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ABSTRACT

Many Free Electron Lasers (FELs) utilize high current, high energy electron beams.
Inevitably, a small fraction of the electrons in the beam will exist outside the core beam;
these electrons are referred to as beam halo. The halo electrons will travel down an
FEL’s transport system with the core electrons; any portion of those halo electrons that
intercept transport system components can generate radiation that is harmful to the
operating personnel. The amount of shielding that is required to keep personnel safe
from radiation exposure is evaluated as a function of the lost halo current. Using the
modeling software FLUKA, an analysis is presented describing the amount of necessary

shielding for a given shielding material.
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l. INTRODUCTION

A. HISTORY

The Light Amplification by Stimulated Emission of Radiation (laser) can be
traced back almost 100 years. Albert Einstein first proposed the theory of stimulated
emissions in 1917. Then by World War II, the development of radar and other
components allowed the coherent microwave radiation to be produced. Components of
these radar systems, such as traveling-wave tubes, magnetrons, microwave tubes, and
kylstrons, all would have an impact on the future development of lasers. The next step
toward the laser was the variation called the maser (“Microwave Amplification by
Stimulated Emission of Radiation”) that was produced by Charles Townes and Arthur
Schawlow in 1958 [1].

In 1960, Theodore Maiman was the first to show a working laser. The laser
required an energy absorbing material, in this case a synthetic ruby crystal, and a flash
lamp used as an excitation source [1]. Creation of the photon beam is accomplished by
using the excitation source to pump energy into the absorbing material. Atoms in the
material that were originally in the ground state are excited and raised to a higher energy
state. The excited atoms transition to a lower energy state emitting a photon in the
process. The photons released stimulate other atoms in the material, creating a cascade of
photons. The photons are then collected in a cavity that uses optical lenses and mirrors to
direct and focus the photon beam. Gordon Gould, who was a graduate student under
Charles Townes, first created the term “laser.” By 1970, a Russian scientist named
Zhores Alferov and an American scientist, Morton Panish, developed a diode laser that

was able to operate continuously at room temperature [1].

J.M.J. Madey proposed the first Free Electron Laser (FEL) in 1971 at Stanford
University [2]. His approach to the laser was to use a combination of different concepts,
building on the work of Motz, Phillips and others. Madey used undulators, optical

resonators, and application of concepts from microwave tubes with atomic lasers.



Microwave tubes are tunable and have a good efficiency. Using a relativistic electron

beam from a particle accelerator allowed for the added benefit of shorter wavelengths.

B. RESEARCH

Understanding the history of the laser shows the importance and rate in which
they are developing. As FELs become more powerful, they have opportunities ranging
from commercial applications to scientific research. Even space applications of the FEL
hold a lot of promise [3]. This is due to the fact that FELs are tunable and becoming
more powerful, so they might overcome some of the challenges that atmospheric
conditions present. As the power of these FELs increases, the radiological hazards also
increase. This thesis will look at a hypothetical FEL and assess some of the radiological
concerns. The area of focus will be on specific electrons that may generate radiation and
how to relate it to shielding requirements. Different shielding configurations will be

analyzed to look at the possibility of shielding a compact FEL.

The thesis will cover, in Chapters II and III, the physical construction of a FEL
and the purpose of the components. The chapters will also discuss the theory of

operation and how the FEL creates a useable laser beam.

Chapter 1V will discuss what halo electrons are and possible generation sources.
This chapter will also cover halo electron transport and concerns with the interception of

halo electron by beam line components.

Chapter V and VI will discuss radiation production theory and what radiation is
produced from electrons colliding with beam line materials. The radiation limits
associated with operating the FEL and the computer program used to evaluate the

radiation shielding will be discussed.

Chapter VII will present several types of shielding models that could be used for
this notional FEL. This chapter will discuss benefits of using the different models and

show their effectiveness.



II. FREE ELECTRON LASER DESCRIPTION

An FEL generates electromagnetic radiation from a relativistic beam of
electrons. Two basic design configurations are the oscillator and the amplifier designs.
Both designs have many of the same components. An amplifier design amplifies an
existing “seed” optical field and relies on the electron beam energy being transferred to
the light wave on a single pass through the undulator. The oscillator is designed with an
optical cavity that is enclosed by mirrors and contains an undulator in the middle. A
small percentage of electron energy is transferred to the optical beam in both designs.

Figure 1 shows a diagram of a recirculating energy recovery FEL.

Figure 1.  FEL schematic [After 3]

A. FEL COMPONENTS

Some of the major components of the FEL are the injector, accelerator, undulator,
resonator (oscillator design), seed laser (amplifier design), and beam dump. Other
components used to shape and direct the electron beam are the focusing/bending magnets

and beam piping.



1. Injector

The creation of the electron beam begins with the injector. Two key components
of the injector are the electron gun and cathode. Cathodes can produce electrons in a few

different methods.

a. Field Emission Cathodes

Field emission cathodes use high electric fields from sharpened metal tips

to generate the free electrons.

b. Thermionic cathodes

These cathodes use heat to “boil” electrons off of a metal surface. Heating
of metal adds thermal energy in the metal and allows the energy deposited to exceed the

work function, thereby freeing electrons.

C. Photocathodes

These cathodes release electrons using the photoelectric effect with a
pulsed drive laser of appropriate pulse length and energy (Figure 2). Based on the
cathode material, the drive laser wavelength used will be chosen to overcome the work

function for the material. The drive laser also determines the electron pulse structure.

The two primary types of electron guns are direct current (DC) and
radiofrequency (RF). Direct current electron guns can be limited by an acceleration
gradient of less than 6 MV/m. This can limit the charge per bunch of the electron pulses
to less than 1 nC [5]. RF electron guns are capable of higher acceleration gradients and
larger charge per bunch. In the injector, electrons from the cathode are released and
emitted into an RF cavity. The electrons can be accelerated in the RF cavity to higher

energies (~5MeV) prior to entering the linear accelerator.



Figure 2.  Photocathode injector layout with pulsed drive entering and creating the
electron beam [After 6]

2. Linear Accelerator

Electrons produced from the injector are directed to the accelerator. The linear
accelerator (LINAC) consists of several superconducting radiofrequency (SRF) cavities
(Figure 3). These cavities can have acceleration gradients of ~18 MV/m [5]. The high
voltage electromagnetic fields on axis are synchronized to the electron beam pulses. This
allows for the electrons entering at 5 MeV to be accelerated up to relativistic energies of

100 MeV after passing through ~10 cavities [7].

Figure 3.  FEL accelerator cryomodule where electrons will enter through the center
and be accelerated from ~5 MeV to 100 MeV [After 8]



3. Undulator

The electron beam leaving the accelerator will be directed into the undulator, in
the middle of the optical cavity. The undulator consists of a series of permanent magnets
that are configured to create an alternating magnetic field. As the electrons enter into the
undulator they encounter a strong periodic magnetic field. The strong Lorenz forces
move the electrons back and forth due to the alternating magnetic fields, causing the
relativistic electrons to emit photons. The undulator length is typically much larger for
an amplifier FEL in order to achieve the required high optical gain over a single pass.
Undulators can have a helical or linear type design. Figure 4 shows a design of a linear

undulator.

Figure 4.  Schematic of linear undulator magnet orientation [From 9]

4, Optical Cavity

In an FEL oscillator the optical cavity, also called the resonator, contains two
mirrors surrounding the undulator. A optical beam will travel down the undulator each
pass and will hit a highly reflective mirror, then be redirected back through the undulator
to another mirror that is partially transmissive. Reflection of the optical beam back
through the undulator is timed with the electron beam pulses to ensure continual overlap
over many passes. The partially transmissive mirror allows for a fractional amount of the

optical beam to be transmitted to the beam director and out from the ship. It is important



to note that FEL designs can operate without the use of an optical cavity just described.
Amplifier FELs use seed lasers in conjunction with the undulator to create the optical

beam.

Figure 5.  Optical cavity for oscillator FEL [From 10]

5. Beam Line Support Components

The electron beam after creation in the injector has to be continually manipulated
in order to ensure it follows the desired path. Components used to achieve control of the
electron beam in the beam piping are the bending magnets and focusing magnets.
Bending magnets direct the electron beam for circulation, while focusing magnets direct
the electron beam envelope along the propagation axis. A vacuum is maintained in the
beam piping and components to reduce electron scattering with particles. The core
electron beam traveling within the beam piping will have a diameter of ~Imm and the
piping will have a diameter of ~5 cm. Not all electrons created will be contained within
the core electron beam. Some electrons will exist between the beam pipe and the outside
of the core beam as shown in Figure 6. These electrons are known as halo electrons. A
fraction of the halo electrons will interact with beam line components as they travel along
the FEL electron beam path. This particle interaction with the beam line components will
result in the creation of radiation. Since this particle interaction is occurring at high

energies (>7 MeV), more significant neutron and photon radiation will be produced.



Figure 6.  Halo Electrons outside core beam

6. Beam Dump

In an ERL FEL the electrons leave the optical cavity and then are redirected back
through the LINAC using bending magnets. However, the electrons will enter the
LINAC 180° out of phase with the RF. This will allow the electrons to release energy to
the RF field as they are decelerated. This transfer of energy will lower the electrons from
~98 MeV down to ~5MeV [5]. After the electron beam leaves the LINAC, it is absorbed
by the beam dump. The beam dump consists of a large block of absorbing material, such
as copper, and enclosed with shielding. Shielding is required due to the energy of the
electrons being absorbed and radiation being produced. = Another outcome of this
absorption is thermal heating, and this requires the beam dump to be cooled. Dumping
the electron beam at less than ~10 MeV has the advantage of not producing neutrons. So
that shielding needs are greatly reduced and lowers activation concerns. A majority of
the halo electrons that are produced in the FEL will travel through the beam line

components and make it to the beam dump with the core electron beam.



I11. BASIC FEL THEORY

The aspect of how and why the FEL operates is best understood by knowing how
the electrons behave within the undulator in the presence of light. A mathematical
description of the electron motion through the undulator will allow for this understanding

and also provide insight in a halo electron’s fate during the operation of the FEL.

A. THE PENDULUM EQUATION

Electrons created in the injector will be traveling at high energies and relativistic
speeds upon leaving the accelerator. The focus of this section will be on the electron
beam motion inside the undulator. This is a critical component of the FEL that provides

for the interaction between the electrons and the photons.

Electrons in the undulator will experience interactions with both the optical and
undulator fields. These dynamic electron interactions will be examined by treating them
classically. This due to the free electrons in the FEL not being constrained by the
quantum mechanics of electrons in lasing materials in other laser designs. This classical
treatment of the electrons allows for the correlation of the microscopic motion of the

electrons to the equation of motion of the classical pendulum.

To understand this correlation, we must first understand the relationship between
the electrons and photons. Photons will be traveling through the undulator at the speed of
light, ¢. Electrons will be traveling down the undulator at a slightly slow speed,

according to z(f)=fB.¢t, where ff, =v,/c and v_is longitudinal speed of the electron.
Figure 6 shows this relationship between electrons and photons as a race where A_is the

undulator wavelength and A is the optical wavelength.

Figure 7.  Electron-Photon interaction [From 7]
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As photons and electrons travel down the undulator, photons will overtake the
electrons. As the electrons travel down the undulator they will interact with the magnetic

field. The magnetic field in the helical undulator on axis can be represented by
B, = B(cos(k,z), sin(k,z),0). (1)
where k =2x/ 4, is the undulator wavenumber. The difference in the photon’s and
electron’s velocity along the undulator axis is given by [4]
c—v,=c—cp,, (2)

where B ~1-(1+K%)/(2y*) using y*=1-p'—-p, y01 is Lorentz factor,

K =eBA,/(2zmc") is the undulator parameter, mis the mass of an electron, and e =g

is electron charge magnitude, and £, is the transverse velocity.
The optical field consists of an electric field and a magnetic field (cgs units)
Eo = E(cosy,—siny, 0), 3)
B, = E(siny, cosy,0) 4)
where [F is the electric field amplitude, k=2x/A4 is the wave number, A is the
wavelength, and = kz—wt+¢. The net electron motion in all fields in the undulator

can be represented by the relativistic Lorenz force equations

VB -2 (E+fxB) 5)
{ mc
dy e = =
2 __ " a. 6
dt mcb7 £, ©)

where v = (,-B is the electron velocity. The optical and undulator fields (1), (3), and (4)

can be inserted into (5) and (6) to give [7]

d(}ﬁz) € : 1
B %[E(ﬂx cosy — f, smy)+ B(f, sink,z— f, cos koz)}, (7)
d(fi) —_ i[E(l — B.)cosy,—siny, 0)+ B.B(-sin k,z,cos k,z,0) |, 8)
mc
dy e a
- mcE[ﬂx cosy—f, smy/}, )
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where B L= ﬂx;+ﬂy}'. Relativistic electrons will be assumed as traveling at
approximately the speed of light ¢, so that f ~1. This allows for integration of (8)

knowing that B [1 E(1— f3) so that the result can be represented as [4]

- K .
P =——(cosk,z,sink,z0). (10)
e
2
Therefore, ﬁi =—- and K represents the dimensionless undulator parameter. The

transverse motion through the undulator (10) was assumed to have the electrons injected
perfectly into helical orbits, so the constant of integration is zero.
The distance that one photon gets ahead of the electron in distance A, and in a
time /10 / ﬁz determines the resonant wavelength, 4. The value for 4 is then [7]
A== | B~ H(1+K*) 25", (11)
This is the resonance condition when one wavelength of light passes over an electron in

one undulator wavelength.

The microscopic motion of the electrons can now be solved by substituting (10)

into (9) and gives

g = costc+9) (12)
yme

b

where ¢is the electron phase, ¢(t)=(k+ & )z—wt. For relativistic electrons k[] & and
Al A,. The electron phase at { =0 is ¢(0)=(k+k,)z,, where z_is the initial position
of the electron.

Continuing to solve for the pendulum equation we now substitute (10) into
y* =1~ — B which results in [7]

y =1-B B =1-F-K Iy =1-F=(1+K")y " (13)

Taking the time derivative of (13) establishes the relationship between df3/dt and
dy ! dt as

11



o 0
2
v_rEP (14)
y (1+K7%)
Taking the second time derivative of ¢(t)=(k+k )z—mt gives
m 0
c=(k+k)p.. (15)
Now we can take (15) and substitute it into (14) and remembering that for relativistic

electrons k] k_ since f ~1and y 0 1. The result is

] 2E[I
r__re (16)
y o(l+K?)

The resonance condition stated from (3) and microscopic electron motion from (12) can
be substituted into (16) to give,

?zzjj;:iEcos(g+¢). (17)

For ease of understanding the FEL operation, the next step is create a

dimensionless parameter for time, 7. This dimensionless time parameter is T=¢tf /L,

where [, is the length of the undulator. Another dimensionless parameter is
|a|=47:NeKLE / (yzmcz) that represents the optical field amplitude. Indications of

strong or weak optical fields are related to the value of the optical field amplitude, |a|; if

a
|a| O a, the optical field is weak and core electrons only move the electron phase by
0 z. If |d > =, the optical fields are strong since the electron phase maybe changed by

~ 7T, changing the sign of energy exchange.

The electron phase velocity represents the rate of change of the electron phase as

it transits down the undulator (7 =) = 1) and the equation is

o 0
v=¢c=c¢lL/c (18)
where (.i.) =d(...)/ dr. These parameters are used to simplify (17) to
g =|dcos(s+4) (19)

which represents the of microscopic electron motion in the form of the pendulum

equation.
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B. OPTICAL WAVE EQUATION

In the previous section we derived the microscopic motion of an electron through
the undulator. As the electrons travel through the undulator, their wiggling motion will
generate and amplify light. These photons will create an optical field that will interact
with the source current of the bunching electrons traveling through the undulator. We

will now develop the wave equation describing the evolution of light.

Starting from Maxwell’s equations, the wave equation can be written in cgs units
as [11]
(&)

ot*
Vie >

[

AGE D= —47”1 (X.1), (20)

where V =i 6/6x+ ja/ oy + 126/ 0z, A is the optical potential vector, and J | 1s the
electron current. The optical potential vector gives the electric and magnetic fields of the
laser. In order to create a basic equation for the optical potential vector we can consider
that the coherent laser field changes slowly over time compare to the optical frequency.
The optical potential vector for the helical undulator is written as [11]

E(x.1)

AG,H= £e® 21)

where the polarization vector of the helical undulator is £=(—i,1,0), a = kz— @wtis the
phase of the carrier wave, and E is the laser’s complex electric field. The simplified

optical potential vector is inserted into (20). The field, £ :‘E| ¢?, is assumed to vary
slowly in time during the optical period (E U kE, ¢' [ a)¢), and slowly in space over an

optical wavelength (E "I kE, @[] k¢) where (') represents differentiation with respect

to z. [11] These assumptions allow the general wave equation to be represented as the

parabolic or paraxial wave equation, [4]

[Vi + 2:‘/{16) }E =— L”kjl -£'e’?, (22)
¢ ot ¢
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with J 1 representing the total beam transverse current and Vi represents the transverse

Laplacian containing the partial derivatives in both the x and y coordinates. The total

beam current represents the summation of all the single-particle currents and is given by

J =ecY B8P (Z-F(1)), (23)

where ;,- (¢) is the trajectory of the ith electron, /3 is electron’s transverse motion, and

S is the 3-dimensional Dirac delta function.

Recall that the transverse electron motion is
- K . K A _
B, =——(cosk,z,sink,z,0)=Re (— —ige ”{”Z] , (24)
¥ Y

where Re() indicates taking the real part. The transverse electron motion (24) can be

inserted into (23) and the result can be used in the parabolic wave equation (22). The

results from this substitution are

[—évi + %}a(f, r)=—(je*)

% (25)

5y
where  j=8x'Ne’K’L’p/yimc* is the dimensionless FEL current density,
|a| = 4xNeKL|E|/y3mc? is the dimensionless laser field, < > represents the average over

the electrons in the beam, and p is the electron particle density.

Further simplification of (25) can be achieved by creating a dimensionless

Laplacian operator. The introduction of natural dimensionless transverse coordinates

F=x(k/2L}"* and y=3(k/2L)"* allows for the new Laplacian to be represented by

61 = 6§.+ 6;. The dimensionless wave equation can now be written as [11]

i =2 0 - . —ic
[—ZVL"‘E}G(":T):—(J"’ ) (26)

Diffraction of the beam is described by the left side of (26). When conditions of

small diffraction exist, the Vj term is negligible small so that (26) can be simplified to

a= —j <e‘ig>. (27)
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The amount of electron bunching is represented in (31) by the average <e’ig>, and the

measure of the coupling between the optical and electron beams is represented by the

dimensionless current density, j. Both the average electron phase and the dimensionless
current have an effect on the rate of change in the optical field. If j <z, there will be

only a small coupling between the beams, and with j[1 #, large coupling is present.

C. OPTICAL GAIN

Optical gain is the fractional gain of the optical beam power or energy and can be
determined by the total energy lost by the electron beam. Interactions between the
electrons and the optical beam allow for energy transfer to occur. The two equations that

allow us to understand that interactions between electrons and photons are

o , _i m
a=—j (e §>, ¢ =|alcos(s +¢).
As previously stated |a| is the dimensionless optical amplitude and determines whether

the FEL is operating in strong or weak fields. If |a| < &, the optical field is weak, and if

|a| > 7, the optical field is strong. The optical phase is @.

The amplitude and phase evolution can be estimated in the case of weak fields
(ao 1 JI') and low gain j<=x (‘a| ] ao). Then, using the power series expansion for &,

(27) can solved for the lowest order change in the field and phase [11] yielding

()= g, (1+J{2—ZGOS(UOIZ)—Svorsin(Uor)“ + . and (28)
vD
¢( r) _ j(Zsin(Uor)— 1;,;51 + cos(y, r))\ L (29)

0

where v, is the initial phase velocity of the electron beam. In this region, the gain is

G(r):j{z_GOS(UOI)_SUOISin(UOI)]. (30)

Uy

The gain can also be estimated for j[1 z and weak fields. In this regime, (28)-

(30) changes to the following
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L3
[a(z) = 3@ exp|(37)" V3(3)7 ) G
17, and (32)
173
G(r)w%exp[(%) \/ir}. (33)
In general, simulations must solve the electron pendulum and optical wave equations
self-consistently.
In Figure 8, it is shown that at resonance (Uo = 0) that there is electron bunching, but

gain with phase velocity slightly off-resonance (v, =3) can be significantly larger as

shown in Figure 9. The thin upper and lower boundary in Figures 8 — 10 is the separatrix.
The thin traces from yellow to blue dot represent the electron’s initial and final positions

within phase space. Change in the vertical axis (o) can be related to the change in

A
electron energy Av=4zN _;V’ where 27 represents the change in energy.
Y 4

Figure 8.  Electron phase velocity at resonance [From 4]
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Figure 9.  Electron phase velocity off-resonance [From 4]

For strong fields,

al =20 > 7z, over-bunching of the electrons can occur. This

over-bunching causes electrons to shift from the proper phase for gain to one for

absorption, as seen in the Figure 10. As a result, the gain decreases significantly.

Figure 10.  Strong optical fields (‘a‘ > 7) [From 4]
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IV. HALO ELECTRONS

Halo electrons are the electrons that exist outside the core electron beam. The
halo electrons can travel all the way to the beam dump located at the end of the electron
beam path. But, some halo electrons do not make it to the beam dump, and can produce
significant amount of radiation that is hazardous to both personnel and equipment. This
chapter will briefly discuss the potential sources of halo electrons and their transport

through some beam line components.

A. HALO GENERATION

The generation of halo electrons can be from several possible sources. All of the
mechanisms that generate these electrons are not fully understood. Generally, halo
electrons are those electrons outside the core of the electron beam. The distance that halo
electrons are from the core electron beam can vary from a few rms beam radii to

approximately 10 rms beam radii [12].

One of the potential sources for halo electrons is the scattering of drive laser light
at the injector cathode. The surface quality of the cathode can also contribute to the
amount of scattering, especially in the area near the edge of the emitter, and can be a

significant contributor to the generation of halo electrons [13].

B. HALO TRANSPORT

Other possible sources of halo electrons are from transport of the electrons.
Transport of the halo electrons depends on the position and angle of the electrons within
the beamline. Together these parameters define the phase space of the electrons during
the transport through the FEL components. The radius, #,, in phase space is the distance
of one electron from the center of the beamline. Each electron also has an angle, &,,
with respect to the beamline axis. Figure 11 shows how the halo electrons can exist

outside of the core electron beam in phase space.
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Figure 11. Core and halo electron beam phase space

The envelope of electron positions and angles can be related to the normalized

transverse emittance parameter, given by [4]

g,=yn0, (34)
where ¥ is the Lorentz factor, # is the core rms electron beam radius, and 6, is the rms
electron beam angle. A typical value of emittance is g ~10 mm-mrad, and a typical
value for the electron beam Lorentz factor is ¥ ~ 200 (=100 MeV). For a beam with an
rms radius of 0.5 mm, the resulting angular spread is then §, ~0.1lmrad. The amount of

halo electrons that collide with inner surfaces of the beamline components over some

distance are dependent on both radial position and angle of a halo electron.

Assume a drift distance between components in the beam of Az ~» Im. The typical

amount that electrons drift during the distance Az is

A}}) -~ BbAZ = (). lmm. (35)
This shows that electrons inside the core electron beam will generally stay in the core

since Ay, ~0.Imm [ r, ~lmm. Halo electrons outside the core may not travel ~Im

before hitting the beam pipe, because a combination of their radial position and angular

drift exceeds the beam pipe radius, r, ~Scm.
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Bending magnets can also have a contribution to the halo population. If the
entering electron energy is outside the design envelop for the bending magnet, it may
change the direction of those electrons by giving them excessive angles. These effects

could also take a halo electron and collide it with the inner surface of the beamline.

Both bending and focusing magnets are intended to keep the electrons within the
beam piping. Focusing magnets are also used to focus the electron beam to a smaller
radius prior to entering the undulator. The electron beam will contain both the halo and
core electrons. Once the electrons enter into the undulator they experience both fast
oscillations and slow betatron motion as shown previously in Figure 4. This motion can
be represented in the y-direction by [14]

Lo
W(T) =y, cos(@zT)+ —sin(w,T) (36)
@
5

where . is the initial electron position, Qy is initial electron angle, and 7 =01 is the

dimensionless time parameter. The dimensionless betatron frequency is given by

2xNK
@5 = » , (37)

where N is the number of undulator periods and KX is the dimensionless undulator

parameter. Using (36) and (37) with K~1, y =200, and N =20 we can evaluate

acceptable radial distances and angles for halo electrons in an undulator with a beam pipe
having an inside diameter of 1 cm. If the electrons entering in the undulator have an
excessive radial distance or angle, the electron will collide with the beam pipe. Figure 12
shows the approximate range of radial distances and angles that will transit through the
undulator without collisions. A halo electron can make it through the narrowest part of
the beamline, the undulator, if the electron enters with an acceptable radial distance and
angle. In Figure 13, an amplifier undulator with 200 periods (x10 longer) is analyzed.
The graph shows that with an increasing number of periods, the acceptable phase space is

significantly smaller.
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Figure 12.  Acceptable angles and radial distance of electrons entering undulator

(N=20)

Figure 13.  Acceptable angles and radial distance of electrons entering undulator

(N=200)
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V. RADIATION PRODUCTION AND SHIELDING

This chapter will provide a brief overview of particle interactions with matter.
Some halo electrons described in the previous chapter can collide with various
component materials as most of the electrons travel down the beamline. When these
collisions occur the electrons lose their energy in the form of radiation. The initial
energies of the electrons determine the types of interactions with the material and also the

types of particles that may be created.

A. RADIATION TERMINOLOGY

Understanding the terminology and principles of measurement for radiation
protection is key to comprehending the units of measurement and of the quantities
obtained. High energy electrons interacting with matter can cause ionizing events to
occur. When ionizations occur, there is some amount of energy being deposited in the
material. A unit of measurement of this energy deposition in a material is the rad (1 rad =

0.01 J/Kg). This unit of measurement is referred to as an absorbed dose.

The unit of measurement of energy deposited in soft tissue should also account
for biological effects. The amount of energy deposited in tissue is referred to as dose
equivalent and the unit of measurement is the rem. There is significant scientific data
that can relate dose equivalent to long and short-term health hazards, more information
on this can be found on the EPA website. Both dose equivalent (rem) and absorbed dose
(rad) refer to energy deposition and can be related to each other by the dimensionless

quality factor O, rem = rad x(Q (see Table 1). The quality factor shows that for Irad of

neutron absorbed dose there will be 10 rem of neutron equivalent dose and 1 rad of
gamma absorbed dose results in only 1 rem for gammas. This is due to the neutrons

creating more ionizations within the soft tissue, which is related to biological damage.
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o Quality factor Absorbed dose equal to
Type of radiation

((e)) a unit dose equivalent®
X-ray, gamma, or beta radiation 1 1
Alpha particles, multiple-charged
particles, fission fragments and
heavy particles of unknown charge 20 0.05
Neutrons of unknown energy 10 0.1

Table 1.  Typical Quality factor ({J) [After 15]

B. PHOTON PRODUCTION

The high-energy halo electrons (~100 MeV) that hit beamline components will
lose energy either by radiative or collisional losses. Collisional losses occur through

excitation and ionization processes. Radiative losses are associated with the creation of

bremsstrahlung photons [16]. Energy loss (k) per unit distance traveled () for the

£.(#) (2).

coll

electrons can be related to

The collisional losses are primarily due to ionization and are a small portion of the total
energy loss for high energy electrons. As the electron energy is lowered, the radiative
losses for the higher energy electrons will become a smaller portion of the total energy
lost and the collisional losses will become a larger portion of the total energy loss. The
energy where collisional losses and the losses due to radiation (bremsstrahlung) are equal

is called the critical energy, K _. The critical energy is dependent on the type of material

and can be given by [17]

39)

[

[SOOMeV]
Z+12 /)’

where 7 is the atomic number of the target material. When the electron energy is above
the critical energy, the radiation losses will dominate, and when the electron energy is

below the critical energy, the ionization losses are dominant.
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Ionization is the process of either removing or adding charged particles from an
atom. These charged particles are primarily electrons, but could include nucleons. The
first ionization event between the incident particle and the atom will typically have the
highest energy transfer. The average rate of energy losses due to ionization and
excitation in relation to the average path an electron travels is called the collisional
stopping power. Higher density materials have a larger impact on the collisional stopping

power.

Radiation losses due to bremsstrahlung, “braking radiation,” are the primary
means of energy loss for high energy electrons. Bremsstrahlung is the process of the high
energy electrons being deflected and decelerated by the nucleus of the atom in the target
material. This change in direction and speed of the electron lowers the kinetic energy and
emits a photon in this process due to electron acceleration (Figure 14). Relativistic
electrons colliding with the target material will produce the highest concentration of

photons in the general direction of the incident electron beam.

Eq

Y
e\

¢ @,
lré
Figure 14. Bremsstrahlung process [From 18]

The average energy lost from the bremsstrahlung process over an average path
traveled is called the “radiative stopping power.” The sum of both the collision and
radiative stopping powers is the “total stopping power.” The total distance that the
electron travels before it is stopped in the material is called the continuous stopping

distance
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approximation range ( R [15]. The R assumes that the electron entering into the

CSDA ) CSDA

material loses energy continuously over many atoms and can give an approximate

penetration distance.

Another important distance parameter is the radiation length. The radiation length

(X,) describes the mean depth in the material in which the electron will have an energy

reduction by a factor of e due to bremsstrahlung. Radiation length is affected by denser

materials and as 7 increases then X, decreases. When radiation losses are the primary

mechanism of energy loss (K, > E,), the electron energy at a certain depth is given by

[17]

E=Ee ", (40)
where x is the distance in the material and F is the initial electron energy. Radiation
length (X)) can vary from ~37 c¢m for water to ~0.56 cm for lead. Figure 15 shows the

percentage of photons produced when the electrons collide with various target materials.
It is important to note that while higher Z materials have a lower £ and therefore
produce a larger amount of photons (Figure 15), they will also tend to have a shorter
photon stopping distance. The remainder of the energy not converted to photons will be

lost through ionization.

Figure 15. Percent yield of photons due to bremsstrahlung for various stopping
materials for electrons [From 19]
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C. NEUTRON PRODUCTION

Photons produced from bremsstrahlung can have various energies, depending on
the initial energy of the electron. Photoneutron production generally begins when photon
energies are at least 10 MeV. One of the main mechanisms of photoneutron production is
the Giant Dipole Resonance (GDR). GDR produces neutrons when photons are incident
on a target material and have an energy above the nuclear binding energy for the material
(~7-30 MeV). The energy from the photon causes oscillations to occur within the
nucleus and can result in a neutron being ejected. For lower energy electron beams (<100
MeV), GDR is the largest contributor of neutrons due to the large density of lower energy

photons.

When the photon energies become greater (~30 to 300 MeV), the photoneutron
production shifts to a Quasi Deuteron (QD) mechanism. This mechanism differs from
the GDR in the way energy is imparted to the proton-neutron pair bonds. In contrast,

GDR creates a resonance condition that causes neutron ejection [19].

D. ELECTROMAGNETIC CASCADE

An electromagnetic cascade will occur when the initial energy of an electron ( £,)
is high enough to have radiative losses in the target material (E,[J E). When the

primary electron travels in the material a distance ~ X, typically a photon is produced.
The energies of both the photon and electron at X are typically - F, /2. If the energy of

the electron is high enough to continue to have radiative losses, it will travel another

distance ~ X before creating another photon. The photons produced will travel further

in the material (~ 9/7 X,) before it undergoes pair production and can create an electron-

positron pair (e'e ) pair when photon energy is above 1.022 MeV. Energy of the e'e”
pairs will be split (~ E, /4) from the photon undergoing pair production [17]. These

e’e pairs can continue and create photons again after traveling ~ X, resulting in a

cascade as shown in Figure 16.
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Figure 16.  General overview of the electromagnetic cascade [From 20]

E. SHIELDING

Figure 17 shows dose equivalent values from both bremsstrahlung and
photoneutrons when high energy electrons hit an unshielded target. The graph also
shows how dose from bremsstrahlung has an angular dependency associated with the

measured values.

Figure 17. Dose equivalent from unshielded thick target material interaction with high
energy electrons at 1 m [From 19]
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The goal of a shielding design is to lower the energy of the radiation to a level
that is safe for personnel and equipment. Many types of shielding materials are available
for use and depend on the type of radiation that needs to be attenuated. Most shielding, if
thick enough, will attenuate photon and neutron radiation. However, the design of the
shielding should also take into account cost and size. In high energy electron cases, the
photons produced are the primary radiation concern. This is due to the fact that the
number of photons produced in the electromagnetic cascade is much higher than
photoneutrons. Figure 18 shows the “half-value thicknesses™ of materials for shielding
against photons. The half-value thickness is the amount of material required to reduce
the initial dose value by half. It is important to note that the higher the atomic number
(Z) for a given material, the better the material attenuates photons, but the less effective
it is in shielding neutrons. This is because a neutron transfers less of its kinetic energy in
a collision with a heavier nucleus relative to a collision with a lighter nucleus. Shielding

for neutrons is therefore most effective with materials containing high hydrogen content.

The dose through the shielding can be approximated by

Hpi = (-5%%’2 )H snshiclded (41)
where H is the photon dose rate (shielded and unshielded), x is the thickness of the

material, and x,, is the half-valued thickness. This equation will allow for hand

calculations of shielding models in a later chapter to confirm simulation results. Multiple
scattering events will lower the energy to the point where they will be absorbed into the
material. It is important to note that when the neutrons are absorbed, the neutrons can
release capture gammas. In most accelerator facilities, concrete is used as shielding for
both photons and neutrons due to its high hydrogen content and relatively low cost, but

this research will also explore the use of other materials.
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Figure 18. Half-Value layers for photons [From 21]

30



VI. EXPOSURE LIMITS AND MODELING SOFTWARE

A. EXPOSURE LIMITS

As discussed previously, radiation exposure from the operation of the ERL FEL
can be a concern and is generally handled with the use of shielding. The establishment of
acceptable radiation exposure determines the amount of shielding required for facility
workers and the general public. Limits established by the Nuclear Regulatory
Commission (NRC) are reported in document 10 CFR 20; those from the Department of
Energy (DOE) are reported in 10 CFR 835. Both regulations have the same exposure
limits for workers and the general public. The maximum annual exposure for workers is

5000 mrem/yr. The exposure limit for the general public is 100 mrem/yr.

B. MODELING PROGRAM OVERVIEW

Analysis and tracking of high energy electrons is a complicated task when the
electron population becomes large. Use of complicated particle tracking software in
conjunction with modeling software has allowed for complex shielding geometries to be
analyzed. The program used in this project is FLUKA [22],[23], which is a Monte Carlo
simulation program that allows for the understanding of high energy electron interactions
and transport within various materials and geometries. Use of this program is for non-
military applications and non-commercial applications; therefore, this research focuses on
the shielding requirements of a design to be used for noncommercial, civilian

applications.

C. FLUKA USAGE VALIDATION

The FLUKA program is a complicated program designed with many features that
allow users to analyze the performance of shielding designs of specific geometries. Since
this program is complex, the FLUKA physics engine is verified using a previous
experiment conducted at the Naval Postgraduate School (NPS). The experiment
consisted of energy deposition from a 100 MeV electron beam into a tank of water [24].

Measurements of the energy deposition at various distances within the water from the
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beam were measured using a CaFl TLD. A FLUKA model was created to mimic the
beam parameters and water geometry so that the predicted energy deposition values could

be compared to the experimental ones.

Figure 19 displays the results from FLUKA of the radial dose generated in the
model of a 100 MeV electron beam penetrating the water tank. The graph (Figure 19)
also provides a visualization of the attenuation characteristics of electrons in water. This
figure was then compared to experimental data points that were translated from the NPS
report. The report states that the data points from the experiment have up to 20% error in
there recorded values. These recorded dose values from the report were taken from
various off-axis distances. The model results were averaged at the specific distances
matching the experimental distances from the report. The excellent agreement shown in
Figure 20 both on and off-axis at various distances in the water tank indicate that the
performance of the FLUKA engine and the methodology of modeling were correct.
These results now show that we can confidently continue with the shielding design

studies.
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Figure 19. Dose values 100 MeV electron beam in water with FLUKA.
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Figure 20.  Graphs show comparison between the experiment and FLUKA at various
distances within the water tank [After 24]
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VIl. SHIELD MODELING FOR ENERGY RECOVERY LINAC
(ERL) FEL

A. GENERAL MODEL DESIGN PARAMETERS

The goal of the different shielding designs is to understand the relationship
between the halo electrons lost and the shielding required to protect personnel in the near
proximity. The shielding required will also be determined by the amount of radiation that
would be allowed on the outside of a vault. Using the radiation limits established by the
NRC and DOE for facility workers of 5 rem/yr with a 2000 hr/yr exposure time equates
to an allowable exposure rate of 2.5 mrem/hr. In order to allow for modeling and
calculational errors of the radiation exposure rate, the limit was set to 2 mrem/hr (80% of
allowable). It is noted that other research facilities have established radiation limits
outside the shield based on the lower general public limit of 100 mrem/yr. We chose the
higher value to give the most flexibility in our shield designs and with the intention that
some of these designs may be mobile or in isolated areas. Restricting access outside the
shield to non-facility workers during operation will allow for higher exposure limits

outside the shielding.

The basic model of the FEL uses a single beam pipe contained within a vault
enclosure. This configuration was chosen as the “worst case scenario” in determining the
acceptable amounts of halo loss. It is understood that an Energy Recovery Linac (ERL)
FEL does contain other components that can intercept halo electrons. Most of the other
beamline components of concern (the undulator, for example) have larger material
thicknesses as compared with the beam pipe. If the material has substantial thickness it
will start to have some self-shielding properties of the radiation being produced within
the material. This self-shielding effect causes thicker materials to absorb more of the
radiation being produced compared to thinner materials. The beam pipe used in the
models has a diameter of 4.5 cm and wall thickness of 0.25 cm and will have little self-

shielding effect.

Halo electrons that collide with the beam pipe can scrape secondary electrons off

the interior wall and introduce them into the electron population contained within the
35



beam pipe. These secondary electrons will not be at same energy level as the general
electron population traveling in the beam pipe. This difference can have an effect when
the lower energy electrons enter into the bending magnets. The lower energy electrons
might collide with the inner surface of the beam line and not make it around the bend.
An end cap was inserted in our model on the end of the beam pipe to simulate this event.
The wall thickness of the end cap was set to the same wall thickness as the straight
section of the beam pipe (0.25 cm). The length of the beam pipe is 4 m and allows for
the halo electrons to spread over approximately 1 m of the beam pipe due to divergence.
Another consideration in the length of the beam pipe was to have it long enough so that

the secondary electrons could be produced and have some impact on the results.

The electron beam of the FEL will have a initial position of 50 cm from the
beginning of the beam pipe and directed along the pipe. Table 2 lists the other
parameters used for the electron beam halo. The beam energy is 100 MeV with a
cylindrical shape of 3 mm radius and 30 mrad angular spread. These values were chosen
to create a condition for the halo electrons to interact with the beam pipe to evaluate the

shielding requirements.

Beam Radius 0.3 cm
Beam Shape Cylinderical
Beam Energy 100 Mev
Beam Divergence 30 mrad
Table 2. Electron beam halo parameters

B. COMPARTMENT BULKHEAD ANALYSIS
1. Concrete Only

As mentioned previously, a common material used at accelerator facilities for
shielding is concrete. In this model, the thickness of the concrete was varied and resulted
in changes in the amount of radiation dose received outside the shielding. These

radiation dose rates were then correlated to the amount of acceptable halo electron loss
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that would keep the outside total radiation exposure to < 2 mrem/hr. In designing the
FEL vault, a cyclindrically symmetric shape was used as this simplified the design and
visualization of the results; centered within the vault was the beam pipe described above.
The wall thickness in this model was varied from 100 cm to 200cm in 20 cm increments

as shown in Figure 21.

Figure 21.  Concrete-only model in FLUKA with 20 cm partitions for additional
shielding (Light blue — Air; Purple — Concrete; Dark blue —Water)

In Figure 22 shows the resultant radiation distribution. The strong forward
focusing of the photon radiation, and a more isotropic distribution of neutron radiation is
observed. The radiation level was measured on the outside of the downstream wall with
a 30 cm thick detector of water (representing a person) and placed 1 cm outside from the

outer surface of the shielding.
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Figure 22.  (Top) Number of neutrons per cm*-primary. (Bottom) Energy deposition
from photons. Both graphs use 200 cm of concrete shielding.

Figure 23 shows the dose reported in Sieverts per primary particle (pSv/part)
received in the detector (person) after 200 cm of concrete. A sievert is the international

standard for dose equivalent (1 Sv =100 rem).
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Figure 23. FLUKA dose measurement in water (person) after 200 cm concrete.

The highest dose value obtained from the graph was used as the whole body dose
due to penetration being at least 2 cm within the water detector. Figure 24 shows the
results of the measurements taken from the increase in shielding from 1 m to 2 m. The
maximum amount of halo current allowed (based on not exceeding 2 mrem/hr) is plotted
in Figure 24 as the concrete shielding thickness is varied from 100 cm to 200 cm. The
lost halo current allowed is only ~1.5 pA if only 1 m of concrete shielding is used. The

lost halo current allowed increases to 250 pA if 2 m of concrete is used.
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Figure 24. Halo current loss versus shield thickness for 100200 cm of concrete
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These results were compared to hand calculations using ~100 cm of concrete
shielding. The current of the halo electrons being lost was assumed to be 1 pA and with a
radius of 2.25 cm. A thumb rule was used to convert the high energy electrons that
collide with a thick material to a dose rate (¢ /df). This thumb rule is for electrons

with F,>20 MeV. The results of the calculations were as follows [17]:

‘f ~ 300E, [(Gy hr")(kW m?) "], (42)

ﬁ) =300(100) =3 x 10" [(Gy hr")(kW m™?) "]~ 4.7 x 10" mrem/hr,

where [, is the initial electron energy in MeV and Grey (Gy) is the international

standard for dose absorbed (1 Gy = 100 rad). The half value thickness of concrete is 15
cm for 100 MeV electrons obtained using Figure 18. Using the half value thickness a

dose rate can be calculated for outside the shielding using (41) as follows:

H itiea = (0- 5 )H unshielded
H, ... =(05%"Y47x10" mrem/ hr ~ 4.7x10° mrem/ hr,

where H is the photon dose rate (shielded and unshielded), x is the thickness of the

material, and x;,, is the half-valued thickness. The calculations were then compared with

1/2

values obtained from the model in Table 3.

Calculated Results (100 cm Concrete) | Model Results (100 cm Concrete)

4.7x10° mrem/hr 1.34x10® mrem/hr

Table 3.  Comparison of calculated and FLUKA model results

Differences between the two results can be associated with the fact that the detectors in
this model integrate the total of all the types radiation received and reports a cumulative
result. The hand calculated results only use a photon dose since it is the dominant
radiation source. Even with these differences, the simulated and hand calculated
estimates are the same order of magnitude; this provides verification that the model

results are reasonable.
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2. Lead-Concrete Shielding

The next shielding configuration analyzed the effectiveness of using lead in
combination with concrete shielding. Using lead prior to the concrete allows for
attenuation of the high energy photons and electrons. The concrete is used after the lead
to attenuate and absorb the photoneutrons produced in the lead. This model evaluated the
thickness of the lead/concrete shielding and compared it with the 200 cm of concrete.
The 100 cm of concrete used in this model remained fixed. The lead shielding was added
to the interior of the vault wall downstream of the beam pipe. Thickness of the lead
shielding was varied from 0 to 15 cm in 3 cm increments. Placement of the detector

remained in the same position as in the concrete-only model (Figure 25).

Figure 25. 100 cm Concrete shielding model with lead shielding. (Light blue — Air;
Grey — Lead; Purple — Concrete; Dark blue —Water)

Figure 26 shows that the photon radiation has a strong forward focusing while the
neutrons in the graph (top) show the lead having a stronger scattering effect than seen in
Figure 22. Thickness of the lead shielding in Figure 26 is 9 cm. The photon graph in
Figure 26 (bottom) can be compared to Figure 22 after ~100 cm of concrete and shows
the photon distributions starts to look similar. This similarity can be confirmed by
comparing the lead and concrete “tenth thicknesses,” which is the amount of material that
is required to reduce the dose rate by 1/10 of the original value. The tenth thickness for

concrete is ~50 cm (Figure 18) and with the 100 cm of concrete would result in
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approximately two tenth thicknesses. Lead has a tenth thickness of ~4.5 cm, so two

tenth thicknesses of lead is approximately equal to 100 cm of concrete.
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Figure 26.  (Top) Number of neutrons per cm’-primary. (Bottom) Energy deposition
from photons. Both graphs using 9 cm of lead followed by 100 cm of
concrete.

The radiation levels were measured with the same detector configuration as used
in the concrete-only model. Figure 27 shows the dose (pSv/part) received in the detector

with 9 cm of lead and 100 cm of concrete.
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Figure 27. Total dose (pSv/part) outside downstream wall for 9 cm lead and 100 cm
concrete

The maximum amount of halo current allowed in this case (based on not
exceeding 2 mrem/hr) is plotted in Figure 28 as the lead shielding thickness is varied
from no lead to 15 cm with an additional 100 cm of concrete. The lost halo current
allowed is only ~1.5 pA if only 1 m of concrete shielding is used. The lost halo current

allowed increases by almost 6000 times to 8.9 nA if 15 cm of lead is used in addition to

the concrete.

Figure 28. Maximum halo current loss versus varying thicknesses of lead followed by
100 cm of concrete
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C. LOCALIZED SHIELDING

The primary shielding in most ERL FEL facilities is the vault walls. Use of an
ERL FEL in the future may require that the FEL be mobile, so it may not be desirable to
have thick heavy walls. This section will assume that the ERL FEL can be
compartmentalized to fit into a series of semi-trailers. The walls of the trailer are
assumed to be 0.635 cm thick carbon steel. These walls are thicker than the traditional
trailer walls and were chosen based on the need for structural support for the trailer
containing the FEL. Some of the constraints associated with using a trailer to house the

FEL are the width and weight of the trailer.

One of the ways to address the weight and size restrictions is to have localized
shielding in only these areas that halo electron loss would most likely occur. Using
localized shielding could eliminate or dramatically reduce the overall shielding required
on the walls of the trailer. The models will utilize two primary materials for the localized
shielding. One of them is the standard lead shielding used previously and the other
material is a 30% borated polyethylene (SWX-210) from Shieldwerx [25]. This material
required creating it within FLUKA based on the manufacture’s material specifications.
The localized shielding shapes are modeled as cylinders surrounding the beam pipe for

simplification of the modeling.

Weight savings from utilizing localized shielding versus exterior shielding can be
evaluated using the different densities of the materials. The density is 2.3 g/em’ for
concrete, 1.12 g/em’® for borated-poly, and 11.34 g/cm’ for lead. For the same given
volume of shielding materials, a 50%/50% arrangement of borated-poly/lead by volume
would have approximately three times more weight than concrete. Use of localized
shielding allows for the significant reduction of the volume of material required. Even
with using the more dense materials, it would weigh less overall compared to using
lighter materials on all the trailer walls. More weight savings can be gained from having
the localized shielding in areas more prone to higher radiation levels from lost halo
electrons. A consequence of using localized shielding is that the components requiring

shielding may be more difficult to access for repair or maintenance.
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1. Borated-Poly and Lead, Alternating

The first localized shielding configuration was to place a 7.5-cm thick section of
borated-poly next to the beam pipe. A 7.5-cm thick piece of lead was placed outside of
the borated-poly and the materials were alternated giving a final shielding thickness of 75
cm (Figure 26). This configuration was chosen with the understanding that the borated-
poly has poor shielding characteristics for high energy electrons and photons, but better
for neutrons. The purpose of this model was to see the effects of placing high Z materials
after the lower Z materials. An additional water detector (person) was placed on the side

of this model to see if the localized shielding had any effect on the radiation patterns.

Figure 29. Model layout of localized shielding with alternating borated-polyethylene
and lead. (Green — borated-poly; Gray — Lead; Light Blue — air; Dark Blue —
Water)

Figure 30 shows that the photons and neutrons still maintain a strong forward
focusing of the radiation. The alternation of the lead and borated-poly has significant
impact on the both the neutrons and photons. This impact can be accounted for due to the
attenuation of the electrons/photons from the high Z material (lead) and of the
photoneutrons from the low-Z material (borated poly). Furthermore, the layers of lead

surrounding the borated-poly also help to attenuate capture gamma photons.
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Figure 30. (Top) Number of neutrons per cm*-primary. (Bottom) Energy deposition
from photons. Both graphs use 7.5 cm of borated-poly followed by 7.5 cm
of lead that alternates to a total of 75 cm.

Radiation measurements were performed after each 15 cm section of borated-
poly/lead shielding was inserted. The values were then collected and compared with the
other values obtained over the entire 75 cm of shielding (Figure 31). Radiation values

from the side detector confirmed that the downstream wall was still the primary concern.
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Figure 31. (Top) Total dose (pSv/part) outside downstream wall. (Bottom) Total dose
(pSv/part) outside side walls. Both graphs use 7.5 cm of borated-poly
followed by 7.5 cm of lead that alternates to a total of 75 cm.

The maximum amount of halo current allowed in this case (based on not
exceeding 2 mrem/hr) is plotted in Figure 32 as the borated-poly/lead thickness
(50%/50%) 1s varied from 15 cm to 75 cm. The lost halo current allowed is only ~1.1 pA
if only 15 cm of borated-poly/lead shielding is used. The lost halo current allowed
increases to 0.25 pA if 75 cm of borated-poly/lead is used. Comparing the maximum halo

loss current of 0.25 pA (localize) to 0.25 nA (concrete-only) shows that the heavier and
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more effective shielding materials should be used. As mentioned, the overall weight will

be less utilizing localized shielding compared to general wall shielding.

Figure 32. Maximum halo current loss versus shield thickness for 7.5 cm of borated-
poly followed by 7.5 cm of lead that alternates to a total of 75 cm.

2. Lead and Borated-Poly, Alternating

The next localized shielding configuration was to switch the order of the lead and
borated-poly shielding materials from the previous model. Thickness of the shielding
materials was maintained at 7.5 cm for each section and the overall localized shielding

thickness stayed at 75 cm as shown in Figure 33.

Figure 33. Model layout of localized shielding with alternating lead and borated-
polyethylene (Green — borated-poly; Gray — Lead; Light Blue — air;
Dark Blue — Water)
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Figure 34 shows that the photons and neutrons still have a strong forward
focusing of the radiation. The alternating of the lead and borated-poly still maintains a
strong impact on both the neutrons and photons. There appears to be some differences
between Figure 30 and Figure 34. These differences are believed to be due to more
photons being attenuated since the lead is now next to the beam pipe. Attenuating the
photons early allows for the borated-poly to be more effective at attenuating the
photoneutrons. This is due to photoneutrons being produced prior the first layer of
borated-poly. Therefore, more borated-poly is exposed to the photoneutron flux and is

more effective than the previous model.
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Figure 34. (Top) Number of neutrons per cm*-primary. (Bottom) Energy deposition
from photons. Both graphs use 7.5 cm of lead followed by 7.5 cm of
borated-poly that alternates to a total of 75 cm.
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Radiation measurements were performed after each 15 cm section of
lead/borated-poly shielding was inserted (Figure 35). The values were then collected and

compared with the other values obtained over the entire 75 cm of shielding.
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Figure 35. (Top) Total dose (pSv/part) outside downstream wall. (Bottom) Total dose
(pSv/part) outside side walls. Both graphs use 7.5 cm of lead followed by
7.5 cm of borated-poly that alternates to a total of 75 cm.

The maximum amount of halo current allowed in this case (based on not
exceeding 2 mrem/hr) is plotted in Figure 36 as the lead/borated-poly thickness

(50%/50% by volume) is varied from 15 cm to 75 cm. The lost halo current allowed is
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only ~1.1 pA if only 15 cm of lead/borated-poly shielding is used. The lost halo current
allowed increases to 0.71 pA if 75 cm of lead/borated-poly is used. Comparing Figure 32
and 36 shows a 64% difference in the effectiveness of the shielding based on which
material was placed first against the beam pipe. This shows the importance of the higher

Z material and the effectiveness of attenuating the higher energy electrons/photons.
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Figure 36. Maximum halo current loss versus shield thickness for lead/borated-poly
alternating

3. Lead and Borated-Poly, Nonalternating

The benefit of the lead shielding being the first material is now established. This
model uses the same total thickness of shielding materials as the previous localized
shielding models but without the alternating pattern. The purpose of this model is to
compare its effectiveness to the previous localized shielding models. A 37.5-cm thick
section of lead shielding was placed immediately next to the beam pipe and followed by
another 37.5-cm thick section of borated-poly (Figure 37). The total amount of shielding

thickness is the same as the previous cases.
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Figure 37. Model layout of localized shielding with 37.5 cm of lead followed by 37.5
cm of borated-polyethylene (Green — borated-poly; Gray — Lead;
Light Blue — air; Dark Blue — Water)

Figure 38 shows the radiation patterns for the photons and neutrons. The neutron
graph (top) shows a strong neutron fluence being produced due to the large amount of

high Z material close to the beam pipe in this model.
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Figure 38.  (Top) Number of neutrons per cm’-primary. (Bottom) Energy deposition
from photons. Both graphs use 37.5 cm of lead followed by 37.5 cm of
borated-poly.
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Dose values obtained in this configuration resulted in the side detector and
downstream detector being approximately equal as shown in Figure 32. It is believed
that the stronger dose to the side detector can be attributed to the increase in the amount

of capture gammas and a more isotropic distribution of the photoneutrons produced.
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Figure 39. (Top) Total dose (pSv/part) outside downstream wall. (Bottom) Total dose
(pSv/part) outside sidewall. Both graphs using 37.5 cm of lead followed by
37.5 cm of borated-poly configuration.
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The effectiveness of this shielding configuration was evaluated by reducing the
shielding material for both the lead and borated-poly keeping the percentage of each
material remained the same during each simulation run. The maximum amount of halo
current allowed in this case (based on not exceeding 2 mrem/hr) is plotted in Figure 40 as
the lead/borated-poly thickness is varied from 15 c¢cm to 75 cm of the stated shielding
configuration. The lost halo current allowed is only ~1.1 pA if only 15 cm of the
lead/borated-poly shielding is used. The lost halo current allowed increases to 0.3 pA if
75 cm of lead/borated-poly is used.

Figure 40. Maximum halo current loss versus shield thickness for 37.5 cm of lead
followed by 37.5 cm of borated-poly configuration

4, Lead — Borated-Poly — Lead, Nonalternating

The previous model showed that with the thicker high Z material next to the high
energy photon source, more photoneutrons were produced. A higher production of
photoneutron will result in a higher dose rate from capture gammas, if there is no
additional high-Z shielding. This model will continue to use the same total thickness of
shielding materials as the previous localized shielding models. The purpose of this model
is to modify the previous model in C.3 by moving 15 cm of the lead shielding to the
outside of the borated-poly (Figure 41). This will allow for attenuation of the lower

energy capture gammas produced from the photoneutron production.
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Figure 41. Model layout of localized shielding with 22.5c¢cm lead/37.5 cm borated-
poly/15 cm lead configuration (Green — borated-poly; Gray — Lead;
Light Blue — air; Dark Blue — Water)

Figure 42 shows the radiation pattern for the photons and neutrons produced from
the high energy electrons colliding with the various materials. The neutron graph (Figure
38-top) shows that the strong fluence produced is approximately the same value as shown
in Figure 42 (top). Comparing Figure 38 and Figure 42, photon energy deposition shows
that there is a difference due to the lead shielding being placed on the outside of the

borated-poly.
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Figure 42. (Top) Number of neutrons per cm*-primary. (Bottom) Energy deposition
from photons. Both graphs use 22.5 cm of lead followed by 37.5 cm of
borated-poly followed by15 cm of lead.

Dose values obtained in this configuration are shown in Figure 43. The dose
values between the side detector and the downstream detector show the effect of moving
the lead material to the outside of the borated-poly. The small difference between the
two detectors can be attributed from the capture gammas having lower energy as

compared with the bremsstrahlung photons and contributes less to the total dose.
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Figure 43. (Top) Total dose (pSv/part) outside downstream wall. (Bottom) Total dose
(pSv/part) outside sidewalls. Both graphs using 22.5 cm of lead followed by
37.5 cm of borated-poly followed by 15 cm of lead.

The effectiveness of this shielding configuration was evaluated by reducing the
percentage of shielding material for both the lead and borated-poly. The configuration of

the shielding remained the same during each simulation run. The maximum amount of
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halo current allowed in this case (based on not exceeding 2 mrem/hr) is plotted in Figure
44 as the lead/borated-poly/lead thickness is varied from 25 cm to 75 cm of the stated
shielding configuration. The lost halo current allowed is only ~16.2 pA if 25 cm the
lead/borated-poly/lead shielding is used. The lost halo current allowed increases to 0.3

pA if 75 cm of borated-poly/lead is used.

Figure 44. Halo current loss versus shield thickness for 22.5cm lead/37.5 cm borated-
poly/15 cm lead configuration. Other data represent percentage of the
original 75 cm thickness.

These various model configurations show that some are more effective shields
than others. Table 4 shows the maximum halo current allowed for 75 cm of shielding for

the localized shielding models.

Maximum halo current allowed for 75 cm of shielding

Model Maximum Halo Current Allowed

Borated-poly/Lead (alternating) 2.5x10-

Lead/Borated-poly/Lead (Nonalternating) 2.5x10-7

Lead/Borated-poly (Nonalternating) 3x10-7

Lead/Borated-poly (alternating) 7.1x10-

Table 4.  Maximum halo current allowed for various localized shielding models at
75 cm.
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D. OPERATIONAL TIME CONSIDERATIONS

The previous models assumed an occupancy and running time of 2000 hr/yr. The
operational time of an FEL for communications or other applications could have
considerably less operating time than the 2000 hours presented. Radiation limits above
were based on the 5 rem/yr federal limits for facility workers. If the same limits were
applied to a shorter operational time, then shielding requirements would be reduced.
Figure 45 shows the effect on the localized shielding required when operational time is
reduced down to 2 hrs/yr. It is important to note that receiving the radiation limit in a
short period may raise some concerns. Operation of the FEL in the applications
previously mentioned would most likely be shorter segments of time (i.e., seconds to
minutes at a time) throughout the year. This would allow for lower administrative
radiation exposure limits to be established and ensure higher control of personnel
exposure. However, even with the adjustment of operational time, reduction of halo
current lost still remains the primary method of reducing the shielding and personnel

radiation exposure.

Figure 45. Maximum halo current loss versus shield thickness for lead/borated-poly
alternating, with varying operational time.
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E. WEIGHT CONSIDERATIONS

The localized shielding models show that is it possible to provide enough
shielding for radiation protection of equipment and personnel. Use of heavier materials
in the localized shielding may raise concerns of weight issues. Figure 46 shows the
relationship between the maximum halo current lost and the amount of shielding weight.
The localized shielding can be broken into smaller sections and placed in areas of high
halo loss along the FEL beamline, such as pipe bends. This graph assumes a total of 5
meters in length of shielding materials will be used throughout the beamline. The

different lines correspond to the varying operational time shown previously in Figure 45.

Figure 46. Maximum halo current loss versus shield weight for lead/borated-poly
alternating, with varying operational time.
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VIIl. CONCLUSION

This thesis covered the aspects of operation of the FEL and how halo electrons
co-exist with the core electron beam. We also showed that halo electrons with an
excessive angle or radial position could collide with the inner surface of the beamline.
These collisions could be a radiation hazard and would require shielding in order

minimize the hazard for both personnel and equipment.

We showed that the use of a single shielding material is not the most effective
method of shielding high energy electrons. In this thesis, we were able to contrast the
differences between traditional vault shielding and localized shielding. The results from
the different geometries showed that use of localized shielding could reduce or possibly
eliminate the requirements of the shielding on the vault walls. This use of localized
shielding also showed that with adequate construction, halo current losses up ~1 pA
could be supported without exceeding exposure limits. Localized shielding
configurations could offer the possibility of mobile designs of an FEL without

compromising radiation safety for personnel.
Recommendations for future work are:
e Continue to explore the possible shielding geometries, and materials.

e Examine effects of activation of vault components based on different

shielding configurations.

e Examine the shielding requirements of the different ERL FEL designs

with applicable monte-carlo software.
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APPENDIX

A. CONCRETE ONLY FLUKA INPUT FILE

* D:\Desktop\FLUKA inputs\concrete.dat
* Created: 6.10.2011

* At: 23:59:29

200CM-CONCRETE

MC-CAD Test

GLOBAL  100000.0 0.0 0.0 0.0 1.0

BEAM -1 0.0 30.0 3 0.0 -1.0ELECTRON
BEAMPOS 0.0 0.0 -50. 0.0 0.0

AUXSCORE USRBIN dose  dose AMB74
USRBIN 11. DOSE-EQ -23. 100. 0.0 58I1.dose
USRBIN 0.0 0.0 551. 50. 36. 30.&
USRBIN 11. E+&E- -24. 100. 0.0 581.det-e
USRBIN 0.0 0.0 551. 50. 36. 30.&
USRBIN 11. EM-ENRGY -25. 100. 0.0 581.det-em
USRBIN 0.0 0.0 551. 50. 36. 30.&
USRBIN 11. NEUTRON -26. 100. 0.0 581.det-n
USRBIN 0.0 0.0 551. 25. 36. 15.&
USRBIN 11. EM-ENRGY -21. 270. 0.0  590.det-em
USRBIN 0.0 0.0 -275. 100. 36. 250.&
USRBIN 11. NEUTRON -22. 270. 0.0 590.det-n

USRBIN 00 00 -275. 100. 36. 250.&%
START 100000.

PHOTONUC 1. LEAD LEAD

PHOTONUC 1. Concrete Concrete

GEOBEGIN COMBNAME
0 0 MC-CAD

* blkhole

SPH blkhole 0.00 0.00 0.00 100000.00

* concl

RCC concl  0.00 0.00 -250. 0.00 0.00 700. 150.

* conc2

RCC conc2  0.00 0.00 -270. 0.00 0.00 740. 170.

* conc3

RCC conc3  0.00 0.00 -290. 0.00 0.00 780. 190.

* conc4d

RCC concd  0.00 0.00 -310. 0.00 0.00 820. 210.

* concd

RCC conc5  0.00 0.00 -330. 0.00 0.00 860. 230.

* pipe_in

RCC pipe_in  0.00 0.00 -100.25 0.00 0.00 400. 2.25

* pipe_out

RCC pipe_out 0.00 0.00 -100.5 0.00 0.00 400.5 2.50

* void

SPH void  0.00 0.00 0.00 10000.00
RCC detl 0.00.0 551. 0.0 0.0 10. 100.
RCCdet2  0.00.0561.0.00.0 10. 100.
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RCCdet3  0.00.0571.0.0 0.0 10. 100.

RCC chamber5 0.0 0.0 -230. 0.0 0.0 660. 130.

RCC chamber4 0.0 0.0 -210. 0.0 0.0 620. 110.

RCC chamber3 0.0 0.0 -190. 0.0 0.0 580. 90.

RCC chamber2 0.0 0.0 -170. 0.0 0.0 540. 70.

RCC chamberl 0.0 0.0 -150. 0.0 0.0 500. 50.

RCC conc6 0.0 0.0 -350. 0.0 0.0 900. 250.

END

* BLACKHOLE REGION OUTSIDE VOID

BLKHOLE 5 +blkhole -void

* PIPE

PIPE 5 +pipe_out -pipe_in

CHAMBERI1 5 +chamber2 -chamberl

CHAMBER2 5 +chamber3 -chamber2

CHAMBER3 5 +chamber4 -chamber3

CHAMBER4 5 +chamber5 -chamber4

CHAMBERS5 5 +concl -chamber5

* VAULT

VAULT 5 +chamberl -pipe _out

* INSIDE THE BEAM PIPE

BMLINE 5 +pipe_in

* VOID REGION OUTSIDE WALL

VOID 5 +void -conc6 -detl -det2 -det3

* 1ST 5CM OF WATER DETECTOR

DETI1 5 +detl -det2

*2ND 5CM WATER DETECTOR

DET2 5 +det2 -det3

* 3RD 5CM OF WATER DETECTOR

DET3 5 +det3

CONCI1 5 +conc2 -concl

CONC2 5 +conc3 -conc2

CONC3 5 +conc4 -conc3

CONC4 5 +conc5 -conc4

CONCS5 5 +conc6 -concS

END

GEOEND

ASSIGNMA  WATER  DETI

ASSIGNMA  WATER DET2

ASSIGNMA  WATER DET3

* Concrete

* Concrete has a wide variation in density and composition. The above
* description is for poured structural concrete with 10% moisture

* content. Concrete block will have a density of about 2.05 g/cm3.

* Ranges of concrete composition are : C (8-25%), O (38-60%), Si (8—-18%).
* Concrete composition can be analyzed cheaply by commercial laboratories.
MATERIAL 2.34 Concrete
COMPOUND 23.0 CARBON 40.0 OXYGEN 12.0 SILICONConcrete
COMPOUND 12.0 CALCIUM 10.0 HYDROGEN 2.0 MAGNESIUConcrete
MATERIAL 24. 519961 7.18 CHROMIUM
* Stainless-Steel (typical)

* Stainless-Steel is produced with Cr content ranging from

* 4 - 19 Atomic Percent, and with C content from 0 - 4 percent.
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MATERIAL 8.0 Stainles
COMPOUND 18.0 CHROMIUM 74.0 IRON 8.0 NICKELStainles
ASSIGNMA BLCKHOLE BLKHOLE

ASSIGNMA Stainles  PIPE

ASSIGNMA AIR VAULT

ASSIGNMA Concrete CHAMBERI1

ASSIGNMA Concrete CHAMBER2

ASSIGNMA Concrete CHAMBER3

ASSIGNMA Concrete CHAMBER4

ASSIGNMA Concrete CHAMBERS

ASSIGNMA VACUUM BMLINE

ASSIGNMA VACUUM VOID

ASSIGNMA Concrete CONCI1

ASSIGNMA Concrete CONCI

ASSIGNMA Concrete CONC2

ASSIGNMA Concrete CONC3

ASSIGNMA Concrete CONC4

ASSIGNMA Concrete CONC5

BIASING 0.0 1. .0001 BMLINE
BIASING 0.0 1. .0002 PIPE
BIASING 0.0 1. .0002 VAULT
BIASING 0.0 1. 114.688 DETI
BIASING 0.0 1. 1026. DET2
BIASING 0.0 1. 9234, DET3

BIASING 0.0 1.0 .0008 CHAMBERI1
BIASING 0.0 1.0 .0008 CHAMBER?2
BIASING 0.0 1.0 .0032 CHAMBER3
BIASING 0.0 1.0 .0032 CHAMBER4
BIASING 0.0 1.0 .0128 CHAMBERS
BIASING 0.0 1.0 .0128 CONCI
BIASING 0.0 1.0 512 CONC2
BIASING 0.0 1.0 1.024 CONC3
BIASING 0.0 1.0 4.096 CONC4
BIASING 0.0 1.0 16.384 CONC5
BIASING 0.0 1.0 16384 VOID
STOP

B. LEAD-CONCRETE FLUKA INPUT FILE

* D:\Desktop\FLUKA inputs\pbconcrete.dat
* Created: 6.10.2011

* At: 23:59:29

PB-CONCRETE

MC-CAD Test

GLOBAL 1000.0 0.0 0.0 0.0 1.0

BEAM -1 0.0 30.0 3 0.0 -1.0ELECTRON
BEAMPOS 0.0 0.0 -50. 0.0 0.0

AUXSCORE USRBIN dose  dose AMB74
USRBIN 11. DOSE-EQ -23. 100. 0.0 58I1.dose
USRBIN 0.0 0.0 551. 50. 36. 30.&
USRBIN 11. E+&E- -24. 100. 0.0  581.det-e

USRBIN 0.0 0.0 551. 50. 36.  30.&
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USRBIN 11. EM-ENRGY

USRBIN 0.0
USRBIN 11.
USRBIN 0.0

USRBIN 11. EM-ENRGY

USRBIN 0.0
USRBIN 11.
USRBIN 0.0

START 200000.

PHOTONUC

PHOTONUC

GEOBEGIN
0 0

* blkhole

NEUTRON

NEUTRON

SPH blkhole 0.00 0.00 0.00 100000.00

* concl

RCC concl  0.00 0.00 -250. 0.00 0.00 700. 150.

* conc2

RCCconc2  0.000.00-270. 0.00 0.00 740. 170.

* conc3

RCC conc3  0.00 0.00 -290. 0.00 0.00 780. 190.

* conc4d

RCC conc4  0.00 0.00 -310. 0.00 0.00 820. 210.

* concS

RCC conc5  0.00 0.00 -330. 0.00 0.00 860. 230.

* pipe_in

RCC pipe_in  0.00 0.00 -100.25 0.00 0.00 400. 2.25

* pipe_out

RCC pipe_out 0.00 0.00 -100.5 0.00 0.00 400.5 2.50

* void

SPH void  0.00 0.00 0.00 10000.00

RCC detl 0.00.0 551. 0.0 0.0 10. 100.
RCCdet2  0.00.0561.0.00.0 10. 100.
RCCdet3  0.00.0571.0.0 0.0 10. 100.
RCC chamber5 0.0 0.0 -250. 0.0 0.0 697. 150.
RCC chamber4 0.0 0.0 -250. 0.0 0.0 694. 150.
RCC chamber3 0.0 0.0 -250. 0.0 0.0 691. 150.
RCC chamber2 0.0 0.0 -250. 0.0 0.0 688. 150.
RCC chamberl 0.0 0.0 -250. 0.0 0.0 685. 150.
RCC conc6 0.0 0.0 -350. 0.0 0.0 900. 250.

END
* BLACKHOLE

BLKHOLE 5 +blkhole -void

* PIPE

PIPE 5 +pipe_out -pipe_in

CHAMBER1 5 +chamber2 -chamberl
CHAMBER2 5 +chamber3 -chamber2
CHAMBER3 5 +chamber4 -chamber3
CHAMBER4 5 +chamber5 -chamber4

CHAMBERS 5 +concl

* VAULT

VAULT 5 +chamberl -pipe_out

-chamber5
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-25.  100. 0.0 581.det-em
50. 36. 30.&

-26.  100. 0.0 58l.detn
25. 36. 15.&

21, 260. 0.0 590.det-em
100. 36. 250.&

=22, 260. 0.0 590.det-n
100. 36.  250.&

LEAD LEAD

Concrete Concrete

COMBNAME



* INSIDE BEAM PIPE

BMLINE 5 +pipe_in

* VOID REGION OUTSIDE WALL

VOID 5 +void -conc6 -detl -det2 -det3

*1ST 5CM OF WATER DETECTOR

DETI 5 +detl -det2

*2ND 5CM OF WATER DETECTOR

DET2 5 +det2 -det3

* 3RD 5CM OF WATER DETECTOR

DET3 5 +det3

CONCI1 5 +conc2 -concl

CONC2 5 +conc3 -conc2

CONC3 5 +conc4 -conc3

CONC4 5 +conc5 -conc4

CONC5 5 +conc6 -concS

END

GEOEND

ASSIGNMA  WATER  DETI

ASSIGNMA  WATER  DET2

ASSIGNMA  WATER  DET3

* Concrete

* Concrete has a wide variation in density and composition. The above

* description is for poured structural concrete with 10% moisture

* content. Concrete block will have a density of about 2.05 g/cm3.

* Ranges of concrete composition are : C (8-25%), O (38-60%), Si (8—18%).
* Concrete composition can be analyzed cheaply by commercial laboratories.
MATERIAL 2.34 Concrete
COMPOUND 23.0 CARBON 40.0 OXYGEN 12.0 SILICONConcrete
COMPOUND 12.0 CALCIUM 10.0 HYDROGEN 2.0 MAGNESIUConcrete
MATERIAL 24. 519961 7.18 CHROMIUM
* Stainless-Steel (typical)

* Stainless-Steel is produced with Cr content ranging from

*4 - 19 Atomic Percent, and with C content from 0 - 4 percent.
MATERIAL 8.0 Stainles
COMPOUND 18.0 CHROMIUM  74.0 IRON 8.0 NICKELStainles
ASSIGNMA BLCKHOLE BLKHOLE

ASSIGNMA Stainles  PIPE

ASSIGNMA AIR  VAULT

ASSIGNMA LEAD CHAMBERI

ASSIGNMA LEAD CHAMBER2

ASSIGNMA LEAD CHAMBER3

ASSIGNMA LEAD CHAMBER4

ASSIGNMA LEAD CHAMBERS

ASSIGNMA  VACUUM BMLINE

ASSIGNMA VACUUM  VOID

ASSIGNMA Concrete CONCI

ASSIGNMA Concrete CONCI

ASSIGNMA Concrete CONC2

ASSIGNMA Concrete CONC3

ASSIGNMA Concrete CONC4

ASSIGNMA Concrete CONCS

BIASING 0.0 1. .00025 BMLINE
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BIASING 0.0 1. .00025 PIPE
BIASING 0.0 1. .00025 VAULT
BIASING 0.0 1. 524288 DETI
BIASING 0.0 1. 1310.72 DET2
BIASING 0.0 1. 3932.16 DET3
BIASING 0.0 1.0 .001 CHAMBERI1
BIASING 0.0 1.0 .004 CHAMBER2
BIASING 0.0 1.0 .016 CHAMBER3
BIASING 0.0 1.0 .064 CHAMBER4
BIASING 0.0 1.0 .256 CHAMBERS
BIASING 0.0 1.0 1.024 CONCI
BIASING 0.0 1.0 4.096 CONC2
BIASING 0.0 1.0 16384 CONC3
BIASING 0.0 1.0 65.536 CONC4
BIASING 0.0 1.0 262.144 CONCS5
BIASING 0.0 1.0 262.144 VOID
STOP

C. LOCALIZED BORATED-POLY AND LEAD ALTERNATING

* D:\Desktop\FLUKA inputs\bplypbalt.dat
* Created: 6.10.2011

* At: 23:59:29

BPLY-PB-ALTXS5

MC-CAD Test

GLOBAL 1000.0 0.0 0.0 0.0 1.0

BEAM -1 0.0 30.0 3 0.0 -1.0ELECTRON
BEAMPOS 0.0 0.0 -50. 0.0 0.0

AUXSCORE USRBIN dose  dose AMB74
USRBIN 11. DOSE-EQ -23. 50. 0.0 481.635dose
USRBIN 0.0 0.0 451.635 50. 36. 30.&
USRBIN 11. DOSE-EQ -27. 161.635 0.0  330.dose$
USRBIN 131.635 0.0 230. 50. 36. 30.&
USRBIN 11. E+&E- -24. 50. 0.0 481.635det-¢
USRBIN 0.0 0.0 451.635 50. 36. 30.&
USRBIN 11. EM-ENRGY  -25. 50. 0.0 481.635det-em
USRBIN 0.0 0.0 451.635 50. 36. 30.&
USRBIN 11. NEUTRON -26. 50. 0.0 481.635det-n
USRBIN 0.0 0.0 451.635 25. 36. 15.&
USRBIN 11. EM-ENRGY  -21. 180. 0.0  490.det-em
USRBIN 0.0 0.0 -275. 100. 36. 250.&

USRBIN 11. NEUTRON -22. 180. 0.0 490.det-n

USRBIN 00 0.0 -275. 100. 36. 250.&
START 100000.

PHOTONUC 1. LEAD

PHOTONUC 1. POLYETHY

PHOTONUC 0.0 WATER

GEOBEGIN COMBNAME
00 MC-CAD

* blkhole

SPH blkhole  0.00 0.00 0.00 100000.00

* out_blkhd
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RCC outblkhd 0.00 0.00 -250.635 0.00 0.00 701.27 130.635
*in_blkhd

RCC in_blkhd 0.00 0.00 -250. 0.00 0.00 700. 130.
* pipe_in

RCC pipe_in  0.00 0.00 -99.75 0.00 0.00 400. 2.25
* pipe_out

RCC pipe out 0.00 0.00 -100. 0.00 0.00 400.5 2.50
* void

SPH void  0.00 0.00 0.00 10000.00
RCCdetl 1 0.00.0451.6350.00.0 10. 50.
RCCdetl 2 0.00.0461.6350.00.0 10. 50.
RCCdetl 3 0.00.0471.6350.00.0 10. 50.
RCCdet2 1 0.00.0230.0.00.0100. 131.635
RCCdet2 2 0.0 0.0230.0.00.0 100. 141.635
RCCdet2 3 0.0 0.0230.0.00.0 100. 151.635
RCCdet2 4 0.00.0230.0.00.0100. 161.635
RCCextral 0.0 0.0 -100. 0.0 0.0 468. 70.
RCCextra2 0.0 0.0-100.0.0 0.0 475.5 77.5
RCC poly4 0.0 0.0 -100. 0.0 0.0 460.5 62.5
RCC poly3 0.0 0.0-100. 0.0 0.0 453. 55.
RCCpoly2 0.0 0.0-100. 0.0 0.0 445.547.5
RCC polyl 0.0 0.0 -100. 0.0 0.0 438. 40.
RCC pb4 0.0 0.0 -100. 0.0 0.0 430.5 32.5
RCC pb3 0.0 0.0 -100. 0.0 0.0 423. 25.
RCC pb2 0.00.0-100.0.00.0 415.517.5
RCC pbl 0.0 0.0 -100. 0.0 0.0 408. 10.
END

* Blackhole outside void

BLKHOLE 5 +blkhole -void

* Pipe

PIPE 5 +pipe_out -pipe_in

PBI 5 +pbl -pipe_out

PB2 5 +pb2 -pbl

PB3 5 +pb3 -pb2

PB4 5 +pb4 -pb3

extral 5 +extral -poly4

extra2 5 +extra2 -extral

* Vault

VAULT 5 +in_blkhd -extra2

* INSIDE BEAMPIPE

BMLINE 5 +pipe_in

* VOID AREA OUTSIDE TRAILER

VOID 5 +void -outblkhd -detl 1 -detl 2 -detl 3 -det2 1 -det2 2 -det2 3 -det2 4
*1ST 5CM OF WATER DETECTOR

DETI1 1 5 +detl 1

*2ND 5CM OF WATER DETECTOR
DETI1 2 5-+detl 2

* 3RD 5CM OF WATER DETECTOR
DET1 3  5-+detl 3

*1ST 5CM OF WATER DETECTOR

DET2 1 5+det2 2 -det2 1

*2ND 5CM OF WATER DETECTOR
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DET2 2 5+det2 3 -det2 2
* 3RD 5CM OF WATER DETECTOR

DET2 3 5-+det2 4 -det2 3

* WALL OF TRAILER

BLKHD 5 +outblkhd -in_blkhd

* AIRGAP BETWEEN SIDE DETECTOR AND WALL

AIRGAP 5 -outblkhd +det2 1
POLY1 5 +polyl -pb4

POLY2 5 +poly2 -polyl

POLY3 5 +poly3 -poly?2

POLY4 5 +poly4 -poly3

END

GEOEND

ASSIGNMA  WATER DETI1 1
ASSIGNMA  WATER DETI1 2
ASSIGNMA  WATER DET1 3
ASSIGNMA  WATER DET2 1
ASSIGNMA  WATER DET2 2
ASSIGNMA  WATER DET2 3
ASSIGNMA  VACUUM AIRGAP
* Concrete

* Concrete has a wide variation in density and composition. The above

* description is for poured structural concrete with 10% moisture

* content. Concrete block will have a density of about 2.05 g/cm3.

* Ranges of concrete composition are : C (8-25%), O (38-60%), Si (8—18%).
* Concrete composition can be analyzed cheaply by commercial laboratories.

MATERIAL 2.34 Concrete

COMPOUND 23.0 CARBON 40.0 OXYGEN 12.0 SILICONConcrete
COMPOUND 12.0 CALCIUM 10.0 HYDROGEN 2.0 MAGNESIUConcrete
MATERIAL 24. 51.9961 7.18 CHROMIUM

* Stainless-Steel (typical)
* Stainless-Steel is produced with Cr content ranging from
*4 - 19 Atomic Percent, and with C content from 0 - 4 percent.

MATERIAL 8.0 Stainles

COMPOUND 18.0 CHROMIUM 74.0 IRON 8.0 NICKELStainles
MATERIAL 5. 10.811 234 BORON

* Boron-Poly

* SWX-210

MATERIAL 1.12 Boron-po

COMPOUND  -8.54 HYDROGEN -30.0 BORON -59.25 CARBONBoron-po
COMPOUND -76 OXYGEN -1.01 SILICON -0.38 IRONBoron-po
ASSIGNMA BLCKHOLE BLKHOLE

ASSIGNMA  Stainles  PIPE

ASSIGNMA AIR  VAULT

ASSIGNMA Boron-po  PBI

ASSIGNMA LEAD PB2

ASSIGNMA Boron-po PB3

ASSIGNMA LEAD PB4

ASSIGNMA  VACUUM BMLINE

ASSIGNMA  VACUUM  VOID

ASSIGNMA Boron-po POLY1

ASSIGNMA LEAD POLY2
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ASSIGNMA Boron-po POLY3
ASSIGNMA LEAD POLY4
ASSIGNMA Boron-po extral
ASSIGNMA LEAD extra2
ASSIGNMA  Stainles BLKHD

BIASING 0.0 1. .0001 BMLINE
BIASING 0.0 1. .0001 PIPE
BIASING 0.0 1. .0005 PBI
BIASING 0.0 1. .0025 PB2
BIASING 0.0 1. .0125 PB3
BIASING 0.0 1. .0625 PB4

BIASING 0.0 1.0 .3125 POLY1
BIASING 0.0 1.0 1.5625 POLY2
BIASING 0.0 1.0 7.8125 POLY3
BIASING 0.0 1.0 39.0625 POLY4
BIASING 0.0 1.0 195313 extral
BIASING 0.0 1.0 976.563 extra2
BIASING 0.0 1.0 976.563 VAULT
BIASING 0.0 1.0 976.563 BLKHD
BIASING 0.0 1. 976.563 AIRGAP
BIASING 0.0 1. 976.563 VOID
BIASING 0.0 1.0 1953.13 DET1 1
BIASING 0.0 1.0 3906.25 DET1 2
BIASING 0.0 1.0 7812.5 DETI 3
BIASING 0.0 1.0 1953.13 DET2 1
BIASING 0.0 1.0 3906.25 DET2 2
BIASING 0.0 1.0 7812.5 DET2 3
STOP

D. LOCALIZED LEAD AND BORATED-POLY ALTERNATING

* D:\Desktop\FLUKA inputs\pbbplyalt.dat
* Created: 6.10.2011

* At: 23:59:29

PB-BPLY-ALTXS5

MC-CAD Test

GLOBAL 1000.0 0.0 0.0 0.0 1.0

BEAM -1 0.0 30.0 3 0.0 -1.0ELECTRON
BEAMPOS 0.0 0.0 -50. 0.0 0.0

AUXSCORE USRBIN dose  dose AMB74
USRBIN 11. DOSE-EQ -23. 50. 0.0 481.635dose
USRBIN 0.0 0.0 451.635 50. 36. 30.&
USRBIN 11. DOSE-EQ -27. 161.635 0.0 330.dose$
USRBIN 131.635 0.0 230. 50. 36. 30.&
USRBIN 11. E+&E- -24. 50. 0.0 481.635det-¢
USRBIN 0.0 0.0 451.635 50. 36. 30.&
USRBIN 11. EM-ENRGY  -25. 50. 0.0 481.635det-em
USRBIN 0.0 0.0 451.635 50. 36. 30.&
USRBIN 11. NEUTRON  -26. 50. 0.0 481.635det-n
USRBIN 0.0 0.0 451.635 25. 36. 15.&
USRBIN 11. EM-ENRGY -21. 180. 0.0  490.det-em

USRBIN 00 0.0 -275. 100. 36. 250.&
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USRBIN 11. NEUTRON -22. 180. 0.0 490.det-n
USRBIN 0.0 0.0 -275. 100. 36. 250.&
START 100000.

PHOTONUC 1. LEAD

PHOTONUC 1. POLYETHY

PHOTONUC 0.0 WATER

GEOBEGIN COMBNAME
0 0 MC-CAD

* blkhole

SPH blkhole 0.00 0.00 0.00 100000.00

* out_blkhd

RCC outblkhd 0.00 0.00 -250.635 0.00 0.00 701.27 130.635

*in_blkhd

RCC in_blkhd 0.00 0.00 -250. 0.00 0.00 700. 130.

* pipe_in

RCC pipe_in  0.00 0.00 -99.75 0.00 0.00 400. 2.25

* pipe_out

RCC pipe_out 0.00 0.00 -100. 0.00 0.00 400.5 2.50

* void

SPH void
RCC detl 1
RCC detl 2
RCC detl 3
RCC det2 1
RCC det2 2
RCC det2 3
RCC det2 4
RCC extral
RCC extra2
RCC poly4
RCC poly3
RCC poly2
RCC polyl
RCC pb4
RCC pb3
RCC pb2
RCC pbl
END

0.00 0.00 0.00 10000.00
0.0 0.0451.635 0.0 0.0 10. 50.
0.0 0.0 461.635 0.0 0.0 10. 50.
0.0 0.0471.635 0.0 0.0 10. 50.
0.0 0.0 230. 0.0 0.0 100. 131.635
0.00.0230. 0.0 0.0 100. 141.635
0.00.0230. 0.0 0.0 100. 151.635
0.0 0.0 230. 0.0 0.0 100. 161.635
0.0 0.0-100. 0.0 0.0 468. 70.
0.00.0-100.0.00.0475.577.5
0.0 0.0 -100. 0.0 0.0 460.5 62.5
0.0 0.0 -100. 0.0 0.0 453. 55.
0.00.0-100.0.00.0445.547.5
0.0 0.0 -100. 0.0 0.0 438. 40.
0.00.0-100.0.0 0.0 430.5 32.5
0.00.0-100. 0.0 0.0 423. 25.
0.00.0-100.0.00.0415.517.5
0.0 0.0 -100. 0.0 0.0 408. 10.

* BLACKHOLE OUTSIDE OF VOID

BLKHOLE
* PIPE
PIPE
PB1
PB2

5 +blkhole -void

5 +pipe_out -pipe_in
5 +pbl -pipe_out

5 +pb2 -pbl
5 +pb3 -pb2
5 +pb4 -pb3
5 +extral -poly4
5 +extra2 -extral

PB3

PB4
extral
extra2

* VAULT
VAULT 5 +in_blkhd -extra2
* INSIDE PIPE

BMLINE 5 +pipe_in
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* VOID AREA OUTSIDE TRAILER

VOID 5 +void -outblkhd -detl 1 -detl 2 -detl 3 -det2 1 -det2 2 -det2 3 -det2 4
*1ST 5CM OF WATER DETECTOR

DET1 1 5 +detl 1

* 2ND 5CM OF WATER DETECTOR

DET1 2 5+detl 2

*3RD 5CM OF WATER DETECTOR

DET1 3 5+detl 3

*1ST 5CM OF WATER DETECTOR

DET2 1 5+det2 2 -det2 1

* 2ND 5CM OF WATER DETECTOR

DET2 2 5+det2 3 -det2 2

* 3RD 5CM OF WATER DETECTOR

DET2 3  5+det2 4 -det2 3

* WALL OF TRAILER

BLKHD 5 +outblkhd -in_blkhd

* AIRGAP BETWEEN SIDE DETECTOR AND WALL

AIRGAP 5 -outblkhd +det2 1

POLY1 5 +polyl -pb4

POLY2 5 +poly2 -polyl

POLY3 5 +poly3 -poly2

POLY4 5 +poly4 -poly3

END

GEOEND

ASSIGNMA  WATER DET1 1

ASSIGNMA  WATER DETI1 2

ASSIGNMA  WATER DET1 3

ASSIGNMA  WATER DET2 1

ASSIGNMA  WATER DET2 2

ASSIGNMA  WATER DET2 3

ASSIGNMA  VACUUM AIRGAP

* Concrete

* Concrete has a wide variation in density and composition. The above

* description is for poured structural concrete with 10% moisture

* content. Concrete block will have a density of about 2.05 g/cm3.

* Ranges of concrete composition are : C (8-25%), O (38-60%), Si (8—18%).
* Concrete composition can be analyzed cheaply by commercial laboratories.
MATERIAL 2.34 Concrete
COMPOUND 23.0 CARBON 40.0 OXYGEN 12.0 SILICONConcrete
COMPOUND 12.0 CALCIUM 10.0 HYDROGEN 2.0 MAGNESIUConcrete
MATERIAL 24. 51.9961 7.18 CHROMIUM

* Stainless-Steel (typical)

* Stainless-Steel is produced with Cr content ranging from

*4 - 19 Atomic Percent, and with C content from 0 - 4 percent.

MATERIAL 8.0 Stainles

COMPOUND 18.0 CHROMIUM 74.0 IRON 8.0 NICKELStainles
MATERIAL 5. 10.811 234 BORON

* Boron-Poly

* SWX-210

MATERIAL 1.12 Boron-po

COMPOUND  -8.54 HYDROGEN -30.0 BORON -59.25 CARBONBoron-po
COMPOUND -76 OXYGEN -1.01 SILICON -0.38 IRONBoron-po
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ASSIGNMA

BLCKHOLE BLKHOLE

ASSIGNMA Stainles  PIPE

ASSIGNMA AIR  VAULT

ASSIGNMA LEAD PBI

ASSIGNMA Boron-po  PB2

ASSIGNMA LEAD PB3

ASSIGNMA Boron-po PB4

ASSIGNMA  VACUUM BMLINE
ASSIGNMA VACUUM  VOID
ASSIGNMA LEAD POLY1
ASSIGNMA Boron-po POLY2
ASSIGNMA LEAD POLY3
ASSIGNMA Boron-po POLY4
ASSIGNMA LEAD extral

ASSIGNMA Boron-po extra2

ASSIGNMA  Stainles BLKHD

BIASING 0.0 1. .0001 BMLINE
BIASING 0.0 1. .0001 PIPE
BIASING 0.0 1. .0005 PBI
BIASING 0.0 1. .0025 PB2
BIASING 0.0 1. .0125 PB3
BIASING 0.0 1. .0625 PB4
BIASING 0.0 1.0 3125 POLY!
BIASING 0.0 1.0 1.5625 POLY2
BIASING 0.0 1.0 7.8125 POLY3
BIASING 0.0 1.0 39.0625 POLY4
BIASING 0.0 1.0 195.313 extral
BIASING 0.0 1.0 976.563 extra2
BIASING 0.0 1.0 976.563 VAULT
BIASING 0.0 1.0 976.563 BLKHD
BIASING 0.0 1. 976.563 AIRGAP
BIASING 0.0 1. 976.563 VOID
BIASING 0.0 1.0 1953.13 DETI 1
BIASING 0.0 1.0 3906.25 DETI 2
BIASING 0.0 1.0 7812.5 DETI1 3
BIASING 0.0 1.0 1953.13 DET2 1
BIASING 0.0 1.0 3906.25 DET2 2
BIASING 0.0 1.0 7812.5 DET2 3
STOP

E. LOCALIZED LEAD AND BORATED-POLY NONALTERNATING

* D:\Desktop\FLUKA inputs\pbbplynonalt.dat
* Created: 6.10.2011

* At: 23:59:29

PB-BPLY-NONALT

MC-CAD Test

GLOBAL 1000.0 0.0 0.0 0.0 1.0

BEAM -1 0.0 30.0 3 0.0 -1.0ELECTRON
BEAMPOS 0.0 0.0 -50. 0.0 0.0

AUXSCORE USRBIN dose  dose AMB74
USRBIN 11. DOSE-EQ -23. 50. 0.0 481.635dose
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USRBIN 0.0 0.0 451.635 50. 36. 30.&

USRBIN 11. DOSE-EQ -27. 161.635 0.0  330.dose$
USRBIN 131.635 0.0 230. 50. 36. 30.&
USRBIN 11. E+&E- -24. 50. 0.0 481.635det-e
USRBIN 0.0 0.0 451.635 50. 36. 30.&
USRBIN 11. EM-ENRGY  -25. 50. 0.0 481.635det-em
USRBIN 0.0 0.0 451.635 50. 36. 30.&
USRBIN 11. NEUTRON -26. 50. 0.0 481.635det-n
USRBIN 0.0 0.0 451.635  25. 36. 15.&
USRBIN 11. EM-ENRGY -21. 180. 0.0 490.det-em
USRBIN 0.0 0.0 -275. 100. 36. 250.&

USRBIN 11. NEUTRON -22.  180. 0.0 490.det-n

USRBIN 00 00 -275. 100. 36. 250.&%
START 100000.

PHOTONUC 1. LEAD

PHOTONUC 1. POLYETHY

PHOTONUC 0.0 WATER

GEOBEGIN COMBNAME
0 0 MC-CAD

* blkhole

SPH blkhole 0.00 0.00 0.00 100000.00

* out_blkhd

RCC outblkhd 0.00 0.00 -250.635 0.00 0.00 701.27 130.635
*in_blkhd

RCC in_blkhd 0.00 0.00 -250. 0.00 0.00 700. 130.
* pipe_in

RCC pipe_in  0.00 0.00 -99.75 0.00 0.00 400. 2.25
* pipe_out

RCC pipe_out 0.00 0.00 -100. 0.00 0.00 400.5 2.50
* void

SPH void  0.00 0.00 0.00 10000.00

RCCdetl 1 0.00.0451.6350.00.0 10. 50.
RCCdetl 2 0.00.0461.6350.0 0.0 10. 50.
RCCdetl 3 0.00.0471.6350.0 0.0 10. 50.
RCCdet2 1 0.00.0230.0.00.0 100. 131.635
RCCdet2 2 0.00.0230.0.00.0 100. 141.635
RCCdet2 3 0.00.0230.0.00.0 100. 151.635
RCCdet2 4 0.00.0230.0.00.0 100. 161.635
RCC poly4 0.0 0.0 -100. 0.0 0.0 468. 70.
RCCpoly5 0.00.0-100. 0.0 0.0475.5 77.5
RCC poly3 0.0 0.0 -100. 0.0 0.0 460.5 62.5
RCC poly2 0.0 0.0 -100. 0.0 0.0 453. 55.

RCC polyl 0.0 0.0-100. 0.0 0.0 445.547.5
RCC pb5 0.0 0.0 -100. 0.0 0.0 438. 40.

RCC pb4 0.0 0.0 -100. 0.0 0.0 430.5 32.5

RCC pb3 0.0 0.0 -100. 0.0 0.0 423. 25.

RCC pb2 0.00.0-100.0.00.0415.517.5

RCC pbl 0.0 0.0 -100. 0.0 0.0 408. 10.

END

* BLACKHOLE REGION OUTSIDE VOID
BLKHOLE 5 +blkhole -void

PIPE 5 +pipe_out -pipe_in
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PB1 5 +pbl -pipe_out

PB2 5 +pb2 -pbl

PB3 5 +pb3 -pb2

PB4 5 +pb4 -pb3

POLY4 5 +poly4 -poly3

POLY>5 5 +poly5 -poly4

* VAULT;

VAULT 5 +in_blkhd -poly5

* BEAMLINE

BMLINE 5 +pipe in

* OUTSIDE VOID

VOID 5 +void -outblkhd -detl 1 -detl 2 -detl 3 -det2 1 -det2 2 -det2 3 -det2 4
* FIRST 5CM OF WATER DETECTOR

DETI1 1 5 +detl 1

* 2ND 5CM OF WATER DETECTOR

DET1 2 5+detl 2

*3RD 5CM OF WATER DETECTOR

DET1 3 5+detl 3

* 1ST 5CM OF WATER DETECTOR

DET2 1 5+det2 2 -det2 1

*2ND 5CM OF WATER DETECTOR

DET2 2 5+det2 3 -det2 2

*3RD 5CM OF WATER DETECTOR

DET2 3  5+det2 4 -det2 3

* OUTER TRAILER WALL

BLKHD 5 +outblkhd -in_blkhd

* 1CM AIRGAP BETWEEN DETECTOR 2 AND THE WALL
AIRGAP 5 -outblkhd +det2 1

PB5 5 +pb5 -pb4

POLY1 5 +polyl -pb5

POLY2 5 +poly2 -polyl

POLY3 5 +poly3 -poly2

END

GEOEND

ASSIGNMA WATER DETI1 1

ASSIGNMA  WATER DET1 2

ASSIGNMA  WATER DET1 3

ASSIGNMA WATER DET2 1

ASSIGNMA WATER DET2 2

ASSIGNMA  WATER DET2 3

ASSIGNMA  VACUUM AIRGAP

* Concrete

* Concrete has a wide variation in density and composition. The above
* description is for poured structural concrete with 10% moisture

* content. Concrete block will have a density of about 2.05 g/cm3.

* Ranges of concrete composition are : C (8-25%), O (38-60%), Si (8—18%).
* Concrete composition can be analyzed cheaply by commercial laboratories.
MATERIAL 2.34 Concrete
COMPOUND 23.0 CARBON 40.0 OXYGEN 12.0 SILICONConcrete
COMPOUND 12.0 CALCIUM 10.0 HYDROGEN 2.0 MAGNESIUConcrete
MATERIAL 24, 519961 7.18 CHROMIUM
* Stainless-Steel (typical)
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* Stainless-Steel is produced with Cr content ranging from
* 4 - 19 Atomic Percent, and with C content from 0 - 4 percent.

MATERIAL
COMPOUND
MATERIAL
* Boron-Poly
* SWX-210
MATERIAL
COMPOUND
COMPOUND
ASSIGNMA
ASSIGNMA
ASSIGNMA
ASSIGNMA
ASSIGNMA
ASSIGNMA
ASSIGNMA
ASSIGNMA
ASSIGNMA
ASSIGNMA
ASSIGNMA
ASSIGNMA
ASSIGNMA
ASSIGNMA
ASSIGNMA
ASSIGNMA
BIASING
BIASING
BIASING
BIASING
BIASING
BIASING
BIASING
BIASING
BIASING
BIASING
BIASING
BIASING
BIASING
BIASING
BIASING
BIASING
BIASING
BIASING
BIASING
BIASING
BIASING
BIASING
STOP

8.0 Stainles
18.0 CHROMIUM 74.0 IRON 8.0 NICKELStainles
5. 10.811 2.34 BORON
1.12 Boron-po
-8.54 HYDROGEN -30.0 BORON -59.25 CARBONBoron-po
-76 OXYGEN -1.01 SILICON -0.38 IRONBoron-po
BLCKHOLE BLKHOLE
Stainles  PIPE
AIR  VAULT
LEAD  PBI1
LEAD PB2
LEAD PB3
LEAD PB4
VACUUM BMLINE
VACUUM VOID
LEAD  PBS5
Boron-po POLY1
Boron-po POLY?2
Boron-po POLY3
Boron-po POLY4
Boron-po POLY5
Stainles BLKHD
0.0 1. .0001 BMLINE
0.0 1. .0001 PIPE
0.0 1. .0005  PBI
0.0 1. .0025 PB2
0.0 1. .0125 PB3
0.0 1. .0625 PB4
0.0 1.0 3125 PB5
0.0 1.0 1.5625 POLY1
0.0 1.0 7.8125 POLY2
0.0 1.0 39.0625 POLY3
0.0 1.0 195313 POLY4
0.0 1.0 976.563 POLYS
0.0 1.0 976.563 VAULT
0.0 1.0 976.563 BLKHD
0.0 1. 976.563 AIRGAP
0.0 1. 976.563 VOID
0.0 1.0 1953.13 DETI 1
0.0 1.0 3906.25 DET1 2
0.0 1.0 7812.5 DETI 3
0.0 1.0 1953.13 DET2 1
0.0 1.0 3906.25 DET2 2
0.0 1.0 7812.5 DET2 3
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F. LOCALIZED LEAD/BORATED-POLY/LEAD NONALTERNATING

* D:\Desktop\FLUKA inputs\pbbplypbnonalt.dat
* Created: 6.10.2011

* At: 23:59:29

PB-BPLY-PB-NONALT

MC-CAD Test

GLOBAL 1000.0 0.0 0.0 0.0 1.0

BEAM -1 0.0 30.0 3 0.0 -1.0ELECTRON
BEAMPOS 0.0 0.0 -50. 0.0 0.0

AUXSCORE USRBIN dose  dose AMB74
USRBIN 11. DOSE-EQ  -23. 50. 0.0 481.635dose
USRBIN 0.0 0.0 451.635 50. 36. 30.&
USRBIN 11. DOSE-EQ -27. 161.635 0.0  330.dose$
USRBIN 131.635 0.0 230. 50. 36. 30.&
USRBIN 11. E+&E- -24. 50. 0.0 481.635det-¢
USRBIN 0.0 0.0 451.635 50. 36. 30.&
USRBIN 11. EM-ENRGY  -25. 50. 0.0 481.635det-em
USRBIN 0.0 0.0 451.635 50. 36. 30.&
USRBIN 11. NEUTRON -26. 50. 0.0 481.635det-n
USRBIN 0.0 0.0 451.635 25. 36. 15.&
USRBIN 11. EM-ENRGY -21. 180. 0.0 490.det-em
USRBIN 0.0 0.0 -275. 100. 36. 250.&

USRBIN 11. NEUTRON -22. 180. 0.0 490.det-n

USRBIN 0.0 0.0 -275. 100. 36. 250.&
START 100000.

PHOTONUC 1. LEAD

PHOTONUC 1. POLYETHY

PHOTONUC 0.0 WATER

GEOBEGIN COMBNAME
0 0 MC-CAD

* blkhole

SPH blkhole 0.00 0.00 0.00 100000.00

* out_blkhd

RCC outblkhd 0.00 0.00 -250.635 0.00 0.00 701.27 130.635

*in_blkhd

RCC in_blkhd 0.00 0.00 -250. 0.00 0.00 700. 130.

* pipe_in

RCC pipe_in  0.00 0.00 -99.75 0.00 0.00 400. 2.25

* pipe_out

RCC pipe out 0.00 0.00 -100. 0.00 0.00 400.5 2.50

* void

SPHvoid  0.00 0.00 0.00 10000.00
RCCdetl 1 0.00.0451.6350.00.0 10. 50.
RCCdetl 2 0.00.0461.6350.0 0.0 10. 50.
RCCdetl 3 0.00.0471.6350.00.0 10. 50.
RCCdet2 1 0.00.0230.0.00.0100. 131.635
RCCdet2 2 0.0 0.0230.0.00.0 100. 141.635
RCCdet2 3 0.00.0230.0.0 0.0 100. 151.635
RCC det2 4 0.00.0230.0.00.0100. 161.635
RCC extral 0.0 0.0 -100. 0.0 0.0 468. 70.
RCCextra2 0.0 0.0-100.0.00.0475.577.5
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RCC poly4 0.0 0.0 -100. 0.0 0.0 460.5 62.5
RCC poly3  0.00.0-100. 0.0 0.0 453. 55.
RCCpoly2 0.0 0.0-100. 0.0 0.0 445.5 47.5
RCC polyl 0.0 0.0 -100. 0.0 0.0 438. 40.
RCC pb4 0.0 0.0 -100. 0.0 0.0 430.5 32.5
RCC pb3 0.0 0.0 -100. 0.0 0.0 423. 25.
RCC pb2 0.0 0.0 -100. 0.0 0.0 415.5 17.5
RCC pbl 0.0 0.0 -100. 0.0 0.0 408. 10.
END

* BLACKHOLE REGION OUTSIDE VOID
BLKHOLE 5 +blkhole -void

* PIPE

PIPE 5 +pipe_out -pipe_in

PB1 5 +pbl -pipe_out

PB2 5 +pb2 -pbl

PB3 5 +pb3 -pb2

PB4 5 +pb4 -pb3

extral 5 +extral -poly4

extra2 5 +extra2 -extral

* VAULT

VAULT 5 +in_blkhd -extra2

* INSIDE BEAM PIPE

BMLINE 5 +pipe_in

* VOID REGION OUTSIDE TRAILER WALL
VOID 5 +void -outblkhd -detl 1 -detl 2 -detl 3 -det2 1 -det2 2 -det2 3 -det2 4
*1ST 5CM OF WATER DETECTOR

DETI1 1 5 +detl 1

*2ND 5CM OF WATER DETECTOR
DET1 2 5+detl 2

* 3RD 5CM OF WATER DETECTOR
DET1 3 5+detl 3

*1ST 5CM OF WATER DETECTOR

DET2 1 5+det2 2 -det2 1

*2ND 5CM OF WATER DETECTOR
DET2 2 5+det2 3 -det2 2

* 3RD 5CM OF WATER DETECTOR
DET2 3 5+det2 4 -det2 3

* WALL OF TRAILER

BLKHD 5 +outblkhd -in_blkhd

* AIRGAP BETWEEN SIDE DETECTOR AND WALL
AIRGAP 5 -outblkhd +det2 1

POLY1 5 +polyl -pb4

POLY2 5 +poly2 -polyl

POLY3 5 +poly3 -poly2

POLY4 5 +poly4 -poly3

END

GEOEND

ASSIGNMA  WATER DET1 1
ASSIGNMA  WATER DETI1 2
ASSIGNMA  WATER DET1 3
ASSIGNMA  WATER DET2 1
ASSIGNMA  WATER DET2 2
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ASSIGNMA  WATER DET2 3

ASSIGNMA  VACUUM AIRGAP

* Concrete

* Concrete has a wide variation in density and composition. The above

* description is for poured structural concrete with 10% moisture

* content. Concrete block will have a density of about 2.05 g/cm3.

* Ranges of concrete composition are : C (8-25%), O (38-60%), Si (8—18%).
* Concrete composition can be analyzed cheaply by commercial laboratories.

MATERIAL 2.34 Concrete

COMPOUND 23.0 CARBON 40.0 OXYGEN 12.0 SILICONConcrete
COMPOUND 120 CALCIUM 10.0 HYDROGEN 2.0 MAGNESIUConcrete
MATERIAL 24. 51.9961 7.18 CHROMIUM

* Stainless-Steel (typical)
* Stainless-Steel is produced with Cr content ranging from
* 4 - 19 Atomic Percent, and with C content from 0 - 4 percent.

MATERIAL 8.0 Stainles
COMPOUND 18.0 CHROMIUM 74.0 IRON 8.0 NICKELStainles
MATERIAL 5. 10.811 2.34 BORON
* Boron-Poly

* SWX-210

MATERIAL 1.12 Boron-po
COMPOUND  -8.54 HYDROGEN -30.0 BORON -59.25 CARBONBoron-po
COMPOUND -76 OXYGEN -1.01 SILICON -0.38 IRONBoron-po
ASSIGNMA BLCKHOLE BLKHOLE

ASSIGNMA Stainles  PIPE

ASSIGNMA AIR  VAULT

ASSIGNMA LEAD  PBI1

ASSIGNMA LEAD PB2

ASSIGNMA LEAD PB3

ASSIGNMA Boron-po PB4

ASSIGNMA  VACUUM BMLINE

ASSIGNMA VACUUM  VOID

ASSIGNMA Boron-po POLY1

ASSIGNMA Boron-po POLY2

ASSIGNMA Boron-po POLY3

ASSIGNMA Boron-po POLY4

ASSIGNMA LEAD extral

ASSIGNMA LEAD extra2

ASSIGNMA  Stainles BLKHD

BIASING 0.0 1. .0001 BMLINE

BIASING 0.0 1. .0001 PIPE

BIASING 0.0 1. .0005 PBI

BIASING 0.0 1. .0025 PB2

BIASING 0.0 1. .0125 PB3

BIASING 0.0 1. .0625 PB4

BIASING 0.0 1.0 .3125 POLY1

BIASING 0.0 1.0 1.5625 POLY2

BIASING 0.0 1.0 7.8125 POLY3

BIASING 0.0 1.0 39.0625 POLY4

BIASING 0.0 1.0 195313 extral

BIASING 0.0 1.0 976.563 extra2

BIASING 0.0 1.0 976.563 VAULT
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BIASING
BIASING
BIASING
BIASING
BIASING
BIASING
BIASING
BIASING
BIASING
STOP

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

1.0 976.563 BLKHD
1. 976.563 AIRGAP
1. 976.563 VOID
1.0 1953.13 DETI 1
1.0 390625 DETI 2
1.0 7812.5 DETI 3
1.0 1953.13 DET2_I
1.0 390625 DET2 2
1.0 7812.5 DET2 3
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