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SUMMARY 

The environmental radiation shielding requirements of the SSC have been 
evaluated using currently available computational tools that incorporate the well 
known processes of energy loss and degradation of high energy particles into 
Monte Carlo computer codes. These tools permit determination of isodose con- 
tours in the matter surrounding a source point and therefore the specification 
of minimum thicknesses or extents of shielding in order to assure annual dose 
equivalents less than some specified design amount. For the general public the 
annual dose equivalent specified in the design is 10 millirem, small compared to 
the dose from naturally occurring radiation. 

The types of radiation fall into two classes for the purposes of shielding 
determinations-hadrons and muons. The sources of radiation at the SSC of 
concern for the surrounding environment are the interaction regions, the spe- 
cially designed beam dumps into which the beams are dumped from time to 
time, and beam Clem-up regions where stops remove the beam halo in order to 
reduce experimental backgrounds. A final, unlikely source of radiation considered 
is the accidental loss of the full beam at some point around the ring. Conservative 
choices of a luminosity of cm-'s-l (ten times the design value) and a beam 
current three times design (corresponding to 4 x lo1* protons in each circulating 
beam) have been made in calculating the required shielding and boundaries of 
the facility. In addition to determination of minimum distances for the annual 
dose equivalents, the question of possible radioactivity produced in nearby wells 
or in municipal water supplies is addressed. The designed shielding distances and 
beam dumps are such that the induced radioactivity in ground water is safely 
smaller than the levels permitted by EPA and international agencies. 

A primary quantity resulting from this study is the recommended minimum 
radius of 30 feet of light earth or similar shielding material outside of the 10-foot 
diameter tunnel of the SSC. (The thickness may be less if the soil is denser.) 
Another important distance in the plane of the accelerator is the recommended 
secondary (muon) shielding, outward from the tunnel all around the ring. Near 
the interaction regions and the beam dumps longer regions of land must be 
reserved for muon shielding. The behavior of the muons is such that the land 
above these regions may have shared use provided the plane of the tunnel is 50 
feet or more below the surface. 

The conclusion of the report is that, with appropriate land acquisition in 
the neighborhood of the technical parts of the accelerator, the facility can be 
operated in a safe manner with respect to environmental radiation exposure to 
the general public. 

... 
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1. INTRODUCTION 

The Superconducting Super Collider laboratory or SSC is a unique complex 
of facilities for research in high energy physics, concerned with study of the most 
basic structure of matter and energy. The most important parts of the facility are 
an interconnected group of accelerators whose purpose is to generate beams of 20 
TeV protons that are caused to collide at selected points. Detectors located at 
these collision points record the products of the collisions; detailed examination 
of these data reveal the fundamental building blocks of matter and the ways in 
which they interact. 

The schematic plan view of the SSC shown in Fig. 1 indicates the size of the 
facility. The injector complex, a cascade of accelerators, feeds the main collider 
ring, 53 miles in circumference. The collider ring consists of a tunnel, 10 feet in 
diameter, in which are located two rings of superconducting magnets, as shown 
in Fig. 2. The protons leaving the injector at an energy of 1 TeV enter one or the 
other beam tube within a ring of magnets and circulate around the 53-mile path. 
An accelerating system, labelled RF in Fig. 1, gradually accelerates the protons 
in each ring up to a final energy of 20 TeV. The beams of counter-rotating protons 
are held at 20 TeV for many hours. They are brought into collision in several 
(4 initially) interaction regions (IRs). The numbers of protons are large enough 
that, even with a rather high collision rate at each IR (lo8 interactions s-' at 
the design luminosity of cm-%-l), the rate of loss of beam current is very 
small. Typically, the cycle of injection, acceleration, and storage for physics 
experimentation needs to be repeated once or twice a day. 

The SSC facility is described in detail in the Conceptual Design Report [l]. 
A brief description, adequate for the purpose of the present report, appears in 
the DOE Invitation for Site Proposals [2]. 

The purpose of the present report is to: 
1. Identify potential and actual sources of radiation during operation of the 

2. Provide technical information on the nature and magnitude of the radiation 

3. Describe the calculational tools available to track the deposition of the 
energy of the radiation and to translate the energy loss into radiation dose 
con tours; 

4. Use those dose contours to determine the magnitudes and directions (vec- 
tors) defining the containment regions, outside of which radiation levels are 
smaller than those found in everyday life. 

facility; 

from those sources; 
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Figure 1. SSC collider ring layout. The clusters are joined by arcs 
of 11.7 k m  radius. The far  cluster consists of four interaction regions 
separated by 2.3 km. The near cluster has two interaction regions and 
two utility straight sections (open rectangles) for injection and abort and 
for acceleration (RF). The cascade of synchrotrons that form the injector 
is inside the main ring at the utility straight sections. There are 10 
refrigeration and power units around the ring (black ellipses). 
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Figure 2. Collider ring tunnel profile showing the position of the two 
collider rings and the location of the utilities. 
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The emphasis of the report is on the global shielding requirements of the 
SSC facility, that is, the large scale requirements related to land acquisition and 
shared use of lands adjacent to the complex. The detailed shielding requirements 
and other safety considerations (handling of cryogens, for example) in the tunnel 
and interaction regions are not discussed, nor are the requirements of test beams. 

The Injector complex is a major accelerator facility in its own right. However, 
it is not discussed here since there is considerable operating experience with the 
comparable facilities at CERN and Fermilab. There are also studies for the 
HERA project under the city of Hamburg. These provide evidence that the SSC 
Injector complex poses no new radiological problems and that its safe operation 
can be assured by prudent design based on documented experience[3]. 

The SSC work on environmental radiation shielding had its origins in a work- 
shop held by the Central Design Group in October, 1985 [4]. The documentation 
supplied at the workshop has formed the basis of much of the subsequent work. 

1.1 Sources of Radiation 

As a radiation source the SSC is similar to the projection tube of a television 
set, consisting of a beam of particles that can be steered by electric or magnetic 
fields and turned on and off. While gigantic in size compared with present facili- 
ties, the SSC is very similar in character to existing accelerator complexes at Fer- 
milab near Chicago and the European Laboratory for Particle Physics (CERN) 
near Geneva, Switzerland. These laboratories and other facilities at Brookhaven 
National Laboratory, Stanford University, and Cornel1 University in the U.S. and 
institutions abroad routinely operate high-energy particle accelerators in a very 
safe manner. The benign nature of such facilities, from the points of view of 
both radiation and industrial hazards, is illustrated by the fact that Fermilab’s 
site is completely open to access by the general public. Naturally, working por- 
tions of the Fermilab accelerator are restricted to employees and other qualified 
personnel, but the site above ground is safe for visitors at all times. 

(a) Interaction regions 
The SSC radiation consists of subnuclear particles initially moving with ki- 

netic energies very much greater than the normal energy within atoms. During 
operation its a collider, the beams are brought into collision at several interac- 
tion points around the ring, as already stated. One or more detectors record 
the swiftly moving particles produced in the collisions and in the process absorb 
some of them. But some of the most penetrating particles and secondaries travel 
beyond the interaction regions. Thus the IRs are a source of radiation whose 
shielding must be assessed. 
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(b) Beam dumps 

As already mentioned, the main accelerator has a regular cycle of operation: 
injection, acceleration to 20 TeV, storage of colliding beams. At the end of a cycle, 
when collisions over many hours have degraded the beam quality sufficiently, 
the cycle is terminated by aborting the beams, that is, dumping each beam 
via an extraction system into a specially designed facility called a beam dump. 
The beam dump consists of heavy shielding and stopping material sufficient to 
contain completely the heat and induced radioactivity of the full 20 TeV beam. 
(The abort system is described in Section 5.10, and the beam dump in Section 
6.6, of Ref. 1.) The material of the beam dump serves as a target for the proton 
beams and so is a source of radiation consisting of secondary particles produced 
by the stopping of the primary protons. The regions labelled “abort” on Fig. 1 
are the locations of this second source of radiation. 

In normal operation, the aborting of the beam occurs infrequently, perhaps 
once or twice a day. During accelerator studies and machine improvement peri- 
ods, however, the beams may be dumped more frequently. Generally, such aborts 
are insignificant from a radiation point of view because they are almost always of 
beams of less than full energy and intensity. Other aborts of the beam may occur 
when the beam sensors detect a malfunction and react to inhibit operation of the 
facility in a potentially unsafe condition. The frequencies of all the various types 
of beam aborts have been folded into the estimates of the source of radiation 
associated with the beam dumps. 

(c) Beam cleanup regions 
In both its acceleration and storage modes, the SSC proton beam is localized 

to a very small region near the center of the beam tube as it circles around and 
around. The overwhelming bulk of the beam is confined to a pencil region a few 
millimeters in diameter, but there is a small halo of particles making larger excur- 
sions from the beam axis. The quality of the beam and experimental conditions 
at the interaction regions are improved if this halo is scraped away. Specially de- 
signed beam cleanup stations contain scrapers to intercept the halo. These stops 
thus become targets for the protons in the halo and are sources of secondary 
particles. 

(d) Accidental loss of full beam 
While the interaction regions, beam dumps and beam cleanup regions are the 

only regular sources of significant radiation from the SSC, consideration must be 
given to accidental loss of the full beam anywhere around the 53-mile circumfer- 
ence of the machine. Such a major event will seldom, if ever, occur. Furthermore, 
such a loss would damage the accelerator itself and require lengthy repair. In 
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discussing the dose contours for accidental loss of full beam, we therefore present 
the results per occurrence, whereas for the other sources we give average doses 
per year. 

1.2 Types of Radiation 

The protons in the beams of the SSC and the particles that they produce 
by collisions may have very high energies indeed, comparable to the high energy 
components of the Earth’s cosmic ray background, a natural source of radiation 
that is incident continually on the Earth from deep space. 

(a) Hadrons 
Most of the initially produced particles are massive and strongly interacting 

(they are called hadrons). Some of them decay very rapidly in flight into lighter 
particles. Others collide with matter and are transformed into tertiary hadrons 
of lower energy or are brought to rest, where they decay quickly into the fa- 
miliar, stable particles (electrons, protons, neutrons) that make up the common 
materials all around us. The distances of travel are scaled by the interaction 
length (the mean distance traveled in a material before a nuclear collision). For 
light materials, such as graphite, aluminum, or concrete, the interaction lengths 
of different hadrons are all about 40 to 60 cm. For heavier materials like iron, 
the interaction length is roughly 20 cm. Hadronic radiation is degraded rapidly 
in each successive interaction length. It is stopped completely in a few meters 
or tens of meters, depending on the primary energy, the type of radiation, and 
the density of the absorbing material. The physical processes involved in the 
degradation of the radiation are well understood both theoretically and experi- 
mentally and these mechanisms are built into the calculational tools described in 
Chapter 2. 

(b) Photons and electrons 
Accompanying the hadrons are high energy photons and electrons. These 

particles degrade only via electromagnetic interactions, but are absorued very 
rapidly in matter, nevertheless. The characteristic distance at high energies is 
called a radiation length. It depends strongly on atomic number. For graphite, 
it is about 20 cm; for iron, less than 2 cm. As a consequence, the degradation of 
electrons and photons (called the electromagnetic cascade) occurs over distances 
of the order of a few meters in solid materials. 

(c) Muons 
Special consideration must be given to one type of particle, called muons. 

Muons are heavy electrons, identical in all respects except inass. Muons are a 
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rare component (a few tenths of a per cent) of the radiation created in the SSC, 
but, in contrast to the hadrons, photons and electrons, they are not readily ab- 
sorbed at high energies. The elementary explanation, somewhat over-simplified, 
is that radiative energy loss processes are proportional to the inverse square of 
the mass of the incident particle. Even though radiative processes are not the 
only mechanisms of energy loss, the muon, with a mass 200 times larger than an 
electron, loses energy far less rapidly than an electron or hadron and so pene- 
trates to greater distances. The most energetic muons travel several kilometers 
in earth. The muons eventually stop and decay after about two microseconds 
into electrons (and essentially non-interacting neutrinos). Experience at exist- 
ing accelerators and from the cosmic rays show that the high energy muons are 
very strongly collimated along the direction of the proton beams initiating the 
collisions that produce them. The shielding considerations thus apply to long 
regions tangential to the circumference of the main ring in either direction at the 
interaction regions and down stream of the abort regions shown in Fig. 1. 

(d) Residual radioactivity 
Radioactive nuclei are produced in the process of stopping high energy parti- 

cle beams. In the course of stopping, the energetic particles produce numbers of 
lower energy (shower) particles in the absorber, and these in turn slow down and 
stop. Low energy (slow) neutrons are produced in the shower and these particles 
are absorbed by the nuclei of the surrounding matter. Some of the created nuclei 
are unstable with radioactive half-lives ranging from microseconds to thousands 
of years. In general, the radioactive products in the lighter absorbers (carbon, 
oxygen, helium) decay rapidly and exhibit little long-lived radioactivity. A few 
of the nuclei produced in heavier materials (copper, iron, lead, etc.) can have 
lifetimes as long as a year or more. These nuclei are similar to those responsible 
for the natural radioactivity that we have all about and within us. 

The artificially induced radioactivity produced in the SSC accelerator com- 
plex is mostly of very low level. The few places where higher activation is pro- 
duced are mainly the beam abort dumps. As already described, these dumps 
are isolated, specially designed facilities whose purpose is to contain all induced 
radioactivity and safely dissipate the heat generated. 

(e) Synchrotron radiation 
One other type of radiation deserves mention-the so-called synchrotron ra- 

diation. Hitherto only relevant for circular electron accelerators, synchrotron 
radiation is a factor in the design of the SSC. The energy is sufficiently high that 
the protons emit enough synchrotron radiation to put demands on the cryogenic 
cooling system for the superconducting magnets. The conceptual design parsm- 
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eters give an estimate of approximately 18 kW of synchrotron radiation emitted 
uniformly around the machine. The radiation consists of visible and ultraviolet 
light and soft x rays with a critical energy of 280 eV. While the refrigeration and 
vacuum systems must be designed to handle its consequences, the synchrotron 
radiation is completely absorbed in the wall of the beam tube inside the magnets. 
It is of no concern for radiation shielding. 

1.3 Further Discussion of Sources and Shielding 

(a) Different sources 
In normal operation, the proton beams are confined within the vacuum cham- 

bers of the magnet rings. Radiation occurs only at the interaction regions where 
the two beams cross one another, at the beam cleanup regions, and at the pri- 
mary beam-abort dumps where the beams are absorbed at the end of a machine 
use cycle. A very small amount of radiation, which is absorbed within the walls 
of the tunnel, is produced uniformly around the ring by the collisions of beam 
protons with residual gas molecules in the evacuated beam tubes. The beam 
current will decrease by about 20% over a period of 12 to 24 hours because of 
beam-beam and beam-gas interactions; the remaining 80% of the beam will be 
ejected in a 300 microsecond burst to the beam-abort dumps at the end of the 
cycle. The 5 8% loss around the ring by residual gas scattering is a local shield- 
ing and operations safety issue, but is not significant for this report because the 
loss is small and not localized. 

Radiation in the transverse direction from the beam interaction points is 
dominated by hadrons; in the forward direction it is dominated by muons. This 
is because the forward hadrons are absorbed within the accelerator lattice by 
special scrapers and absorbers designed to protect the superconducting magnets. 
Beyond the absorber region and outside the beams enclosure, the radiation is a 
highly collimated muon cone that is produced in the decay of short-lived particles 
from the interaction. 

The radiation from the primary beam-abort dumps is qualitatively the same 
as that around the interaction regions, but the shielding presents a different 
problem. At an interaction region, the shielding must be designed around the 
collision point and be removable. The primary beam dumps, on the other hand, 
have no requirement for ready access. Because they absorb the energy of most 
of the residual protons in a very short time, the beam dumps must, however, be 
designed to permit dissipation of the associated thermal and mechanical shocks, 
in addition to reducing the radiation to permissible levels. The dumps require 
appreciable land downstream from the abort regions, indicated by the rzTrows in 
Fig. 30. The requirements are described in Chapter 4. 
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The radiation from the beam cleanup regions is similar in character to that 
from the primary beam dumps, but involves only a small fraction of the total 
beam. 

(b) Inputs for shielding calculations 
The primary parameters of the SSC, as described in the Conceptual Design 

Report[l], are two beams of 20 TeV protons, each of a current Io = 73 mA 
( N p  = 1.3 x lo'* protons in each ring), colliding with a maximum luminosity of 

cm-?s-l (corresponding to a maximum interaction rate of lo8 Hz at each 
IR). For the purpose of prudent determination of the shielding requirements, it 
was decided to assume that the luminosity could be ten times as high as design. 
The parameters used in this report are therefore 

N p  = 4 x 1014 circulating protons/ring 
L,,, = lo3* cm-23-1 
Collision rate = lo9 Hz/IR . 

These are the determining parameters for calculations concerning the IRs and 
also the accidental loss of beam. 

The totality of beam scraped off in the various beam cleanup regions could 
amount to several percent, but this will not be done at just one location. Down- 
stream of a scraper there are scraped protons impinging for tens of meters on the 
magnets and other accelerator components. These protons and their secondaries 
are sources of heat. For scrapers located in the arcs, the presence of supercon- 
ducting magnets sets a limit on the heat input and therefore on the amount of 
halo removal that can be done at such locations. A design upper limit is 0.2% of 
the beam over a storage cycle at 20 TeV. More extensive beam cleanup stations 
must be located in the utility straight sections adjacent to the injector complex, 
where the rf, injection and abort units are located. There, conventional magnets, 
which can handle a larger heat load, can be used downstream of the scrapers. 
The dose equivalent calculations are presented for 0.2% (for beam cleanup on the 
arcs) and 1.0% beam loss from scraping. Scaling to other values can be done on 
the figures. 

For the intermittent aborts of the primary beam an estimate of the annual 
number of such events is necessary. As already mentioned, there are a variety of 
reasons for aborting the beam. The routine cycling of the machine is estimated 
to occur once every 12 to 24 hours. With 6000 hours yr-' of operation of the 
facility for physics research, this corresponds to about 300 beam aborts per year 
at full energy and intensity. Accelerator studies will involve many more than this 
number, but generally of lower intensities or intermediate energies. Consideration 
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of such beam aborts from the point of view of production of radiation leads to the 
conclusion that they are equivalent to not more than an additional 200 dumpings 
of the full beam at 20 TeV. In this report we take 500 full-energy full-current 
beam aborts per year as the equivalent source from the beam dumps. 

(c) Radiation dose criteria and their consequences 
The transverse and longitudinal dimensions that are the end product of these 

studies are based on a safe maximum permissible annual dose equivalent at the 
perimeter of the site and beyond. The chosen value is based on relevant govern- 
mental regulations and further allowances during design and operation to provide 
additional assurance in the matter for the general public. 

In defining radiation criteria for the protection of the public and the environ- 
ment, the Department of Energy recognizes the recommendations of the National 
Council on Radiation Protection and Measurements (NCRP) and the Interna- 
tional Commission on Radiation Protection (ICRP). The relevant DOE Order (in 
draft form), which is currently labeled 5480.XX, defines the radiation standards 
for the protection of the public in the vicinity of DOE facilities. The permissible 
level for continuous exposure is limited to 100 mrem per year of whole-body radi- 
ation. This is to be compared to an average background level in the continental 
United States of 100 to 200 mrem per year due to naturally occurring radiation. 
For non-continuous exposure the limit is 500 mrem per year. In practice, DOE 
specifies that facilities must be designed to achieve radiation dose equivalents as 
low as reasonably achievable (ALARA) below the defined limits. The shielding 
for the SSC will be designed for consistency with this ALARA policy. The SSC 
facility shall have the capability, consistent with the types of operations con- 
ducted, to monitor routine and non-routine releases to the environment, and to 
assess doses to members of the public and impacts on the environment to ensure 
compliance with these standards. 

The average annual close equivalent chosen here to define the land require- 
ments is 10 mrem. This ALARA design value is 10% of the DOE upper limit, 
chosen in recognition that there is some uncertainty in the extrapolation of the 
shielding calculations to SSC energies. 

The calculations described in this report show that adequate radiation shield- 
ing (to less than 10 mrem per year) in the transverse direction at the interaction 
regions and the primary beam dumps is afforded by 9 meters (30 feet) of light 
earth or equivalent beyond the tunnel (soil density 1.8 g ~ m - ~ ) .  

The muon shielding needs have been determined by a conservative approach. 
While the basic absorption mechanisms are well understood, the exact level of 
production of energetic prompt muons at SSC energies is somewhat uncertain. 
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This is not surprising. Indeed, some of the important research to be done with the 
SSC is to investigate new phenomena that will undoubtedly have energetic muons 
as by-products. The new phenomena themselves are sufficiently rare that they are 
not a significant source of radiation. But the accompanying more frequent com- 
ponent (sometimes called background by the physicists) will have muons present. 
Fortunately, existing data at present energies and relatively reliable theoretical 
models permit extrapolation of the muon yields to SSC energies, accurate to 
within a factor of three. With a conservative upper bound on the production, 
the calculations show more than adequate shielding is given by muon shields that 
extend tangentially for 2.3 to 5.2 km downstream from the various muon source 
points. Because of the gentle curvature of the ring, such distances correspond to 
far smaller distances transverse to the ring - see Table IV-1. 

As discussed in (b) above, while the majority of beam cleanup will occur in the 
utility straight sections, some scraping will occur in the arcs and be sources of ra- 
diation. To provide adequate shielding for such sources, the hadron shielding has 
been conservatively specified to be at least 9 meters (30 ft.) everywhere around 
the tunnel, not just at the IRs and beam dumps. The corresponding forward 
muon cone extends tangentially along the ring for a distance of 2.3 kilometers. 
The sweeping of this cone around the entire periphery delineates a possible muon 
radiation zone of 225 meters (740 feet) extent measured radially outward from 
the tunnel. The muon zone lies in the plane of the collider rings. Since muons 
are far  less interactive per unit length than hadrons, the muon zone demands less 
restrictive personnel access conditions than the 10.5 m radius hadron zone. 

' 

- 

1.4 Preview of the report 

The body of this report is devoted to giving the technical basis for the key 
shielding parameters as they pertain to the needed land acquisition and mini- 
mum tunnel depth for the SSC. Chapter 2 describes the tools available for the 
calculations of absorption of radiation in matter and generation of dose contoiirs. 
Intercomparison of different tools and comparisons of the calculations with ob- 
servations at  existing accelerators are given in Appendix B. The results of the 
calculations for hadrons and muons from the different sources in the form of dose 
plots appear in Chapter 3, as well as a discussion of the accuracy of the calcula- 
tions. Also appearing in Chapter 3 are a discussion of the unlikely accidental loss 
of the full beam and a treatment of the potential activation of ground water in 
wells in the muon radiation zone and of possible activity in water supplics from 
beam dump operation. Chapter 4 is an analysis of the distances derived from the 
dose contour graphs leading to specification of the key shielding paramctcrs in 
terms of vectors and widths from the source points around the ring. Translation 
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of these key dimensions and directions into land area of different sorts is done in 
the DOE Invitation for Site ProposalsI21. The report closes with a short section 
of conclusions. 
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2. COMPUTATIONAL TOOLS 

Radiation hazards at high energy accelerators are largely due to ionization 
produced by the interactions of photons, electrons, hadrons, muons, and, indi- 
rectly, to neutrons. Except under some circumstances involving muons, most 
of the ionization is caused by the numerous low-energy products of cascade pro- 
cesses. High-energy particles (e.g. 20 TeV protons, in the case of the SSC) collide 
with other beam particles or with stationary matter. The products of these pri- 
mary collisions then collide with matter, etc., until all of the primary energy has 
been dissipated by ionization. Tens to hundreds of thousands of particles in each 
cascade are sufficiently energetic to merit attention. We are interested in the en- 
ergy deposition some distance away. Obviously, the result is dependent upon the 
intervening arrangement of walls, tunnels, iron magnet yokes, and the materials 
used. The difficulty of the problem is compounded by the fact that we are inter- 
ested in the result at a place where the dose is many factors of ten less than that 
near the primary collision point. Hence results of model calculations are espe- 
cially sensitive to small errors in the model, although the exponential falloff in the 
propagating energy means that shielding distances depend only logarithmically 
on the results. 

Several Monte Carlo programs have been developed to make detailed sim- 
ulations of these processes. Each has evolved over a decade or more, and all 
have grown and been modified as energies have increased and more data and 
better models have become available. In addition, innovations have been freely 
adopted. For example, CASIM, the Fermilab code developed by Van Ginneken, 
uses weighting techniques to reduce dramatically the computing time with little 
loss in overall accuracy[5]. As energies and complexity have increased, other 
codes have incorporated similar features. Even though they are not completely 
independent, the way the codes model collisions, follow the collision products, and 
handle the geometry are sufficiently different that comparisons are useful. Their 
general agreement justifies having confidence in the results. (See Appendix B.) 

Even though much of our information comes from detailed modeling using 
these codes, there is still a need to understand scaling with distance, shielding 
thickness, and incident beam energy in a more analytic way. The model devel- 
oped by Moyer(61 in the course of Bevatron upgrades 25 years ago still serves 
this function. This phenomenological approach is based on the observation that 
the propagating particles are mostly fairly energetic neutrons. Neutrons with 
kinetic energies above about 150 MeV have a nearly constant interaction length 
in shielding, and below this energy the interaction length decreases rapidly. Even 
though the relevant dose is due to low-energy neutrons, these are the local progeny 
of higher energy neutrons whose attenuation is easily describable. Lindenbaum 
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later suggested[?] that scaling with beam energy could be approximated as a 
power law (E"), where m is somewhat less than one. This approximation has 
survived the enormous increase of beam energies since it was first proposed, and 
the present best value for the exponent is m = 0.80 f O.l0[8]. 

2.1 Available Cascade Simulation Codes 

The primary work for this report has been done using CASIM, the Fermilab 
code mentioned above. Comparisons and additional calculations have been made 
using MARS10 and FLUKA82, and, to a lesser degree in the present case, HETC. 
We briefly describe each of these codes: 

1. CASIM [9]. Hadronic production in hadron-nucleus collisions is via a mod- 
ification of the Hagedorn -h f t  thermodynamic model [ lo]. Hadrons are 
followed if their momentum exceeds 300 MeV/c. In each step only one of 
the collision products is followed, with appropriate weighting. Electromag- 
netic showers are either included in an average way or with explicit coupling 
to the shower code AEGIS [ll]. Recent versions include charged particle en- 
ergy loss through hard bremsstrahlung, pair production, and photonuclear 
interactions. These processes become dominant at energies above 1 TeV or 
so, and contribute to angular spread as well. Geometry is specified through 
a user-supplied FORTRAN program. Magnetic fields are easily included. 
For primary collisions at 20 TeV x 20 TeV, hadron multiplicities may be 
underestimated by about a factor of three. For most applications this is of 
little consequence, since the eventual dose has more to do with the total en- 
ergy in the cascade than with the details about how rapidly the multiplicity 
increases near the beginning. An exception concerns the muon dose. Fewer 
hadrons of higher energy lead to more hard muons from direct production, 
meson decay, and muon pair production early in the shower development. 
A modification of CASIM includes muon production and transport [12]. 

2. MARS [13]. In this Serpukhov-developed code, hadron inclusive spectra (us- 
ing a selection scheme similar to that of CASIM) are described using an 
additive quark model of hadron-nucleus interactions for Feynman 5 > 0, 
and a phenomenological model for x 5 0. Semi-empirical formulas are 
used to simulate low-energy particle production. Magnetic fields can he 
included. Electromagnetic showers are handled using a modified version of 
AEGIS. Hadrons with energies above 50 MeV are transported, and incident 
energy up to 30 TeV can be accommodated. 

* The CERN code GEANT also correctly transports muons, but it is rather specialized for 
detector simulations. 
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3. FLUKA [14]. In contrast to CASIM and MARS, the CERN program FLUKA 
makes a full analog simulation of the cascade. Unless biasing options are 
specified, all particles down to 50 MeV kinetic energy are followed, includ- 
ing electromagnetic showers if the EGS [16] inclusion option is used. Below 
5 GeV/c, the particle production model describes inelastic collisions as 
quasi-two-body processes producing resonances which subsequently decay, 
while above this energy a multichain d u d  parton fragmentation model is 
employed. A large body of parameterized data is used to describe the 
cross sections and hadron-nucleus collisions. A substantial upgrade to 
FLUKA86 has been made[15]; with some minor changes it is now avail- 
able as FLUKA87. 
While description of the primary collision defaults to the multichain frag- 
mentation model, FLUKA can be interfaced to a user-supplied production 
model such as PYTHIA 1171 or ISAJET [18]. (These state-of-the-art primary 
collision codes are described below.) 
Its geometry package has been supplemented by the combinatorial geom- 
etry package from MORSE [19], the low-energy neutron-photon transport 
code developed at Oak Ridge National Laboratory (ORNL). 
FLUKA occupies more memory and takes longer to execute than either 
MARS or CASIM, but on the other hand does its simulation in a detailed 
and independent way, based upon current physical models. 
While CASIM results form the bulk of this report, crosschecks between 
CASIM and the CERN code FLUKA82 have been made, some of which 
are described in Appendix B. 

4. HETC [20). This workhorse High Energy Transport Code was developed at 
ORNL to follow hadronic cascades through the resonance region, and has 
found wide application in detector simulations. Hadron-nucleus collisions 
below 3 GeV are described using an internuclear cascade model parame- 
terized to fit the available data; above 3 GeV the current version refers to 
the appropriate FLUKA subroutines. The descriptions of particles falling 
below 50 MeV is written onto tape, for input to MORSE, which can follow 
neutrons all the way into the thermal region if so desired. HETC/MORSE 
is the best available way to simulate the low-energy (0.1-10 MeV) neutron 
flux in an accelerator environment. 
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2.2 Particle Production Codes 

The center of mass energy for a 20 TeV proton colliding with a nucleon at 
rest is 194 GeV. Collisions at this energy, which is less than half that available at 
the SFpS, are adequately described by the several models available in the cascade 
simulation programs described above. However, the primary interactions of pro- 
tons in the colliding beams are not. Moreover, the modeling of these collisions 
is being rapidly improved as new theoretical ideas, data, and computing algo- 
rithms become available. The present state of the art consists of the Monte Carlo 
programs PYTHIA[17] and ISAJET[18]. FLUKA has already been modified to 
use PYTHIA-generated events for the first collision, and it is hoped that HETC 
and CASIM will soon incorporate similar features. We briefly describe the two 
programs, and then make some comparisons between them. 

(a) ISAJET 
ISAJET, developed by Frank Paige and his co-workers at Brookhaven Na- 

tional Laboratory, is a Monte Carlo program that simulates p-p and p-p collisions 
at high energies. It is based upon perturbative QCD cross sections, plus leading 
order QCD radiative corrections for initial and final state partons, and phe- 
nomenological models for jet and beam jet fragmentation. In its present form, 
it does not include diffractive and elastic scattering processes. In generating an 
event, it proceeds in four distinct steps, incorporating both perturbative and 
non-perturbative QCD and nonperturbative models for hadronization: 

1. A primary hard scattering is generated according to available cross sections 

2. QCD radiation is added from both initial and final partons. 
combined with nonscaling structure functions. 

3. Hadrons are produced from each parton using the independent fragmenta- 
tion model. 

4. Hadrons from the spectator beam jets are added, assuming that these are 
indistinguishable from events at a lower energy with no hard scattering at 
all. 

(b) PYTHIA 
PYTHIA is the present version of the Lund Monte Carlo program for hadronic 

processes. At its core are a long list of perturbative QCD matrix elements for 
two-body processes: q; + qj  -+ q; + q 3 ,  qi + 9 -+ qi + 9, etc. ,4s with ISAJET, 
much of the list consists of exotica such as W* and Higgs production. While 
these are primary reasons for building a Supercollider, it is the more prosaic 
processes that create radioactive background. Initial and final state radiation 
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are included. Hadronization occurs by color-string fragmentation. Sjostrand’s 
model [21] describing the several parton interactions that occur when the hadrons 
pass through each other has been incorporated to avoid divergence in the hard- 
scattering matrix elements for small p l ,  and the continuity between low-pl and 
high-pl scattering is quite good. Elastic and diffractive scattering have been 
included, using the parameterizations of Block and Cahn [22] and Goulianos [23]. 

( c )  Differences and Reliability 
Both codes have gradually included such features as gluon radiation by incom- 

ing and outgoing partons. A major remaining difference is in the non-perturbative 
fragmentation models, independent fragmentation for ISAJET and color-string 
fragmentation for PYTHIA. Both models seem to lead to beam jet multiplicities 
below those measured at the Sf;jpS, although the authors claim each model can 
be tuned to yield agreement. 

Although there are differences between ISAJET and PYTHIA, these two 
codes currently provide the most accurate simulation of very high energy p-p 
collisions. Neither program is clearly superior to the other at present. 

2.3 Muons 

As discussed in Chapter 1, muons merit special attention. Muons with ener- 
gies of 1 or 2 TeV may travel through a kilometer or more of soil before stopping. 
Above 1 TeV, the dominant stopping mechanisms are bremsstrahlung and pair 
production, processes that are well understood [24], but that often involve large, 
discontinuous changes in the muon energy, rather than the almost continuous, 
gradual loss of energy by atomic collisions. As a consequence, the transport of 
muons requires a somewhat different approach from the diffusion approach to 
hadronic cascades. Only a modified version of CASIM treats energy loss fluc- 
tuations in muon transport [12]. It also includes production from a variety of 
sources: 

So-called prompt muons, mainly the decay products 
of charmed mesons, are rather poorly modeled at present. (This problem 
is discussed in more detail below.) Since heavy quarks have a compara- 
tively hard production spectrum, direct production is a dominant source of 
energetic muons. 

2. Decay of primary pions and kaons. If sufficient time elapses between pro- 
duction and interaction, a significant flux of muons can be produced from 
the decay of pions and kaons. In matter (as in the beam loss case) the 
mesons undergo hadronic collisions after such a short distance that decay 
is improbable, and decay muons do not contribute appreciably to the total 

1. Direct production. 
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flux. In the interaction regions, energetic mesons produced at small angles 
may travel of the order of 100 m before being swept out of the beam pipe. 

3. Muon pairs produced by prompt gamma rays (from T O  decay). Although 
these pairs are produced in matter struck by the gamma rays, the rate is 
independent of shielding configuration. 

4. Secondary processes in the hadronic cascade. All of the process mentioned 
above recur in subsequent cascade generations. Since energies are lower, 
the contributions are to softer parts of the muon spectrum. 

An example illustrating the relative importance of these contributions is 
shown in Fig. 3, as calculated by Van Ginneken[25]. Debris from the inter- 
action region was allowed to travel through vacuum for 80 m, after which it 
entered soil with a density of 2.24 g ~ m - ~ .  These results can easily be scaled 
to different distances to the soil wall, since the contribution of pion, kaon, and 
muon decay scales linearly with the free space distance while other contributions 
are independent of the distance. 

The muon flux deep in a shield depends on the primary pion and kaon and 
prompt muon production spectra. As mentioned above, the charged hadron mul- 
tiplicity in CASIM is low, probably by a factor of three. While this should have 
little impact on hadronic dose calculations, it does mean that an unrealistically 
hard decay muon spectrum is produced. This contribution to the muon flux at 
large distances is therefore conservatively overestimated in the calculations cited 
in this report. 

In estimating prompt muon production, Van Ginneken, Yurista, and Yama- 
guchi [26] multiply their assumed pion production spectrum by a p / x  ratio given 
by Ftitchie e t  al. [27]: 

-1.92 + In &)( 1 - 2 2 ~ )  for X F  < 0.4; 
for 0.4 5 X F  5 1.0 10-4(-1.92 + Ln,/Z)(1 - zF)/3 

Here fi is the total center of mass energy. The resulting differential spectrum is 
shown by the solid curve in Fig. 4 for 20 TeV colliding beams. For comparison, 
F. Paige has made ISAJET calculations of the same distribution[28]. He finds 
M 2 mb for the total DD production cross section; after the inclusion of other 
heavy quark production and the proper branching ratios, he finds an effective 
total cross section of 0.5 mb for prompt muon production. This cross section and 
a total inelastic cross section of 75 mb were used to normalize the distributions 
shown by the histogram in Fig. 4. Van Ginneken's model predicts muons in 
1.4% of the inelastic events, while ISAJET yields 0.3%. Moreover, the ISAJET 
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Figure 3. Radially integrated muon flux downstream of a 20 TeV col- 
liding beam interaction point, showing contributions of various muon 
sources as modeled by Van Ginneken. All primary interaction products 
are transported through 80 m of vacuum before they enter soil with a 
density of 2.24 g ~ r n - ~ .  The conversion to muon flux is made assuming 
(dE/dz)  = 2.26 MeV g-lcm'. 
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Figure 4. Prompt muon spectra for 20 TeV colliding beams, as as- 
sumed by Van Ginneken (solid curve) and as calculated by Paige using 
ISAJET (histogram). An inelastic cross section of 75 mb was assumed in 
normalizing the ISAJET results. 
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distribution is substantially softer, partly as a consequence of a more realistic 
multiplicity. At 1 TeV (corresponding to a range of about 1 km), the ISAJET 
flux is lower by a factor of more than 20. Since the muon doses quoted in this 
report are based on Van Ginneken’s model, we conclude that (a) total direct 
muon fluxes are overestimated by a factor of perhaps four, and (b) the high 
energy flux is overestimated by at least an order of magnitude. Although Paige 
urges caution in trusting the current ISAJET results, it seems evident that Van 
Ginneken’s results represent conservative upper limits. 

Muon transport at sub-TeV energies is treated in a very different way in 
Stevenson’s TOMCAT[29]. Fluctuations do not dominate below 1 TeV in soil, 
and by neglecting them he is able to solve the transport problem analytically. 
&ED processes are all included, but in an average way. Scattering is considered to 
be the result of many small scatterings. Checks of this program and the transport 
parts of CASIM have been done at SpS energies[30]. 

2.4 Definitions of Absorbed Dose and  Dose Equivalent 

The absorbed dose of ionizing radiation is defined as the energy absorbed per 
unit mass. Until recently, the standard unit has been the rad, where 

1 rad = 100 ergs g-’ 

While still widely used, it has in principle been replaced by its SI equivalent, the 
gray, where 

1 Gy = 1 joule kg-’ = 100 r ad .  

Not all radiation has the same ability to inflict biological damage. Stopping 
protons, for example, produce very dense localized ionization that results in more 
biological damage than does the same energy deposition by fast electrons. The 
dose equivalent takes this into account by multiplying the absorbed dose by an 
appropriate quality factor (Q). Dose equivalent is often measured in Terns: 

Dose equivalent in rems = Q x absorbed dose in rads 

The quality factor is defined as unity for photons (x rays, gamma rays) and 
electrons ( p  rays). It can be as high as 20 for alpha particles from radioactive 
decay, and is about 3 for thermal neutrons. The SI replacement is the sievert, so 
that the dose equivalent in sieverts is Q times the dose in grays. 

Since low-energy radiation can be attenuated quickly as it penetrates tissue, 
one usually quotes the surface dose, or surface dose equivalent-i.e. the dose or 
dose equivalent near the surface, where it is maximal. 
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Dose and dose equivalent are the quantities appropriate to this report, since 
we are dealing with radiation of several types. In the case of x rays the appro- 
priate quantity is exposure, which is a measure of the ionization produced in air 
by electromagnetic radiation. The unit of exposure is the r6ntgen (R), or in SI 
units simply coulomb kg-’. 

2.5 Conversion of Simulation Results to Radiological Units 

The available cascade simulation codes generate the density of hadronic in- 
teractions (number of “stars” per unit volume) at a given position in a material. 
Given knowledge of the composition and spectra of particles at this position, one 
can convert the star density to absorbed dose and dose equivalent. The proce- 
dure is somewhat simplified by the observation that there exists an equilibrium 
momentum spectrum of the participating hadrons at sufficiently large depths and 
distances from the shower core-conditions that certainly obtain for the situa- 
tions of interest in this report. In this case a unique factor can be found that 
relates star density to radiological units. The determination of such a factor was 
reported in the systematic cascade studies of Van Ginneken and Awschalom[5] 
using the CASIM program[9]. 

The programs allow stars to be produced if the incident hadron is above some 
cutoff energy or momentum. In the case of FLUKA the cutoff is usually at a ki- 
netic energy of 50 MeV. CASIM is usually run with a momentum threshold of 
300 MeV/c, corresponding for neutrons and protons to roughly the same energy 
cutoff. The simulations yield information on hadron spectra above the cutoff en- 
ergies. In estimating the conversion factors to dose equivalent, assumptions must 
be made conccrning the composition and spectrum at lower energies. Stevenson 
has observed that the lateral spectrum consists almost entirely of neutrons [31]. 
Van Ginneken and Awschalom normalized the neutron spectrum determined by 
Gabriel and Santoro[32]to the CASIM spectrum between 300 MeV/c and 800 
MeV/c (50 MeV and 300 MeV) to extend their results to lower energies. They 
used the MADE concept of dose equivalent [33]. For concrete this led to the con- 
version factor 9 x rem star-’cm3 reported in Ref. 5 and used in Ref. 26, the 
source of many of the results in Chapter 3. 

The matter has recently been reexamined by Stevenson [34]. He uses O’Brien‘s 
neutron spectra[35], again normalized to simulation data between 50 MeV and 
300 MeV, to extend the simulation results to lower energies. He also made use of 
the ambient dose equivalent recently recommended as the operational quantity 
in radiation protection by the International Commission on Radiation Units [36]. 
A series of new FLUKA calculations were used to find contributions of neutrons, 
protons, pions, and photons from 11’ decay above 50 MeV, for a variety of targets 



and incident proton beam energies. About 2/3 of the neutron contribution to the 
dose equivalent was found to come from neutrons with energies below 50 MeV, 
on the basis of the O'Brien spectra. Outside the cascade core, the simulation 
data from all energies (10 GeV to 1 TeV) and all materials (iron, aluminum, and 
tungsten) were well described by a common conversion factor (1.22f0.02) x 
rem star-'cm2 after dividing by the inelastic mean free path at the incident pro- 
ton energy. For concrete, for which the mean free path is 49 cm, the result is 
then 5.9 x 

On this basis, one might legitimately reduce the dose equivalents quoted 
elsewhere in this report by a factor of 1.5, but the continued use of the conversion 
factor 9 x rem star-'cm3 is both conservative and prudent. 

rem star-'cm3, or two thirds of Van Ginneken's value. 

2.6 Comparisons of the Tools 

The various programs for accelerator shielding have been compared among 
themselves at a number of different energies and also with experiment in a number 
of publications. These comparisons are discussed in Appendix B, where represen- 
tative figures are presented. Broadly speaking, all of the tools have been used for 
shielding estimates at existing facilities, that is, up to beam energies of 1 TeV. It 
is predominately at beam energies of 300, 400 and now 800 GeV where compar- 
isons with experimental measurements have been made. The general agreement 
with measurements and among calculations is good for the hadronic component. 

The codes CASIM, 
FLUKA, and MARS have been intercompared for hadrons at beam energies of 
3, 10, and 20 TeV. The agreement among the calculations is to within a factor 
of two or better, adequate for shielding estimation. 

For the muonic component, the comparisons are less complete. A few com- 
parisons with measurements have been made at beam energies up to 800 GeV, 
but only fragmentary intercomparisons among models have been made at higher 
energies, largely because CASIM is the only code at present with a reasonable 
treatment of muon propagation and degradation. The muon calculations have 
additional uncertainties concerning the absolute magnitude of production of the 
prompt muons at 20 TeV. As described in Section 2.3, the assumptions used in 
CASIM lead to a considerable over-estimate of the most energetic component of 
both the prompt and secondary muons. We believe this provides an adequate 
safety margin in the estimation of dose equivalents for the muons at the SSC. 

A discussion, case by case, of the accuracy of the results presented in Chap- 
ter 3 is given in Section 3.7. 

At higher energies, measurements are not available. 
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3. RESULTS 

In this section we present the results of calculations of dose equivalents from 
hadrons and muons resulting from routine dumping of the beam, from the pp 
collisions at an interaction region, and from scraping the beam. Where it is 
appropriate, we estimate the shielding required to yield an annual dose equivalent 
of 10 mrem or less for each type of operational loss. We also discuss the dose 
equivalents for accidental loss of the beam and the specific activity in ground 
water resulting from SSC operation. 

In our calculations we have assumed the following conditions: 

1. Routine beam dumps: 2 x 1017 protons per year at an energy of 20 TeV. 

2. Interaction regions: 

3. Beam cleanup regions: 0.2% to 1.0% of the full beam at 20 TeV. 
4. Accidental beam loss: 4 x 1014 protons at 20 TeV at any location around 

The rationale for these assumptions is discussed in greater detail in Chapter 1. 
Briefly, the beam-beam collisions with 4 x 1014 protons in each beam would result 
in a luminosity of cm-'s-' at a low p interaction region, i.e. 10 times the 
design luminosity. The value of 2 x 1017 protons (at 20 TeV) dumped per year 
results from assuming 500 aborts per year at the maximum intensity of 4 x 1014 
protons. Assuming lo9 interactions per second (resulting from a luminosity of 

cm-2s-1) for approximately 6000 hours per year yields a total of 2 x 10l6 
interactions per year. 

2 x 10l6 interactions (at 40 TeV) per year. 

the SSC ring. 

3.1 Annual Dose Equivalent from Hadrons-Beam Dump 

During operation of the SSC, it will be necessary to abort the beams and send 
them to beam dumps where the energy of the beams is absorbed. This procedure 
is described in some detail in the SSC Conceptual Design Report [l]. The beam 
dump will be designed to contain the radioactivity induced by the beam for both 
personnel protection on the surface near the dump and to prevent local ground 
water contamination (See Section 3.10.). Since the dump area will be under the 
immediate control of the SSC laboratory, the dump may be designed to meet 
these goals without impacting the land area required for the SSC site. 

For completeness we show a calculation of the lateral annual dose equivalent 
for 2 x 1017 protons dumped into a simulated beam dump consisting of soil 
of density 2.24 g cmW3. Since the cffective density of the dump may easily be 
made to exceed this value, the results somewhat overestimate the required lateral 
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shielding. Fig. 5 contains the isodose curves calculated with CASIM [26] for both 
soil and concrete. In Fig. 6 the maximum dose as a function of the radius (derived 
from Fig. 5) is shown for soil. 

For comparison, we show in Fig. 6 the dose equivalent in rem vs. radius 
from the line of impact of the beam, calculated from the formula given by 
Stevenson [37]: 

Here E is the proton energy in GeV, R is the radius from the center line, a is 
the radius of any empty space, if present, and X is an effective absorption length. 
For a given soil density p,  the value of X may be calculated[38] from 

where A' is taken to be 117 g cm-2. At the larger distances the two calculations 
are in agreement. In the 10 mrem region, both indicate that approximately 10 m 
of soil would be required for effective lateral shielding. 

3.2 
action Region 

Annual Dose Equivalent from Hadrons-Side Walls at an Inter- 

The proton-proton collisions in an interaction region in the SSC produce 
hadrons that may interact in the side walls and roof surrounding the interac- 
tion point. The isodose curves from the interaction of these hadrons in soil of 
density 2.24 g ~ r n - ~  as calculated with CASIM[26] are shown in Fig. 7. The 
collision hall is simulated as a cylinder of radius 10 m and length 380 m (the 
length assumed does not influence the calculation, only the radius). In Fig. S 
the maximum dose vs. wall or roof thickness as derived from Fig. 7 is plotted for 
2 x 10l6 interactions per year for soil of density 2.24 g ~ r n - ~ .  Also shown is a 
comparable calculation using PYTHIA [17] to simulate p-p collisions at 40 TeV 
and FLUKA[14] to simulate the hadronic cascade in the walls. The difference 
between the two calculations results primarily from differences in simulating p-p 
collisions at 40 TeV. The difference in the shielding required is about 2 m to 
reach the 10 mrem limit per year. However, it should be noted that the greater 
radius (as calculated by PYTHIA + FLUKA) is essentially the same as required 
for the beam cleanup regions (See Fig. 12). 
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Figure 5. Contours of equal dose equivalent (in rem/incident proton) 
for 20 TeV protons incident on a solid concrete or soil cylinder. The 
calculations are from Ref. 26. The density of concrete is 2.4 g ~ r n - ~ ,  and 
soil is 2.24 g crne3. Because the dose equivalent is proportional to the 
square of the density, the contours correspond to different constant doses, 
as indicated by the numbers with different sets of arrows pointing toward 
the relevant pairs of scales. 
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Figure 6. Annual dose cquivalcnt in rem for 2 x 1017 protons dumped 
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Figure 7. Contours of equal dose cquivalent (in rem/inelastic collision) 
in the soil side wall (or roof) of a collision hall, due to colliding beams 
of 20 TeV each. The calculations are from Ref. 2G. Soil dcnsity is 2.24 
g ~ r n - ~ ;  nwdl = 9 m. 
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of a collision hall vs. the thickness of the soil for 2 x 10l6 interactions pcr 
year of colliding 20 TeV beams. The radius of the 1141 (Rwdl )  is 10 m, 
and the soil density is 2.24 e; ~ m - ~ .  



3.3 Annual Dose Equivalent from Hadrons-Beam Cleanup Regions 

At a small number of points around the tunnel are located special beam 
scrapers whose purpose is to remove the unwanted diffuse halo of particles that 
surrounds the dense central core. Removal of the halo improves the quality of the 
beam at the interaction points. The scrapers consist of stops placed very close 
to the beam and of sufficient length effectively to remove the unwanted protons 
from the periphery of the beam. For the purposes of shielding the scrapers can be 
modeled by the CASIM simulations[26] for the loss of protons in the beam pipe 
of a continuous dipole. Figures 9, 10, and 11 show the isodose contours for loss 
on the inside, in the middle, and on the outside of the beam pipe, respectively, 
where inside and outside refer to locations toward and away from the center of 
the accelerator. The soil density is 2.24 g ~ m - ~ .  The loss location with the 
greatest dose at a given radius is for beam loss in the middle of the beam pipe 
(Fig. lo),  the situation closest to that of the scrapers. 

Even though the beam cleanup regions are specially designed and can be pro- 
vided with auxiliary dense shielding if necessary, we give a conservative estimate 
by scaling the results of Fig. 10, to light soil (1.8 g ~ m - ~ ) ,  using the method 
described in Ref. 26. Fig. 12 shows the radial dependence of the annual dose 
equivalent in rem so derived from Fig. 10 at approximately 2 = 25 m (where the 
highest dose occurs). The two solid curves correspond to an average beam loss 
of 0.2% from scraping, equivalent to 4 x lo1* protons per year and applicable to 
possible scraper units located in the arcs. The simple Stevenson formula stated 
earlier is seen to agree well with the CASIM numerical simulations. The dashed 
curve gives the dose equivalent versus radius for 1.0% beam loss (2 x lo'' protons 
per year). The 10 mrem lateral distance is 10 m (0.2% loss) to 11 m (1.0% loss) 
from the tunnel center in light soil. The dot-dashed curve shows that the corre- 
sponding distance is 8 to 8.7 m in dense soil (2.24 g cme3), The latter values are 
applicable to the main scrapers, located in the utility straight sections where the 
effective dense soil conditions can be created artificially if need be. 

3.4 Dose Equivalent from Hadrons-Accidental Beam Loss 

The unanticipated loss of the full 20 TeV beam is a very unlikely occurrence. 
Such a loss would likely do considerable damage to the accelerator and require 
months of repair time. Despite its major impact on the operation of the machine, 
it does not add to the radiological impact already addressed for operations. The 
full beam (at 3 times the design current) has 4 x l O I 4  protons. Its loss at one 
spot is equivalent in radiation dose equivalent to the beam cleanup region dose 
for 0.2% loss from scraping. The solid curves in Fig. 12 thus give the dose as a 
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Figure 9. Contours of cqual dose equivalent (in rem/interacting proton) 
in soil around a tunnel when 20 TeV protons arc lost on the inside (with 
respect to the center of the ring) of the beampipe of a continuous dipole. 
The calculations are from Ref. 26. Soil density is 2.24 g crnw3. 
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Figure 10. Contours of equal dose equivalent (in rcm/intcracting pro- 
ton) in soil around a tunnel when 20 TeV protons are lost in the middle 
of the beampipc of a continuous dipole. The calculations are from Ref. 
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Figure 11. Contours of equal dose equivalent (in rern/interacting pro- 
ton) in soil around a tunnel whcn 20 TeV protons are lost on the outside 
(with respect to center of the ring) of the bcampipe of a continuous dipole. 
The calculations are from Ref. 26. Soil density is 2.24 g ~ m - ~ .  
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Figure 12. Dose equivalent in rem vs. lateral radius from tunnel center 
25 m downstream from beam scraper. Solid and dashed curves are for 
0.2% and 1.0% Learn loss, respectively, with soil density 1.8 g ~ m - ~ .  
Dot-dashed curve is for 0.2% loss and density 2.34 g cm-3. 
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function of lateral radius. The requirement that the center of the tunnel be at 
least 35 feet (10.7 m) below ground from the various operational considerations 
is seen to reduce the one-time hadron dose equivalent from accidental beam loss 
to the level of 10 mrem or below, even in light soil. 

3.5 Annual Dose Equivalent from Muons-Beam Dump 

Muons will be produced by the mechanisms previously described when the 
proton beam is brought to the beam dump. The isodose curves for 20 TeV 
protons incident on solid soil as calculated with CASIM [26] are shown in Fig. 13. 
Because a substantial fraction of the highest energy muons result from prompt 
production, the use of the actual composition of the dump in a simulation would 
not substantially alter our conclusions. In Fig. 14 is plotted the annual dose 
equivalent in rem vs. the distance from the dump in kilometers for soil of density 
2.24 g cm-3 for R = 0. Although the SSC may in fact be located in soil of 
lower density, by adding a moderate amount of high density material (such as 
iron or rock) along the path of the muons downstream of the dump, the effective 
density could be raised to this value. Hence we have assumed this soil density 
to determine the required distance downstream of the dump. To reach 10 mrem 
per year a distance of approximately 5.2 km is be required. 

3.6 Annual Dose Equivalent from Muons-Interaction Regions 

There are two regions of interest to determine the muon dose from p-p colli- 
sions-along the tangent to the ring at the collision point and transverse to the 
beam axis in the collision hall region. In Fig. 15 we show the isodose curves 
as calculated with CASIM(26] along the tangent to the ring and radially out 
from it. Many of the muons from the p-p collisions will be produced at small 
angles with respect to the colliding beam axis and therefore will pass through 
the magnet structure. This will tend to disperse the muons, reducing the dose at 
long distances. This effect has not been taken into account in our calculations. 
Furthermore, as noted in Chapter 2, the prompt muon production model used 
in CASIh4 very likely overestimates the muon flux at high muon momentum for 
colliding beams at = 40 TeV. For these two reasons we have chosen to use 
an effective soil density of 2.24 g ~ m - ~ ,  rather than 1.8 g ~ m - ~ ,  to determine the 
length of the vector tangent to the ring at  the collision point from which the land 
requirements are derived. In Fig. 16 we show the annual dose equivalent in rem 
vs. distance in kilometers along the tangent in the plane of the machine for soil 
of density 2.24 g ~ m - ~ .  A distance of approximately 4.3 km is required to attain 
the 10 mrem per year limit. If the soil density were 1.8 g cm-3, the distance 
would be approximately 5.3  km. 
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Figure 13. Contours of equal dose equivalent (in rem/incident proton) 
from muons for a beam of 20 TeV protons incident on a solid soil cylin- 
der. The calculations are from Ref. 26. Scales for dense and light soils 
of densities 2.24 and 1.8 g ~ r n - ~ ,  respectively, are shown. Because the 
dose equivalent is proportional to the square of the density, the contours 
represent different values of dose for dense and light soil, as indicated by 
the numbers with different arrows pointing to the different pairs of scales. 

z,km LIGHT SOIL 

2 3 4 

15 

5 

37 



M s 
a 

4 
1 c 

0 1 2 3 4 5 6 7 8 9 10 

Figure 14. Annual dose equivalent in rcm from muons resulting from 
dumping 2 x lo i7  protons at 20 TeV in soil vs. thc tlistancc downstream 
of the dump. Soil density is 2.24 g cmd3. 
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Figure 15. Contours of equal dose equivalent (in rem/inelastic collision) 
in soil from muons from colliding beams at 20 TeV each along the axis of 
the colliding beams. The calculations are from Ref. 26. Scales for dense 
and light soils of densities 2.24 and 1.8 g ~ m - ~ ,  respectively, are shown. 
Because the dose equivalent is proportional to the square of the density, 
the contours represent different values of dose for dense and light soil, its 
indicated by the numbers with different arrows pointing to the different 
pairs of scales. 
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Figure 16. .Annual dose equivalent in rem from muons produced in 
2 x 10l6 interactions of 20 TeV beams at an interaction region vs. the 
distance along the beam axis in soil. Soil density is 2.24 g cm-'. 
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The isodose curves for muons in the sidewalls or roof at an intersection region 
as calculated with CASIM [26] are shown in Fig. 17. For this figure a decay length 
of 10 m was assumed. The annual dose equivalent in rem from 2x 10l6 interactions 
per year vs. the thickness of the sidewall or roof shield (R - Rwdl) is shown in 
Fig. 18 for soil of density 2.24 g ~ m - ~ .  A preliminary calculation using PYTHIA 
to simulate pion and kaon production, which yield muons by decay in a hall of 
10 m radius, and a simple range-energy relationship to determine the effective 
muon dose, is also shown in Fig. 18[37]. The two calculations disagree slightly 
(by about 2 m) in the amount of soil shielding required to reach a 10 mrem level. 
Since local shielding around the beamline (or concrete in the walls or roof) or 
shielding from a detector located at the intersection point can be assumed to be in 
place, one may substantially reduce the annual dose at a given thickness. At large 
angles, the dose from prompt muon production is small compared to that from 
pion and kaon decay. Shielding provided either by a detector or specially inserted 
at the IR can easily reduce the muon flux by one or two orders of magnitude. 

3.7 Annual Dose Equivalent from Muons-Beam Cleanup Regions 

The scraping of the beam at selected positions around the ring will create 
energetic muons as well as the hadrons discussed in Sect. 3.3. As described 
in Chapter 1, the total muon flux contains components from “prompt” muon 
production, from the decays of pions and kaons before they are absorbed in the 
soil surrounding the tunnel, and from hadron or photon production in the cascade 
process in the soil. 

The processes described above are simulated by CASIM [26], as discussed 
briefly in Chapter 2. Calculations have been made for interaction of the beam 
on the inside (with respect to the ring center), the outside, and the center of the 
beam pipe in a continuous magnet. The results are qualitatively similar for the 
three cases; the interactions on the inside of the beam pipe give the largest ranges 
and so are chosen for dose estimation. Figs. 19, 20, and 21 display the isodose 
contours for three different quadrants of a soil shield surrounding the tunnel. The 
z direction is defined by the tangent to the ring at the location of the scraper. 
The radial direction is perpendicular to that tangent line. For a given dose, the 
largest range along the tangent occurs in the plane of the machine, on the outside 
at R = 0 (Fig. 21). The doses equivalent in rem versus tangential distance 2 in 
kilometers for a soil density of 1.S g ~ r n - ~  are shown in Fig. 22 for a bcam loss 
of 0.2% (4 x 1014 protons) and 1.0% (2 x 1015 protons) per year. Also shown 
is a 0.2% loss line for dense soil (2.24 g ~ m - ~ ) .  In light soil the 10 mrem per 
year dose equivalent point is at a tangent sector length of 2.3 km for 0.2% beam 
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Figure 17. Contours of qua l  close equivalent (in rcm/inelastic collision) 
in a soil side wall (or roof) of a collision hall for colliding beams of 30 
TeV each. The radius of the collision hall is 10 m. The calculations are 
from Ref. 36. Soil density is 3.34 g cm-'. 
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Figure 18. Annual dose equivalent in rem from muons produced by 
2 x 10l6 interactions per ycar of colliding bcams of 20 TcV each in the 
side walls (or roof) of collision hall vs. the thickncss of the soil shicld. 
Soil density is 2.24 g cm-'; Rwdl = 10 m. 
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Figure 19. Contours of equal dose equivalent (in rem/interacting pro- 
ton) in the inside quadrant (with respect to the ring) of soil shield around 
the tunnel from muons produced by the interactions of 20 TeV protons 
on the inside of the beampipe of a continuous magnet in the tunnel. The 
calculations are from Ref. 26. Scales for dense and light soils of densities 
2.24 and 1.S g ~ m - ~ ,  respectively, are shown. Because the dose equivalent 
is proportional to the square of the density, the contours rcpresent diffcr- 
ent values of dose for dense and light soil, as indicated by the numbers 
with different arrows pointing to the cliffcrcnt pairs of scalcs. 
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Figure 20.  Contours of equal dose equivalent (in rcm/intcracting pro- 
ton) in the top (bottom) quadrant (with respect to the ring) of soil shield 
around the tunnel from muons produced by the interactions of 20 TeV 
protons on the inside of the beam pipe of a continuous magnet in the 
tunnel. The calculations are from Ref. 26. Scales for dense and light soils 
of densities 2.24 and 1.8 g ~ m - ~ ,  respectively, are shown. Because the 
dose equivalent is proportional to the square of the density, the contours 
represent different values of dose for dense and light soil, as indicated by 
the numbers with different arrows pointing to the different pairs of scales. 
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Figure 21. Contours of equal dose equivalent (in rem/interacting pro- 
ton) in the outside quadrant (with respect to the ring) of soil shield around 
the tunnel from muons produced by the interactions of 20 TeV protons 
on the inside of the beampipe of a continuous magnet in thc tunnel. The 
calculations are from Ref. 26. Scales for dense and light soils of densities 
2.24 and 1.8 g cme3, respectively, are shown.Because the dose equivalent 
is proportional to the square of the density, the contours represent differ- 
ent values of dose for dense and light soil, as indicated by the numbers 
with different arrows pointing to the different pairs of scales. 
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Figure 22. Dose equivalent in rem from muons produced by scraper 
beam loss vs. the distance along a tangent vector at the point of loss. Solid 
(dashed) lines are for 0.2% (1.0%) beam loss with soil density 1.8 g cm-'. 
The dot-dashed line is for 0.2% loss and density 2.24 g crnw3. 



loss and 2.9 km for 1.0%. In dense soil, the corresponding length for 0.2% loss is 
1.9 km. 

3.8 Dose Equivalent from Muons-Accidental Beam Loss 

An unintentional loss of the full beam at some point around the ring will 
cause a localized hadronic cascade, as described in Section 3.4, but also a muon 
vector of activity in the soil along the tangent at the point of loss. The loss of 
4 x lo'* protons (3 times design current) corresponds to the 0.2% case for the 
beam cleanup regions. We take the worse case of light soil downstream from the 
point of loss. The solid line in Fig. 22 then gives the dose equivalent in rem as a 
function oE distance z along the tangent in kilometers. 

3.9 Comments on the Accuracy of the Calculations 

In this section we briefly comment on the accuracy of the results described 
above. In addition, we suggest improvements to the tools for estimating radiation 
dosage that could be implemented in the near future to improve the reliability 
of the shielding calculations. Although the estimates of radiation dosage can 
always be improved, the shielding dimensions determined in this report with the 
existing computational tools are prudent and safe. There is no reason to believe 
that the SSC shielding dimensions will significantly increase as the result of future 
improvements to the tools for estimating radiation dosage. 

(a) Hadron Dose-Beam Dump 
In the simplest terms, the beam dumps for the SSC may be made so as 

to guarantee personnel safety in the vicinity of the dump and to eliminate any 
question regarding local ground water contamination by making a conservative 
design. Such a design has no impact on the land area required for the SSC 
and a negligible cost impact. In this sense the present reliability of radiation 
dosage calculations for beam dumps is simply not an issue. Nevertheless, there is 
excellent agreement among the available tools (see Section 3.2) as to the lateral 
shielding required for a beam dump. There is poorer agreement among the 
tools for the required longitudinal shielding but the horizontal dimension, deep 
underground, is not critical. The present dump design assures that there is no 
ground water hazard (see Sect. 3.10); the final design will incorporate the latest 
information in a conservative manner. 

(b) Hadron Dose-IR Side Walls and Roof 
At present the best simulation of the particle yields from p-p collisions at 40 

TeV is provided by ISAJET or PYTHIA. The production model used in CASIM is 
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not as suitable . In this sense, the best estimate of the shielding required would 
result from combining the particle production model of ISAJET or PYTHIA 
with the hadronic cascade simulation of FLUICA or CASIM. So far only the 
combination of PYTHIA and FLUKA has been used. This indicates that the 
shielding required for hadrons produced in the p-p collisions is about the same as 
that required to shield against an accidental beam loss in the IR. Furthermore, 
the amount of shielding located at an interaction region will be under the control 
of the SSC laboratory and can be increased if necessary. 

(c) Hadron Dose-Beam Cleanup Regions and Accidental Loss 
There is very good agreement between CASIM, FLUKA-based calculations 

and experiment on the amount of lateral shielding required in the case of beam 
stops-see Chapter 2 and Appendix B. We conservatively estimate that the un- 
certainty in the amount of lateral shielding required to obtain an dose equivalent 
of 10 mrem or less for the beam cleanup regions in the SSC tunnel is less than 
lo%, approximately 2-3 feet of soil of density 1.8 g ~ m - ~ .  The specification of 
a minimum depth of 30 ft to the top of the tunnel all around the ring for soil 
of density 1.8 g cm-3 (see Chapter 4) should therefore be a safe and reasonable 
d u e .  

(d) Muon Doses-Fixed Targets 
Discussion of the reliability of the muon dose calculations for protons on fixed 

targets can be separated into pieces: a model for prompt muon production; a 
model for pion and kaon production, from which muons are produced by decays 
and secondary interactions; a model for photon production, the photons then 
produce muon pairs by interaction in material; and a model of muon transport 
through material. ,4t present our estimates of muon doses are based on CASIM 
calculations. As noted in Section 2.3, prompt muon production as estimated by 
CASIM is greater than that predicted by ISAJET, particularly for muons with 
high energy. On the other hand, there are large theoretical uncertainties in the 
model used by ISAJET to calculate the production of the charm, bottom and top 
mesons that yield the prompt muons after decay. Since the amount of shielding 
required to attain an annual dose equivalent of 10 mrem depends significantly 
on the prompt muon production rate, it is prudent to use the results of CASIM 
to determine the shielding dimensions at this time. Clearly a calculation of the 
muon dose using ISAJET or PYTHIA to simulate the initial p-nucleus collision 
and CASIM to simulate the hadronic cascade and muon transport should be done 
and might indicate that less shielding would be required. 

In brief, the calculations based on CASIM for the muon doses for beam 
dumps, beam cleanup regions, and accidental loss may be viewed as conservative 
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as far as estimates of shielding are concerned. 

(e) Muon Dose-IR Regions 

Comments similar to those above also apply to using CASIM to simulate 40 
TeV p-p collisions. The prompt muons are more numerous and more energetic in 
CASIM than in the ISAJET calculations. The overall charged hadron multiplicity 
in the CASIM simulation is lower than ISAJET or PYTHIA by about a factor of 
three at 40 TeV. Qualitatively, the effect of a higher prompt muon rate, a harder 
spectrum and a lower charged hadron multiplicity will be to increase the yield of 
high energy muons in the forward direction and therefore increase the required 
distance along the tangent. For the reasons already cited, it is prudent to use 
the CASIM calculations to estimate the required shielding distances a t  this time. 
Calculations of the muon dose using ISAJET and CASIM, to simulate hadronic 
cascades and muon transport, should be done. 

There is perhaps some uncertainty about the flux of low energy muons from 
the decay of pions and kaons produced at large angles. See Fig. 18. It is these 
muons that are relevant to shielding in the roof area of a collision hall, if the 
collision hall is near the surface of the earth. Since the land area above an IR 
region will be part of the SSC laboratory, the uncertainties in the calculation of 
the muon flux at large angles do not influence the required land area for the SSC. 

( f )  Recommendations for future study 

From the above discussion, it is clear that joining the production models of 
ISAJET and/or PYTHIA with the hadronic cascade models of CASIM and/or 
FLUIiA and the muon transport of CASIM should be done. Even if this is 
accomplished, considerable uncertainties will remain regarding the true muon 
yield in 40 TeV p-p collisions and, to a lesser extent, from 20 TeV protons on a 
stationary target because the physics is unexplored or poorly known. Given these 
uncertainties, one must choose conservative values for the shielding dimensions 
required to reduce the muon dose to an acceptable level. 

3.10 Radiological Considerations for Ground Water 

The question of a possible radiological impact on watcr supplies due to ac- 
celerator operations has two facets. The first has an impact on land acquisition 
and use for any site. This is the question of the possibility of contamination of 
a water supply, such as a well, in proximity to the accelerator through localized 
production of radioactivity, by accidental loss of the beam. The second is site 
specific, depending on the geological and hydrological characteristics of each site. 
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This is the question of the possibility of producing radionuclides in soil surround- 
ing the accelerator, which might then migrate to a ground water supply even at 
some distance from the accelerator. 

(a) Activity produced in a nearby well from accidental loss of beam 
The primary shield of the tunnel extends for at least 30 feet surrounding the 

tunnel. Extending another 120 feet horizontally for a total of 150 feet on either 
side of the tunnel is a restricted zone in which shared use of the sub-surface 
region will not be permitted, except by specific authorization (Ref. 2, p. 44). 
Since the actual site may have wells and other penetrations already existing in 
the restricted zone (and in the future, penetrations there may be proposed), it 
is desirable to have a framework concerning radiological hazards in the vicinity 
of the tunnel, in particular the possible contamination of a nearby well. We 
therefore present a model of the specific activity expected from the localized 
loss of the full beam (3  times the design current, or 4 x loi4 protons) in the 
tunnel, with the production of radionuclides in the soil surrounding the tunnel. 
The model, developed in detail in Appendix C. contains a number of simplifying 
assumptions, but contains the essentials. The details of each actual situation will 
have to be examined, case by case. In the absence of a site, the model provides 
guidelines and a mode of description. 

The relevant radionuclides for ground water contamination are 3H and 22Na. 
The properties of these nuclides are given in Table 3.10-1. The activity of nuclide 
i is A; = X;S;Ns, where Ns is the total number of stars produced. 

Table 3.10-1 

Properties of 3H and ”“Na 

Property 3H 32 Na 

9 1 2  (4 3.9 x lo8 8.2 x 10’ 

S (atoms/star) [SI 0.075 0.020 
Leaching Factor[42] - 1.0 5 0.1 

X = 1n2/T1l2 ( s - I )  1.78 x lo-’ 8.45 x lo-’ 

Other nuclides such as llC, 7Be, 14C, have either too short or too long life- 
times, negligible leaching factors or negligible production rates and hence do not 
contribute significant activity in water reaching a well. 

Fig. 23 shows the longitudinally integrated star density per proton for an 
accidental loss of the beam at some point around the tunnel. It can be seen 
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Figure 23. Longitudinally integrated star density times the circumfcr- 
ence of a circle of radius R (in stars cm-' per interacting proton) in R 
soil shield around a 1.3 meter radius tunnel for 5 and 20 TeV protons 
interacting on the outside (with rcspect to the ring) of the beam pipe o f  
a continuous dipole inside the tiinne1[26]. Soil density is 3.34 g cm-'. 
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that the exponential falloff with radius has a characteristic length of the order of 
0.5 m. 

The bulk of the radioactivity is therefore localized within the first meter 
outside the tunnel. It is also localized longitudinally within 10-20 m. It is shown 
in Appendix C that Fig. 23 gives a total number of stars, 

N ,  = 2.5 x 10l8 

if 4 x 1014 protons at 20 TeV are lost. With the parameters of Table 3.10-1, the 
total activities of 3H and "Na potentially available to migrate to a nearby water 
supply are 

At3H) = 9.1 x lo9 pCi (3.4 x lo8 Bq) 
A(22Na) = 1.2 x lo9 pCi (4.3 x lo7 Bq) 

The 22Na value contains a leaching factor of 0.1 (421. 

The model of the nearby well is summarized by Fig. 39 of Appendix C. The 
standard hydrological model of a shallow well drawing on a cylindrically symmet- 
ric aquifer is used. Contrary to reasonable expectation, the tunnel is assumed to 
be below the water table and directly in the aquifer being drawn on by the well. 
This assumption must surely be incorrect for much of the tunnel, but may hold 
for portions. In any event, placing the tunnel and the hypothesized volume of 
radioactivity in the aquifer will over-estimate the amount of radioactivity in the 
well water. The assumption is thus a conservative one. 

Straightforward considerations of drawing of water from the aquifer with a 
localized region of volume 4 m x 3 m x 20 m containing the residual radioactivity 
from loss of the beam at one location in the tunnel leads to the results shown in 
Fig. 24. The peak specific activity in the well water, relative to the standards 
found in EPA document 40CFR141[43], are plotted as function of the distance 
of the well away from the localized region. The level of 3H activity is well below 
the EPA standard for any relevant distance. The --Na activity is the governing 
quantity. With the assumptions of Appendix C, the distance rEPA beyond which 
the peak "Na level is below the EPA standard can be written is general form as 

99 

rEPA = lo-- f I  meters , 
P ID 

where f is the fractional height of the active volume at the tunnel with respect 
to the thickness of the aquifer there, p is the effective porosity of the soil, 1 is 
the beam current at the time of  the unanticipated loss and 10 is the SSC design 
beam current. The results in  Fig. 24 and for rEPA do not depend explicitly on 
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Figure 24. Peak specific activity of 3H and "?Na in well water expressed 
in units of the EP-4 standards, as a function of distance in meters of the 
well from the location of an accidental loss of the SSC beam. Two lines 
are shown for each nuclide, one for loss of a. beam with the design ciirrcnt 
and one for 3 times design. 

c 

54 



the number Q of gallons per day drawn from the well. Extremely high pumping 
rates could increase f by drawing down the height of the water table, but for the 
standard lo3 gallons day-', or even 10 times that, the effect is negligible. 

The results of Fig. 24 and rEPA are for initial guidance only. They depend on 
a simplified model of a shallow vertical well drawing on a uniform cylindrically 
symmetric aquifer above a horizontal impervious layer. While this model is 
known to provide practical guidance in the field, the details of the specific site 
will take precedence. Decisions on individual wells will require investigation, case 
by case. The SSC Laboratory will install permanent radiation monitors in the 
vicinity of any wells permitted in proximity to the tunnel. 

A final point about the environmental hazards to a water supply in the event 
of an accidental loss of the beam nearby is that there is ample time to respond 
and monitor the situation. It can be estimated that it will take weeks or even 
months for the radioactivity to reach the well. Within hours of an accidental spill 
of the beam, Environmental Safety teams from the laboratory will be monitoring 
the region intensively, to assure the integrity of water supplies in the area. 

(b) Beam disposal/ground water protection 
The primary locale for production of radioactive nuclides during routine op- 

eration of the accelerator is in the beam abort dumps where the proton beams 
are routinely disposed of at the end of each accelerator cycle. These two dumps, 
one for each proton beam of the Collider Ring, are located near the injection 
points, adjacent to the Injector complex, as shown in Fig. 1. Approximately 11% 
of the energy of the dumped beam results in production of radioactive nuclei [40]. 
The beam dump structures must be designed to contain this activity in a manner 
that precludes it from reaching the groundwater system. 

The abort dump design from the Conceptual Design Report is shown in Fig. 
25. The beam is first absorbed by a carbon cylinder that is 2 meters in diamctcr 
and 10 meters in length. This absorbs the thermal and mechanical shock of the 
beam striking it .  Carbon has the further advantage of being a relativcly light 
nucleus so that the number of possible radioactive nuclei that can be produced is 
minimized. Surrounding the carbon core is a concrete shcll extending S meters 
beyond the core in the longitudinal direction to complete the absorption of the 
beam and also seal out .any ground water in the vicinity. The outside of the 
concrete shell is sealed with waterproofing. 

Making use of the CASEM calculations for carbon shown in Fig. 26, the radi- 
ally integrated number of stars per cm along the axis of the dump at the interface 
between the carbon and concrete is estimated at 2 stars cm-' per incident pro- 
ton. The effective absorption length in the concrete at a distance of 10 m can hc 
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Figure 25.  Collider Ring beam abort dump, longitudinal section [l]. 
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Figure 26. Radially integrated star density (in stars cm-' per incident 
proton) for 5, 10, and 20 TcV protons incident on a 13, Inctcr long solid 
carbon cylinder. The calculations itre from Ref. 2G. 
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estimated from Fig. 27 to be 

The star density at the end of the 8 meters of concrete is thus 

IconCrete = 8.5 x stars cm-' per incident proton. 

Using an effective attenuation length of 137 cm for light soil (density 1.8 g ~ m - ~ )  
and integrating to infinity, the number of stars in unprotected soil is 

N D  = 0.12 stars per incident proton . 

(c) Absorption and transport of radioactive isotopes 
To evaluate any possible impact on ground water supplies it is necessary to 

study the relationship between stars and resultant radioactive nuclei. Further- 
more, the path these nuclei must follow to enter the ground water system must be 
understood. These are specific to the geology and hydrology of a particular area. 
However, i t  is possible to make an evaluation by assuming that all of the radionu- 
clides are transported without diminution due to decay, and without allowing for 
the tortuous journey that substantially reduces their activity enroute. 

With 500 aborts per year of 4 x lo'* protons each, the rate of protons dumped 
is 2 x lo" protons yr-' or an average of 6.3 x lo9 protons s-'. With 0.12 stars per 
proton, the average rate of star production in the neighborhood of, but outside, 
the beam dump is 

R = 7.6 x lo8 stars s-' . 
For the long-lived nuclides of concern the activity is given by 

A, = RS, (1 - RS,X,t 

where X i  = l n 2 / ~ ~ / ~  is the decay constant of the nuclide and Si is the numbcr 
per star. The two nuclides of importance are 3H ( T ~ / ~  = 12.35 yr) and ""Na 
(71/2 = 2.60 yr). With estimates of S ( 3 H )  = 0.075 and S("2Na) = 0.02 for 
interactions in soil [41], the rate of production of the activity is 

d A ( 3 H )  = 3.2 MBq yr-' d t  
dA( "Na) 

d t  = 4.0 MBq yr-' 

under the assumption of three times the beam currcnt of the conceptual design. 



Isotope concentrations in ground water are based on community wells, leading 
to a base quantity from a well of approximately 1000 gallons day-', or 1.4 x lo9 
ml yr-'. The resultant concentrations of activity due to the operation of the 
beam dumps, assuming all  the activity nearby the beam dumps gets into the 
water supply, are 

3H : 2.3 mBq ml-' 
23Na : 0.29 mBq ml-I 

where a leaching factor of 0.10 has been applied to the sodium, based on Ref. 
42. Translating to picocuries per milliliter, Table 3.10-2 compares the calculated 
activities with the EPA standards [43]. 

Table 3.10-2 

Comparison of Calculated and Allowable hlaximum Activities 

Calculated 40CFR141 
3H 0.062 90 

22 Na 0.008 0.5 

It is clear that, even under extreme assumptions, the beam abort dumps as 
described in the Conceptual Design protect the ground water system from any 
radioactive contamination. In addition, of course, the soil and ground water 
in the vicinity of the dumps will be continuously monitored by the Laboratory 
Environmental Safety Group. 

60 



4. ANALYSIS 

The SSC collider consists of a 53-mile long underground tunnel containing 
two rings of magnets, six interaction regions and two utility regions for the beam 
injection and abort systems. The facility can also be described for the purpose 
of this report in terms of arcs, clusters (including interaction regions), and abort 
regions (see Fig. 1). As previously described, the radiation considerations in each 
segment are handled separately, but the results of calculations can be summarized 
in a convenient manner. 

According to the loss processes as hypothesized, an envelope of radiation may 
be generated. The results are graphed according to contours of equal radiation 
dosage (isodose lines). The meaning of the 10 mrem line, for example, is that this 
would be the dose equivalent experienced by an individual at that location if the 
assumed loss scenario actually occurred. Following along the 10 mrem isodose 
curve to the horizontal axis, one finds the shielding thickness required to reduce 
the potential dose equivalent to no more than that limit. For the current analysis 
this is referred to as the “vector.” 

For the case of radiation generated by hadrons created by scraping the beam 
at locations in the arcs (and also the other source points) the “width” represents 
the perpendicular distance away from the loss point where the combined effects of 
the material in the tunnel wall and the surrounding earth attenuate the dosage 
to accepted levels. This defines the thickness of the primary shield, shown in 
Fig. 28 as a circle with 70-foot diameter, as deduced in Section 3.3. The results 
of similar calculations for the beam dumps and in the interaction regions are 
given in other sections of Chapter 3. As is shown later, the values used for the 
boundaries are well outside the calculated widths and vectors for hadron-induced 
radiation effects. 

The determinations are somewhat more complicated for the more weakly 
interacting muons created by scraping or aborting the beam or at the interaction 
regions. Using the appropriate isodose curve for muons, one determines the 
appropriate vector. Moving back along the curve one finds the maximum width 
derived from the isodose diagram. Thus the elongated diagram produces vectors 
and widths that can be applied to the different loss points. 

As an example, consider the beam dump isodose curves for muons of Fig. 13. 
For the dump scenario of 2 x l O I 7  protons yr-’, the relevant isodose contour is 
5‘x The contour, carried back to 2 = 0, has a radius value of about 9 m M 

30 feet. From Fig. 14. the vector length is 5.2 km. Thus the muon vector and 
width for the beam dump are 5.2 km and 9 m. 
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Figure 28. Cross section of region near the tunnel, showing the primary 
shield of diameter 70 ft  around the tunnel and the secondary shield and 
restricted zone with a total width of 300 ft. These lie in the total region 
70 ft high and 1000 ft  wide that is requircd for the SSC in thc arc rcgions. 
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A detailed layout of the arcs, clusters, abort and major beam cleanup regions 
was used to identify potential loss points. At all locations the vectors and widths 
were used to determine the distances of potential radiation influence from the 
SSC. For the arc regions of the tunnel, a cross section is shown in Fig. 28. The 
primary shield surrounds the tunnel to a distance of 35 ft in all directions from 
the tunnel centerline. A further secondary shield and restrictive zone extends 
horizontally inward and outward to a total distance of f150 ft [2]. There is a 
further region 70 ft high and totalling 700 ft wide that will be under SSC control, 
but will generally be subject to shared use. The 1000 ft overall width is required 
to accommodate minor design changes and for flexibility in the final layout of the 
accelerator, taking into account the geophysical aspects of the actual site. For 
the interaction regions, beam dumps and major beam cleanup regions, the loss 
points are well defined. For the secondary scrapers (in the arcs), the locations are 
not known precisely at present, but the vectors and widths can be accommodated 
within the 70 ft by 1000 ft region already specified. 

Using the process as described above, the outer boundaries were defined. In 
the immediate vicinity of the interaction regions, major beam cleanup regions 
and the beam dumps, the land enclosed by the boundaries is to be acquired 
by the Federal government. In the arcs and in the muon shield portion of the 
beam cleanup and dump regions, the land can be shared with current users in 
those places where the ring tunnel is sufficiently below ground. The shape of the 
boundaries and the intended use, dedicated or possibly shared, is shown in Fig. 
29. The total acreage is 15,830 acres with 7,490 dedicated and 8,340 possibly 
shared [2]. 

In order to display how the vectors and widths derived from considerations 
of muon attenuation were used in the boundary determinations, an cxpanded 
view of the cluster region adjacent to the injector complex is shown in Fig. 30. 
To illustrate the loss mechanisms that have been studied, several representstivc 
vectors are shown. An arc beam scraper vector is represented by arrow 1, a 
vector from an interaction region by arrow 2, and a vector from a beam dump 
by axrow 3. The major beam cleanup vectors are not shown. They are close to 
(and inside) the beam dump vectors and are of shorter length (2.9 km a t  1% 
loss, 3.5 km at 5%). They are thus not a determining factor in defining the land 
areas. The lengths of these vectors compared to the distances available to the 
boundaries are shown in Table 4- 1. 

As previously described. the table is divided into hadron shielding and muon 
shielding for the three cases of arc, cluster or beam dump regions. For convc- 
nience, the intensity or luminosity assumptions used in the calculations are also 
shown. Results are given both for the beam intensities in the SSC conceptual 
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Figure 29. Land required for a collider ring tunnel that is at least 35 ft 
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Figure 30. Enlarged view of the lands at the so-called near cluster, with 
examples of how the shielding vectors delimit the lands for dedicated 
or shared use. The muon vectors associated with the arcs, interaction 
regions, and beam dumps are labeled 1. 3, and 3, respectively. 
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Table 4 - 1 
Land Distances Derived from Radiation Considerations 

Assumptions Calculated Values 
dense soil Iight soil 

(2.24 gm/cm3) (1.8 gdcrn3) 

Recommended 
Dimensions 

HADRON SHIELDING 

Arc (Beam Cleanup) Regions 21 ft  
23 ft 

25 ft  
28 ft 30 ft 

as needed 

9 x 9 x 18 in3 

Interaction Regions 

Beam Dumps 

10 x Luminosity 26 ft 32 ft 

3 x 1  34ft 

MUON SHIELDING 

Arc (Beam Cleanup) Regions 
Vector 
Outer Width 
Vector 
Width 

5410 f t  
380 f t  

6530 f t  

551 ft  

6150 ft  
486 ft 
7550 ft 

736 ft 

8120 f t  

8% f t  

Cluster Regions 
Vector 
Outer Width 
Vector 
Outer Width 

1033 cm-2 sec-1 x 6000 hrs 

1033 cm-2 sec-1 x 6000 hrs 
12300 ft 

825 ft 

10 x Luminosity 14100 ft 

10 x Luminosity 1150 ft 

15400 f t  

1290 f t  

17400 f t  

1800 f t  

14100 ft 

1150 ft 

Interaction Regions 
Transverse Width 10 x Luminosity 36 ft as needed 

Beam Dumps 
Vector 
Width 
Vector 
Width 

500 8 1.3 x 10Wyr  
500 8 1.3 x 1014/~, 

3 x 1  

3 x 1  

15700 f t  

25 ft 

17100 f t  

31 ft 

19500 ft 
31 f t  

21000 f t  

35 ft  

18700 It 

> 100 f t  



design and for a higher intensity corresponding to ten times the design luminos- 
ity. In addition, the vectors are quoted for two typical soil densities. For the 
arcs, in which the location of beam cleanup areas is not presently specified, the 
most conservative condition of light soil was used. For the clusters and beam 
dump regions, where the location of beam loss is well defined, dense soil was 
assumed. This land would be owned and controlled by the Federal government. 
If the actual soil has a lower density than assumed, it could be supplemented by 
denser material. Of course, if the insitu materials were more dense, such as rock 
or compacted till, this would provide an even more conservative circumstance. 

The values in the final column of Table 4-1 are those recommended as siting 
parameters. They are in some cases 10% or even more larger than the corre- 
sponding numbers from the third or fourth column. This rounding up of the 
actual 10 mrem calculated values is done to provide additional assurance against 
the vagaries of extrapolation of the calculations to SSC energies. As discussed 
in Chapter 2 and Appendix B, there is much experience with the calculational 
methods and much confidence in their general reliability. Nevertheless, estimates 
for the SSC are extrapolations beyond existing data. It is prudent to include 
safety factors to allow for the uncertainties. 

The distances from Table 4-1 were used along with detailed collider facility 
drawings to produce the calculations of acreage found in Ref. 3. It should be 
noted in summary that the boundaries of the areas were determined on the 
basis of beam intensity levels well above those specified in the current design 
of the SSC. Such higher levels of luminosity will only be attained after years of 
experience with the operation of the facility, if then, but it is sensible to allow for 
the eventuality from the beginning. Before attempting such incrcases in beam 
intensity, extensive measurements of the existing environmental radiation would, 
of course, be made as a basis for proceeding. 
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5 .  CONCLUSIONS 

The Task Force on Radiation Shielding has reviewed in detail the assump- 
tions, the calculations and the results on the necessary shielding for operation 
of the SSC in a safe, environmentally sound manner with respect to radiation 
exposure. The Task Force has found adequate agreement among predictions of 
the various tools used to evaluate the hadronic component of the radiation and 
its degradation in the shielding, as well as agreement between these predictions 
and experiment. Although there are fewer points of comparison for muons, the 
agreement between various simulation results and between simulation results and 
experiment is also satisfactory in this case. In extrapolating to 20 TeV, a con- 
servative (high) estimate of the muons, in both number and energy spectrum, 
was necessary to allow for the greater uncertainties in the muon production, as 
compared with the hadrons. 

The administrative design requirement of not more than 10 mrem per year 
for the general public has been translated into the transverse and longitudinal 
dimensions presented in Table 4-1, valid for beam currents 3 times the present 
design and event rates in the interaction regions 10 times design. As shown 
in Fable 4-1, the dimensions recommended to specify the needed lands for the 
SSC are equal to, or somewhat larger than, necessary to meet the 10 mrcm yr-' 
criterion. This adds a further degree of conservatism to the siting criteria. 

The available calculational methods are sufficiently accurate to specify the 
positions of dose equivalent contours to within 10% for both hadrons and muons 
for a given set of input assumptions. Additional work is planned in order to 
address detailed shielding issues within the site, but the present results are ad- 
equate for considerations of the site size and shape and the minimum depth of 
tunnel . 

The Task Force concludes that the environmental shielding requirements o f  
the SSC are well understood and the design incorporates more than adequate 
shielding in its requirements for land area and configuration. With this de- 
sign, annual radiation dose equivalent to the general public will not exceed 10 
mrem yr-*,  an amount small compared to the average exposure from natural 
sources. The design is such that the SSC laboratory can be operated in a man- 
ner that conforms to all governmental regulations regarding radiation exposure 
to the general public. 
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APPENDIX -4 
A.l .  Task Force Membership 

The members of the SSC Task Force on Radiation Shielding are 
Murdock G. D. Gilchriese [SSC Central Design Group, on leave from 

Donald E. Groom [SSC Central Design Group] 
J. David Jackson [University of California, Berkeley (Chairman)] 
James R. Sanford [SSC Central Design Group] 
Graham R. S tevenson [European Laboratory for Particle Physics (CERN)] 
Timothy E. Toohig [SSC Central Design Group] 

Cornel1 University] 

A.2. Consultants to the Task Force 
William S. Freeman [Fermi National .Accelerator Laboratory] 
Iceran O’Brien [formerly with Environmental Measurements Laboratory, 

Radiation Physics Division, New York] 
Ralph H. Thomas [Lawrence Berkeley Laboratory] 

A.3. Charge by M. Tigner to the Task Force on Radiation Shielding 
Using existing materials supplemented by further calculation as needed, pro- 

vide a report with bibliography that shows how SSC shield dimensions are de- 
rived. This report will serve hereafter as a primary reference for SSC radiation 
shielding and should contain the isodose curves from which the shield dimcnsions 
are derived dircctly, as wcll ILS rcference to similar calculations and expcrimcntal 
results that lend credence to the SSC conclusions. In addition, some cxstimatc 
of the uncertainty in the calculations should be made. Both potential doses to 
persons caused by beam loss or dump events and ground water activation need 
to be considered. 
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APPENDIX B 
Comparisons among Calculations and Data 

In the high energy (multi-TeV) regime three families of Monte Carlo programs 
are in general use for shielding calculations: CASIM at Fermilab, FLUKA at 
CERN and Leipzig, and MARS at Serpukhov. Particularly for following neutrons 
down to thermal energies the HETC codes from Oak Ridge are also useful. For 
bulk shielding the empirical formula developed from the work of Moyer is very 
useful, and extrapolation conditions to high energy have been justified by Thomas 
and Stevenson [S] and by Cossairt e t  al. [44]. Descriptions of CASIM, FLUIiA and 
the Moyer Model are found in[S]. Briefer descriptions of CASIM, FLUKA, and 
HETC are found in Section 2.1 of this report and in Ref. 4. 

As the energy of accelerators has increased these programs have evolved to 
accommodate the improved understanding of production mechanisms and of the 
development of nuclear cascades. As newer data became available the pararnetcrs 
of the programs were refined accordingly. Calculations of the energy dependence 
of the side shielding in FLUICA and CASIM based on these developments agrce 
very exactly up into the multi-TeV range. Thomas has independently derived 
this parameter for the Moyer model by extrapolation from available experimental 
data[45]. The extrapolated value is in excellent agreement with the value derived 
from the codes. 

The problems of muon shielding have become increasingly important for 
shielding the new generation of accelerators in the multi-hundred GeV regime 
built in the 1970’s. In response to this, CASIM has been modified to include 
an improved muon capability; for FLUKA and MARS supplementary programs 
have been written to handle the muon shielding. 

For the existing generation of machines the hadron calculations have been ex- 
tensively cross-checked with one another and to a lesser extent with experimental 
data up to 800 GeV. For the multi-TeV range only limited cross-checking has been 
published. The extent of intercomparison is indicated in Table B-1. Figs. 31 and 
32 from Ref. 47 illustrate the level of agreement between calculational modcls. 
Fig. 33 (from Ref. 8) compares FLUKA calculations with experimental data at 
200 GeV. Fig. 34 from Ref. 44 illustrates the agreement of CASIM calculations of 
absorbed dose with measurements up to the highest energies currently accessible. 
In general, the calculations agree with one another and with the data within a 
factor of two. Since the quantities of interest are typically exponential functions 
of the shield thickness. a factor of two represents only a small change in shield 
thickness. 

For muons the comparisons are fewer in number. -4s can be seen in Table 
B-2, there are only a few publishcd rcferenccs to muon shielding calculations and 
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Table B-1 

Hadron Shielding 
Intercomparison of Calculations/Validation with Data 

Comparisons Proton 
Energy Ref. Cdculations Exp.? Locale Comment 

20 TeV 46 
26 
47 

10 TeV 26 
8 

47 
38 

5 TeV 26 
3 TeV 47 
1 TeV 48 

8 
38 

0.8 TeV 49 
50 
44 

0.5 TeV 8 
0.4 TeV 50 

44 
47 

0.3 TcV 48 
51 
8 
47 

0.2 TcV 51 
0.1 TeV 8 

CASIM no 
CASIM no 
CASIM/MARS/Moyer no 
CASIM no 
FLUK.4 no 
CAS IM / FL U I< A / hl A RS no 
CAS IM / FL U I< A no 
CASIM no 
CAS IM/ kL4 RS no 
Moyer no 
CASIM/FLUI<A no 
CASIM/FLUI<A no 
CAS IM / FLUK A/ Moyer no 
CASIM Yes 
CASIM Yes 

CASIM Yes 
CASIM Yes 

O’Brien no 

CAS IM / F LU I< A / MARS yes 
Mover no 
hfoyer no 
CASIM/FLUKA no 

Yes 
Moycr no 
CAS IM / FLU I< A no 

CAS Ikl / M A RS 

FNAL Conf. Rep. 
FNAL FNAL Pub. 
FNAL/IHEP N.I.M. Pub. 
FNAL 
CERN/LBL IAEA Tech Rep. 
FNAL/IHEP 
CERN Internal Rep. 
FNAL 
FNAL/IHEP 
CERN Nucl. Eng. S2 Des. 
CERN/LBL 
CERN 
DESY Conf. Proc. 
FNAL Conf. Rep. 
FNAL N.I.M. Pub. 
EHSL 
FNAL 
FNAL 
FNAL/IHEP 
CERN 

CERN / LB L 
FNAL/IHEP 
LBL 
CERN/LBL 

LBL N.I.h,l. Pub. 

experiments, even in the regime of currently operating accclcrators. One portion 
of the programs that has been validated is the use of Fermi-Eyges theory for 
muon trarisport. Fig. 33 comparcs CASIM and TOhICAT calculations at 240 
GeV showing good agreement. In Fig. 36 TOLICAT is cornparcd a t  the same 
energy with experimental data. Where calculations exist in the TcV range, from 
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CASIM and MARS, both the calculations and the presentations are so different 
as to make comparison difficult. In the CASIM calculations the accelerator is 
simulated as a continuous dipole with a field of 6 tesla. The magnet cross section 
and field map are those of a version of the SSC cold-iron, D-style magnet. The 
presentation is in terms of isodose contours around a tangent vector to the ring 
from a hypothesized point loss of the entire stored beam. In the MARS case the 
detailed accelerator lattice is simulated in the program, including quadrupoles 
and drift spaces, following the work of Keefe and Scolnick during the 200 BeV 
study [XI. Muon isoflux contours transverse to the ring are calculated assuming 
a continuous line loss of protons around the entire ring. Fig. 37 illustrates typical 
output data from the latter approach, while the former forms the basis of this 
report. Both programs use the same muon source term, discussed in Section 
2.3. When converted to shield dimensions, the CASIIvl results appear to be 
conservative relative to those from the MARS calculations at the highest energies. 

Table B-2 

Muon Shielding 
Intercomparison of Calculations/Validation with Data 

Comparisons Proton 
Energy Ref. Calculations Exp. '? Locale Comment 

20 TeV 46 CASIM no 
26 CASIM no 
52 MARS no 

10 TeV 26 CASIM no 
3 TeV 53 hL4RS no 

26 CASISI no 
1 TeV 53 MARS no 

26 CASIRI no 
0.8 TeV 50 CASIAI yes 

0.24 TeV 30 CASIh,I/TOMCAT yes 
0.28 TeV 30 TOMCAT Yes 

FNAL 
FNAL 
FNAL/IHEP FN-? in prep. 
FNAL 
IHEP X.1.M. Pub. 
FNAL 
IHEP 
FN,4L 
FNAL 
CERN N.I.M. Pub. 
CERN/LBL N.I.M. Pub. 

The agreement between CASIM muon calculations and experimental data 
at 400 and SO0 GeV is illustrated in Fig. 3s from Ref. 50. In the momentum 
range where the spectrometcr has adequate acceptance, the agreeinexit is quite 
satisfactory. 
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APPENDIX C 
Radioactivity Induced in 

Nearby Well by Accidental Loss of Beam 
It is anticipated that most of the 1000-ft wide swath around the SSC ring will 

be land with shared use. As shown in Fig. 28, there is a primary shield 70 feet in 
diameter around the tunnel, a secondary shield or restricted zone extending 150 
feet horizontally on either side of the tunnel. Penetrations or activities within 
the restricted zone are to be prohibited, unless specifically authorized (see Ref. 2, 
p. 44). To provide a framework for decisions on continued or future proposed use, 
especially for water wells, we develop here a model of the level of radioactivity 
induced in a nearby well (as a function of its distance from the tunnel) by the 
accidental loss of the full beam. 

(a) Elementary hydrology of a shallow well 

Shallow wells are assumed to draw water from the surrounding soil over a 
depth down to some base layer of impervious material. While large scale wells 
often span complex and varied sub-surface conditions, a small well can be mod- 
eled in the simple way shown in Fig. 39. The relevant hydrological geometry is 
considered to be cylindrically symmetric, with the well dug down to the hori- 
zontal impervious layer and with the water table somewhere between the surface 
and the impervious stratum. 

The profile of depth of water h(r) (defined by the height of water in an 
adjacent test well dug a distance r away) is governed by the assumed steady rate 
of pumping of Q gallons per day through conservation of the flow of water through 
successive concentric cylinders. The flux is determined by the gradient relation, 
S, = kdh(r)/dr, where S,  is the inward flux at radius r <and k is a constant with 
dimensions of volume per unit time per unit area (k is characteristic of the soil 
and is variously expressed as gallons per day per square foot or feet per day). 
Conservation of water yields the steady-state equation, 

dh d( h 2 )  Q = 27rrh(r)Sr = 27rkrh- = 7rk- 
dr d(ln r )  

The solution is for h ( r )  as a function of r is 

Qln(r/ro) = 7rk[h2((r) - hi] 

where TO is the radius of the well and ho is the height of the water above the 
impervious layer at the well (see Fig. 39). 
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If H is the depth of the impervious layer below the water table, the radius 
of influence R of the well can be defined by the standard relation [55,56], 

For our purposes the detailed solution is not needed, only the conservation of 
water. 

(b) Total activity generated by beam loss 
First we model the primary radioactivity that eventually may appear in the 

water supply. It is postulated that there is an accidental loss of the full beam (3 
times design current) at full energy at one region somewhere along the arcs. The 
hadronic interactions caused by the 4x  1014 protons produce nuclear stars (leading 
to some radioactive species) in the tunnel walls and in the soil immediately 
surrounding the tunnel. The longitudinal extent of appreciable star production 
is some 10 meters. Fig. 23 shows the longitudinally integrated star density, times 
27rp, as a function of radial distance into the soil. The quantity plotted is the 
number of stars per incident proton per cm, 

where n,(z,p) is the nuclear star density. The 20 TeV curve in Fig. 23 can be 
fitted (for the case of light soil, with density 1.8 g ~ m - ~ )  by 

where pt is the tunnel radius and distances are in cm. The total number of stars 
per proton is found to be 

dNs = 6.3 x lo3 stars/proton , 

and the mean thickness of deposition to be 40 cm. With 4 x 1014 protons, the 
total number of stars produced is 

Ns = 2.5 x 10l8 stars 

A significant fraction of these stars will be in the concrete tunnel wall and will 
not reach the ground water, but to err on the conservative side we assume all of 
the stars are in the permeable soil outside the actual tunnel. 
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* It is expected that over most of the circumference the tunnel will lie well above the water 
table or will go through relatively impervious rock where it is not. There may be, however, 
local regions where the water table is above the tunnel and a well and an accidental loss of 
beam might coincide. 

The radioactive nuclides of concern for the groundwater are 3H and 22Na. 
These are produced in abundances of 0.075 and 0.02 per star, respectively (see 
Table 3.10-1). Most of the tritium is available to migrate into the water, but 
less than 10% of the sodium-22 can be leached from the soil[42]. With the decay 
constants from Table 3.10-1 and leaching factors of 100% and lo%, respectively, 
we find the following total initial 3H and 22Na activities potentially available for 
contamination of water from a loss of beam, 

A(3H) = 3.4 x 10' Bq (= 9.1 x lo9 pCi) 
A(22Na) = 4.3 x lo7 Bq (= 1.2 x lo9 pCi) 

The region of deposition of this activity is perhaps 10 or 20 meters in length 
and less than one meter in radius outside the tunnel. It is likely to be deposited 
somewhat asymmetrically on one side or the other. With a tunnel diameter of 
3 m, we model the deposition volume as being rectangular, 4 m high and 3 m 
wide in cross section and of length 20 m (although the length does not enter the 
calculations) and assume the activity to be uniformly distributed throughout the 
volume. 

(c) Specific activity in the well 
We suppose that there is a nearby well, a radial distance r away from the 

region of deposition of the radioactivity. We assume, contrary to expectations, * 
that the tunnel lies below the water table and that the deposition region lies 
within the radius of influence of the well, right in the aquifer being drawn on, as 
shown in Fig. 39. The more likely situation of the tunnel above the water table 
will lead to even lower specific activities in well water than found in the present 
calculation. 

The amount of activity drawn into the well is determined by the rate of 
pumping Q and the necessary flow through a cylinder of radius r and height 
h(r).  Let A V  be the volume of soil yielding Q gallons of water. The cylindrical 
shell providing this amount of water will be of radial thickness Ar, where AV = 
2 ~ r h ( r ) A r .  The fraction F of the volume of activity included in this shell can 
be seen from Fig. 39 to be 

Av -- A r  F=-- 
t 2 m t h  

provided Ar < t .  
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The specific 
therefore 

activity (Bq per unit volume) of nuclide i in the well water is 

where f = D / h  is the fraction of the total height of the cylindrical shell occupied 
by the activated region and p is the effective porosity of the soil. Note that to 
obtain a; in pCi ml-', we must put lengths in centimeters and Ai in picocuries. 
The result for a; does not depend explicitly on the pumping rate Q, but does 
implicitly through f. 

Porosity values vary widely for rocks and soils, but are typically in the range 
We take a value of p = 0.2 for our p = 0.20 - 0.35 (Ref. 56, Chapter 2). 

calculations. 
The fractional height factor f cannot be larger than one and in any reason- 

able circumstance will be considerably smaller. In the absence of specific site 
information we use the height of the restricted zone as an estimate of h(r) .  Then 
f N 4/21 N 0.2. We choose f / p  = 1.0, D = 400 cm, and t = 300 cm. This gives 

cmW3. f 1.3 x -(27rrtD)-' = 
P r(m> 

This yields specific activities for 3H and 22Na as a function of distance r for a 
loss of 3 times the design beam current, 

pCi ml-' 

The EPA standards[43] are 90 pCi ml-' and 0.5 pCi ml-', respectively. 
Fig. 24 in the text shows the two specific activities, relative to the EPA values, 

as a function of distance from the tunnel. The tritium activity is below the EPA 
value for all distances that make sense ( r  > 1.3 m). The sodium-22 activity is 
below the EPA standard for r > 10 m at the design beam current and r > 30 m 
for 3 times the design current. Since the 22Na level is the governing factor, we 
can define 

meters = 10 -- 
P ID 
f I  

'EPA 

as the standards of distance, where I is the actual beam current at the time of 
loss and I D  is the design current. This distance depends on the parameters in 
the model, but is representative in the absence of specific site information. 
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