Chen, C. Leavitt, A. M. Shapiro, Phys. Rev. 99, 857 (1955).

J. H. Atkinson, W. N. Hess, V. Perez-Mendez, R. W. Wallace, Phys.

Rev. Lett. 2, 168 (1959).

J. J. Muray, "Muon Yields from Pion Decay and Electromagnetic
Pair Production," M-267, Stanford Linear Accelerator Center,
tanford, California, May 1961.

K. G. Dedrick, "Calculation of Pion Photoproduction from Electron
Accelerators According to the Statistical Model," M-228, and
"More Calculation of Photopion Yields," M-229, Stanford Linear
Accelerator Center, Stanford, California, October 1960.

B. J. Moyer in "Conference on Shielding of High Energy Accelerat-
or," (Ref. 15). See also S. J. Lindenbaum, Ann. Rev. Nuclear Sci.
11, 229 (1961).

B. J Moyer, "Evaluation of Shielding Required for the Improved
Bevatron, " UCRL-9769, Lawrence Radiation Laboratory, Berkeley,
Celifornia, June 1961.

R. G. Alsmiller, F. S. Alsmiller, J. E. Murphy, '"Transverse Shield-
ing for a 45 Gev Electron Accelerator" ORNL-3289, Oak Ridge National
Laboratory, Oak Ridge, Tennessee, 1962.

In the Oak Ridge calculation the reference for this subsidiary
method is to C. D. Zerby "A Monte Carlo Calculation of Air-Scattered
Neutrons," ORNL-2227, Oak Ridge National Laboratory, Oak Ridge,

Tennessee, 1957.

- 110 -



Lo.

L,

45,

L6.

Lo.

S. D. Drell in "Some Aspects of Target Area Design for the Proposed
Stanford Two-Mile Linear Electron Accelerator," M-20C, Stanford
Linear Accelerator Center, Stanford, California, Summer 196C. Also
Pnys. Rev. Letters 5, 278 (1960).

G. K. O'Neill in "Conference on Shielding of High-Energy Accelerat-
ors" (Ref. 15).

L. Beebe, J. Cumming, W. Moore, and C. Swartz, "Shielding Measure-
ments," Cosmotron Internal Report, 10/1/56, Brookhaven National
Laboratory, Upton, New York.

K. G. Dedrick and H. H. Clark, "Elementary Calculation of the Trans-
verse Shielding," M-296, Stanford Linear Accelerator Center, Stanford,
California, February 1962.

This is the plateau value of the ionization loss in a hypothetical
medium with Z = 10 and A = 20. E. P. George 1n Progress in Cosmic
Ray Physics Vol. T (North Holland Pub. Co., Amsterdam, 1952).

H. DeStaebler, M-262.
C. W. Olson, Private Communication, 1962.
For example, R. W. Wallace and B. J. Mayer, "Shielding and Activation

Considerations for a Meson Factory," UCRL-1008G, Lawrence Radiation
Laboratory, Berkeley, California, April 1962.

)

> (1961).

S. J. Lindenbaum, Ann. Rev. Nuclear Sci. 11, 21

L

R. H. Thomas, First International Conference on Shielding Around High
Energy Accelerators, Orsay and Seclay, France, February 19062.

W. BE. Kinney, "A Monte Carlo Calculation of Scattered Neutron Fluxes
at an Alr-Ground Interface Due to Point Isctopic Sources on the
Interface, ' ORNL-3287, Oak Ridge National Laboratory, Ozk Ridge,
Tennessee, July 1962.

- 111 -



