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Abstract

Neutron Radiation Fields Outside Shielding at
the Fermilab Tevatron

by

Marcia Maria Campos Torres

Co-Chairs: James E. Martin, Alexander J. Elwyn

The present measurements characterize the neutron radiation fields
outside shielding in two different experimental areas at Fermilab, the
Neutrino West (NWA) and the Proton Center (PC-4) beam lines. At NWA, a
beam stop, constructed out of a series of iron slabs, was used as absorbing ma-
terial for the incident beam. The particles incident on this beam stop were
negative pions with energies between 25 and 150 GeV. Neutron spectra were
obtained with a Bonner Sphere Spectrometer at ten depths in the forward di-
rection and at one depth laterally. Based on the forward direction studies, the
shape of the spectrum for the neutrons that leak through Fe is roughly inde-
pendent of beam energy, E, and absorber thickness. The lateral measurements
are consistent with attenuation through Fe with a mean free path that is in
agreement with that from other studies. In the longitudinal direction both
fluence and dose equivalent can be represented by the product of build up and
attenuation terms, with a dependence on beam energy that scales as E%® . The
source strength or conversion factor from dose equivalent to fluence, is very
closely the same for both lateral and longitudinal shielding directions. The
agreement of the spectral data with the predictions of a Monte Carlo (FLUKA)
simulation is generally excellent, particularly at neutron energies below 5-10
MeV. At PC+4, neutron spectra, also measured with a Bonner Sphere
Spectrometer, were determined at four locations outside of the shielding. At
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least-50 % of the dose equivalent was found to arise from neutrons with
energies above 0.1 MeV, in spite of the fact that over 60 % of the fluence is
from neutrons with lower energies. These results, as well as the Quality
Factors determined from the data, are in agreement with previous studies,
and suggest that PC4 is fairly typical of neutron radiation areas generated at
high energy accelerators.
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Chapter 1
Introduction, Objectives and Background
1.1 Introduction

Neutron dosimetry-a concept that encompasses the entire process of radia-
tion field characterization and interpretation in terms of quantities used in
radiological protection—around medium and high energy particle accelerators is a
difficult problem. Although neutrons dominate the radiation field outside of shield-
ing, other kinds of ionizing radiation are often present. Furthermore, since the
neutron component of the field is propagated through the shielding by the high
energy component of the extranuclear cascade [Fig. 1.1, ICRU 28], neutron energies
can extend as high as the primary beam energy. In any event, neutrons must be
measured over a wide range of energies; in fact, from energies as low as thermal
up to the high energy region. These conditions therefore require the use of a num-
ber of techniques [Cossairt et al. 1988; Thorngate et al. 1985; Thomas et al. 1985] to
determine the radiation environment, and then to provide the appropriate radia-
tion protection to workers around high energy accelerators who may be subject to
potential whole body exposure from neutrons.

Knowledge of the radiation environment around high energy accelerators,
particularly the spectra of the neutrons which escape the shielding as well as those
that exist within enclosures and around equipment, is essential to appropriate ra-
diation protection. It is important to the development of instrumentation tobe used
for neutron detection, to the interpretation of dosimeter intercomparison studies,
and in the design of shielding. Determination, experimentally, of fluence to dose

equivalent conversion factors for neutrons outside the shielding at high energy
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Figure 1.1. Hadronic Cascade. The six levels of the hadronic cascade; the incoming
hadron strikes the nucleus and the cascade is formed. Note that 30% of the en-
ergy is deposited by the extra nuclear cascade. After ICRU Report 28.
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accelerators, can lead to a more appropriate design of shielding for future accelera-
tor upgrade projects.

This study was conducted in two experimental areas at Fermi National Ac-
celerator Laboratoty (Fermilab): The first is called NWA where a beam stop was
constructed of movable iron slabs in order to study the spectra of neutrons that
arise from hadronic showers in high energy pion interactions in iron. This beam
stop is representative of a typical particle detector frequently used at high energy
accelerators called a calorimeter. The second location was in an enclosure called
PC-4 where measurements were done on the top of a roof and at locations further
downstream, outside of a beamline target area, in an attempt to characterize the
neutron radiation field outside of typical shielding at an high energy proton accel-
erator.

For the purposes of this dissertation, high energy neutrons are defined to be
those with energies of about 20 MeV and higher. This limit is chosen because it
corresponds approximately to the upper limit of response of moderated thermal
neutron instruments, and more importantly it is the threshold of the 12C(n,2n)11C
reaction, frequently used as an activation detector [McCaslin 1959; Stevenson 1984}
to explore this high energy region. The extent to which the neutron field outside of
shielding contains neutrons of such energies is one of the questions that this study
had hoped to answer through the measurements discussed here. As it turned out,
however, this determination was addressed only partially. This point will be dis-
cussed in more detail in the following chapters.

1.2 Objectives
The objectives of this experimental study from the accelerator health phys-

ics point of view are given below:

1) To measure the energy spectra of neutrons produced by hadronic
cascades or showers in an iron shield of variable thickness in or-
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der to characterize this neutron field by a determination of fluence,
dose equivalent, and quality factor as a function of incident beam
energy and depth in the shield.

2) To develop a quantitative understanding of the dependence on
both energy and depth of neutron fluence and dose equivalent, in
both lateral and forward iron shielding.

3) To measure the energy spectra of neutrons outside of a “typical”
shielded beam line enclosure in an attempt to characterize the
neutron field by a determination of fluence, dose equivalent and
quality factor.

4) To use systematic data on the fluence and energy spectra of neu-
trons arising from hadronic showers as a benchmark to test
hadronic shower and neutron transport Monte Carlo codes. Upon
verification, the Monte Carlo prediction would be of great use in
the design and construction oF detector elements and shielding at
high energy particle accelerators.

.3 Bac d

Even though the first particle accelerators were in operation in the early
1930s, it was not until twenty years later that the character of the radiation field
around accelerators was investigated. The first scientific investigation that described
the radiation environment around accelerators was published in 1957 [Solon 1957].
In the mid-fifties researchers [Thomas et al. 1985] identified neutrons outside of
roof shielding near the AERE 110-inch synchrocyclotron. As investigations were
performed in the 1950s at the 184-inch Synchrocyclotron at Berkeley and at other
proton accelerators, the characteristics of the radiation environment outside of thick
shielding were delineated. A rule of thumb [Thomas et al. 1988] was derived from

those measurements:

Neutrons between 0.1 and 10 MeV contribute more than 50% to the
dose equivalent; gamma rays and very low energy neutrons con-
tribute about 20%, and neutrons with energy greater than 10 MeV
contribute the rest.

Patterson et al. [1959] suggested that the spectrum obtained outside shield-
ing at a high energy proton accelerator must be similar to the cosmic ray neutron

spectrum. He concluded that neutrons between 0.1 and 30 MeV gave the largest
e T



contribution to the dose equivalent in the radiation field outside shielding. By the
early 1960s there was sufficient data from high energy accelerators at Berkeley,
Rutherford Laboratory, and Saclay to confirm Patterson’s predictions. However in
1965 and 1966 some results from measurements performed at CERN indicated that
Patterson’s predictions were not quite true. These results showed that high energy
neutrons (En>20 MeV) can contribute between 50 to 90% to the dose equivalent
depending on the kind of shielding used at the accelerator [Thomas et al. 1988].
Measurements taken outside of an earth shield indicated a large contribution to
dose equivalent from high energy neutrons and the data taken outside the concrete
shielding confirmed that the neutron spectrum was quite similar to that produced
by cosmic rays.

InFigure 1.2 typical neutron spectra obtained at proton accelerators around
the world in these early years are shown [Shaw et al. 1969]. The definitions of these
symbols are as following;:

RT is a neutron Séaectrum determined at the CERN 28 GeV proton

synchrotron (CPS) above earth shielding with a target intercept-
ing the beam as a primary radiation source.

PSB is a spectrum measured at the CPS above concrete shielding,
again with a target acting as the primary source.

BEV is a spectrum measured at the University of California Radia-
tion Laboratory (now Lawrence Berkeley National Laboratory)
6.3 Gev proton synchrotron.

X2 is a spectrum measured at the 7 Gev proton synchrotron of the
Rutherford Laboratory, outside concrete shielding.

P1 is a spectrum measured as for X2 but outside steel shielding.

PLA is the ambient neutron spectrum around the 50 MeV proton linac
of the Rutherford Laboratory.

CR is the Hess cosmic ray neutron spectrum [Hess et al. 1959].
For ease of interpretation, these data are plotted as energy E times neutron
fluence ¢(E), not just ¢(E) alone. The reasons for this representation will be dis-

cussed more fully in later chapters. For the top part of this figure a combination of
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Figure 1.2. Neutron Spectra at Proton Accelerators Around The World. The upper
plot was a measurement performed by the Health Physics Group of LBL in the
mid-1960s. The lower plot was measured at the 7-GeV proton synchrotron
(Nimrod) of the Rutherford Laboratory using Bonner spheres. Note that these
spectra are relatively flat reflecting an approximate 1/E differential energy spec-
trum. See text for explanation of the legends. [From Swanson and Thomas 1990}
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four detectors were used to perform the measurements in the mid 1960s: A BF3
tube in a cylindrical moderator, two activation detectors based on 12C(n,2n)!!C
and 27Al(n,0)*4Na reactions, and a bismuth ionization chamber. These spectra are
well defined in the energy range between 0.1 and 100 MeV, but are not very accu-
rate outside this range. The PSB and RT spectra were both measured above a target
area outside shielding; the main difference between them is in the type and amount
of shielding material. It can be seen from Figure 1.2 upper plot, that the RT spec-
trum is much harder (that is, more energetic) than that of the PSB probably due to
the afnount of moisture in the earth shielding, which absorbed most of the thermal
neutrons. Both spectra present a well defined peak in the region between 10 and
100 MeV, and their shape agrees very well within that energy range. The BEV spec-
trum does not show a well defined peak in the 1 to 100 MeV energy interval. The
CR spectrum shows a well defined peak between 100 keV and 1 MeV, and drops off
around 10 MeV.

The lower plot in Figure 1.2 shows the three spectra (PLA, P1, X2) measured
outside shielding at Rutherford Laboratory utilizing a Bonner Sphere Spectrom-
eter with a 6Lil scintillator. Those curves are relatively flat, when plotted as indicated,
reflecting the existence of an approximate 1/E differential energy spectrum. The
PLA spectrum was taken near the 50 MeV proton linac and is due mainly to skyshine.
The X2 and P1 were both taken outside shielding at a 7 GeV proton synchrotron,
the main difference again is in the shielding material; the X2 had concrete as shield-
ing whereas the P1 was measured outside steel shielding. In addition the X2
spectrum is somewhat harder than the P1 spectrum which had the outer shield
made of iron, and also there was a contribution coming from neutrons scattered by
neighboring concrete blocks.

A comparison of the radiation environment outside the shielding of the 6.3

GeV Bevatron proton accelerator at Lawrence Berkeley Laboratory (LBL) and the




20 GeV Electron Accelerator at Stanford (SLAC) was published in the mid-seven-
ties [McCaslin et al 1977]. Even though the total dose equivalent rate measured by
three participants groups at SLAC were in reasonable agreement, there were large
differences in the neutron and photon dose equivalent rates determined by use of
the different techniques employed by LBL and SLAC.

More recently, results of measurements describing the leakage of neutrons
through an iron shield were reported [Elwyn et al.1986]. These measurements
showed that a large fluence of neutrons with energies between 5 keV and 1 MeV,
escaped from the iron because of the very low inelastic cross section of 6Fe at
these energies. The authors showed, furthermore, that with the addition of 0.9 m of
concrete shielding external to the iron blocks, these neutrons were eliminated from
the field outside of the shield. Also, the quality factor of the radiation environment
was reduced by a factor of two when the concrete shielding was added.

Another series of investigations [Cossairt et al.1988] to detect neutrons by
use of Bonner multispheres, both with 6Lil(Eu) scintillators and 6,7 LiF TLD’s, have
been reported. These measurements were done in enclosures and outside of shield-
ing at Fermilab. Some of the spectra indicated that high energy neutrons (E;>25
MeV) contributed more than 30% to the dose equivalent.

Moritz et al. [1989, 1990] have performed measurements at a 500 MeV pro-
ton accelerator at TRIUMF and at a 12 GeV proton accelerator at KEK (Japan). Those
measurements were done using a set of multispheres along with a passive activa-
tion detector based on the 12C(n,2n)11C to better characterize the high energy
neutron region. At KEK, it was found that neutrons with energy greater than 50
MeV contributed about 50% to the dose equivalent. At TRIUMEF, for the “hardest”
(that is, most energetic) spectrum, more than 70% of the dose equivalent came from
neutrons with energy higher than 20 MeV.

The importance of measuring neutron spectra around high energy accelera-



tors is well recognized for the reasons outlined in this chapter, but except for the
'measurements mentioned above little experimental work has been done recently.
The current experiment represents an attempt to quantify neutron radiation field
measurements more completely in some specific cases, and, insofar as possible to

benchmark this data to an appropriate hadronic transport code.




Cha}-)ter 2
Experimental Setup and Measurements

2.1 Fermilab
Fermilab is an high energy accelerator laboratory funded by the Depart-

ment of Energy located on a 6800 acre site about 40 miles west of Chicago. The

accelerator actually consists of a series of five accelerators in series:

a) A Cockcroft-Walton machine, in which negative hydrogen ions are
accelerated up to 750keV.

b) Alinear accelerator (Linac), where the ions are accelerated through
a distance of approximately 200 meters up to 200MeV (recently
the energy was upgraded to 400 MeV), and then pass through a
stripping foil that removes the electrons leaving only the protons
for the next stage of acceleration.

c)The Booster, a synchrotron 170 meters in diameter, where the pro-
tons are accelerated to an energy of 8 GeV for injection into the
Main Ring, the next stage of acceleration.

d) The Main Ring, a proton synchrotron which is 6.3 kilometer in
circumference and accelerates the protons up to 150 GeV at which
energy the particles are loaded into the last stage of acceleration,
the Tevatron.

e) The Tevatron is a proton synchrotron with superconducting ma%-
nets, and has the ability to accelerate the protons to almost1 TeV.

During the fixed-target running period the beam is extracted from the Tevatron
once every minute delivering a 23 second spill. The extracted beam is split and sent
to three experimental areas where as many as fifteen experiments can be performed
simultaneously. |

The present measurements to characterize the neutron radiation field out-
side shielding were made in two different experimental areas at Fermilab, the Neu-
trino West (NWA) and the Proton Center (PC-4) beam lines. These are shown sche-
matically in Figure 2.1.

. | B
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Figure 2.1. Fermi National Accelerator Laboratory Accelerator Complex. Shown schematically are the Fermilab accelerator
complex and the “fixed target” beamlines. Also noted are the locations of enclosures Nwa and pc-4.
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2.2 The NWA Measurements

The first measurements discussed in this study were made during the 1991-
1992 fixed target run at Fermilab, in the NWA enclosure at the NW beam line. The
beam stop (Fig. 2.2, 2.3) which was constructed out of a series of iron slabs was
used as absorbing material for the incident beam. A gap was left in the iron region
to accommodate the insertion of the detectors, and the movement of the individual
iron slabs from front to back permitted measurements at different depthsiniron. In
addition, the iron was surrounded on three sides by large blocks of concrete, which
helped to shield the detectors from background due to adjacent beam lines.

The particles incident on this beam stop were negative pions with energies
between 25 and 150 GeV measured to within an accuracy of about one percent.
The beam impinged on iron shield blocks of transverse dimensions 95 cm by
183 cm and a total thickness of 264 cm. Neutron spectra were obtained with a
Bonner Sphere Spectrometer using seven spheres, described in this Chapter (Sec-
tion 2.4), at ten depths in the forward direction from 40.6 cm (2.4 A) to 264 cm (15.7
A) in intervals of approximately 20.3 cm, and at one depth laterally 60.9 cm (3.6 A).
The interaction mean free path, 4, in Fe for high energy hadrons was taken as 17
cm. As will be seen, A is useful as it sets the distance scale of the shielding,.

2.3 The Proton Center Measurements (PC-4

The second set of measurements were performed to characterize the neu-
tron field outside of a representative shielded enclosure at Fermilab. The location
was outside the PC~4 enclosure at the PC beam line. The radiation field at this
location includes neutrons that emerge from the target and beam dump, and the
shield consists of iron as well as concrete. Figure 2.4 shows an elevation view of the
area with the respective positions at which measurements were made. A beam of
800 GeV protons strikes a Cu target 15 cm long just before entering the large elec-

tromagnet (hyperon magnet). The protons that do not interact with the target are

|
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Figure 2.2. Top View of a Beam Dump at NWA. This drawing shows the configura-

tion of the iron beam dump at NWA where data were taken at nine depths

(2.4 Ato 15.7 A), using a Bonner Sphere Spectrometer, shown as the circles in the

figure.
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Figure 2.3. Front View of a Beam Dump at NWA. This drawing showing the con-
figuration and dimensions of the iron beam dump built at NWA where data
were taken at nine depths (2.4 A to 15.7 A), using a Bonner Sphere Spectrometer.
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Figure 2.4. PC-4 Area Elevation View in the Plane of the Beam. This drawing shows the configuration of the PC-4 beam line,
as well as the four positions where measurements were performed.
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dumped in the entrance of the magnet which is composed of tungsten and iron.
Those that interact in the target produce hyperons that are extracted at the end of
the magnet; the dimensions of the magnet are 7 m long by 2.07 m high by 2.97 m
wide. )

Measurements of the neutron spectra were made at four locations as shown
in Figure 2.4. Two of the measurements were performed on the first and fourth roof
over the hyperon magnet enclosure and the other two were done downstream on
the hyperon enclosure extension. All measurements, except the one at the "first
roof", were done at three different beam targeting angles of 0, +3 and -3 milliradi-
ans. The neutron spectra were obtained as were the measurements at Nwa by the
use of a Bonner Sphere Spectrometer, but in this case a full set of eight spheres
were used.

It is known [Cossairt et al. 1987] that the radiation field at locations around
the PC-4 enclosure contains a sizeable contribution from muons produced in had-
ronic cascades in the target and shielding. These muons are essentially minimum
ionizing particles, and would (ideally) produce a peak in the spectrum of pulse
heights for each detector at a pulse height considerably larger than that associated
with neutrons [Mc Caslin et al. 1986]. Although this peak would be quite broad it
would still be well separated from neutrons. There is no evidence seen in the pulse
height spectrum (see Section 2.4) of any contribution from muons in the vicinity of
the neutron peak in the 6LiI(Eu) scintillator.

2.4 The Detectors

To carry out these measurements a Bonner Sphere Spectrometer (BSS)
[Bramblett et al. 1960] was used as the principal neutron detector. This device con-
sists of a set of spheres, made of polyethylene with diameters of 5.1 cm (2"), 7.6 cm
(3", 12.7 cm (5"), 20.3 cm (8"), 25.4 cm (10™), 30.5 cm (12") and 45.7 (18") cm (al-

though the largest one was not used for the NWA measurements because of space

e e T T



17

limitations) at the center of which are placed 12.7 mm diameter by 12.7 mm long
cylindrical 6LiI(Eu) scintillators (Fig. 2.5, 2.6) which respond mainly to thermal
neutrons via the 6Li(n,0t)3H reaction. A bare (unmoderated) detector was also used.
* Figures 2.7 and 2.8 show a typical pulse height spectrum from the 6LiI(Eu)
scintillator. The neutron peak is well separated from contributions due to gamma
rays and background (and, as mentioned in the previous section, from any mini-
mum ionizing muons). The peak arises from the capture of thermal neutrons lead-
ing to the 6Li(n,o)3H reaction which is exothermic with a Q-value of 4.78 MeV, and
the area under the curve represents the detector response. The dimensions of the
crystal itself are chosen to limit the light output from electrons or other external
charged particles crossing it. About 80% of incident thermal neutrons are absorbed
in 1 mm of 6Li so detection of thermal neutrons is essentially a surface effect, whereas
the detection of gamma rays and fast neutrons is roughly proportional to the vol-
ume of the crystal. In addition to reducing the number of gamma ray pulses, the
small size of the crystals limits the maximum size pulse due to gamma rays and
good gamma ray discrimination is obtained. Li is an extremely hygroscopic sub-
stance and even well sealed crystals tend to degrade in time. The degradation is
evident by a change in crystal color and an increase in the width of the (n,a) peak.
By placing the scintillators in the center of moderating polyethylene spheres
(p=095g/ cm®) of different diameters, the detector becomes sensitive to neutrons
in a very broad energy range [Awschalom et al. 1985, Bramblett et al. 1960] because
of the moderating properties of polyethylene. The energy response of each detec-
tor is shown in Figure 2.9. The absolute neutron detection efficiency is typically
0.1%-0.2%. These data (Fig. 2.9) are based on the calculations of Sanna [1973], and

are referred to as response functions.
One can see from Figure 2.9 that the bare unmoderated detector responds

mainly to thermal neutrons. The 2" and 3" spheres respond almost equally to neu-
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Photo Multiplier Tube

Polyethelene Moderator

Figure 2.5. Bonner Sphere Schematic. A Bonner Sphere detector that uses
polyethylene as moderator, and with a Lil(Eu) scintillator inserted in the center
of the sphere and connected to a photomultiplier through a light pipe is shown.
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Figure 2.6. Bonner Sphere Spectrometer Set-up. A set of polyethylene moderated
spheres of various diameters along with a bare (unmoderated) detector was
used simultaneously to collect data at PC-4 and NWA. Each sphere had a 6LiI(Eu)
scintillator inserted at its center and connected to an amplifier through a light
pipe. The signal from the scintillator was recorded in the computer which was
used as a MCA.
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21

10 “‘ | ‘I[
i i
TR WL
[t
|

ull

i

|
|

"ﬂ I
i

600 800 1000 1200 1400

Il_ll|

Figure 2.8. Bonner Sphere Neutron Signal. Shown is the neutron signal region of
the pulse height spectrum of Figure 2.7. The spectrum has been plotted loga-
rithmically and the data fit to a Gaussian (for the signal) and a second order
polynominal for the background. Note that the signal is well represented by a
Gaussian while the background is adequately parameterized by the polynominal.
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trons up to about 102 t0 10" MeV, and then drop off beyond 1 MeV. The 8",10" and
12" spheres respond maximally to neutrons with energy between 1 and 10 MeV.
The response of the 18" sphere is similar to that of the 12" sphere but slightly larger
at energies above 10 MeV. Even though the Bonner Sphere Spectrometer may not
be very sensitive to neutrons of energies higher than 20 MeV the response func-
tions have been calculated up to a few hundred MeV.

Figure 2.6 shows, schematically, ®Lil(Eu) detectors placed at the center of
each sphere connected to photomultipliers tubes. These spherical detectors are then
placed simultaneously into the neutron radiation field, and the signal from each
photomultiplier is transmitted through an amplifier (one for each detector) to a
multiplex router and an ADC, and finally into a PC. Software developed by Canberra
[1988] allowed the use of the computer as a multichannel pulse height analyzer.

The main advantage of a BSS is that it covers a very broad energy range.
The major disadvantage is its low energy resolution. If one uses multiple detectors,
one for each moderator, and makes simultaneous exposure of the entire system in
the radiation field of interest, two concerns can be identified: The first addresses
the issue of whether the spectral shape is the same at all points along the total
length of the detector array. The second is about the spatial variation of the neutron
field and the need to correct for non uniformity of the neutron flux along the length
of the detector array, since data analysis requires that the same neutron flux must
be incident on each detector. These issues will be discussed further in Chapters 3
and 4.

The measured neutron counting rate from each Bonner sphere (along with
that from the bare detector as well) are related to neutron fluence by the so called

Fredholm equation:

B, = [ N(E)R(E)IE , 2.1
0
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with j= 1,2, .., L.

Here:
- r = number of detectors
B; = is the response for the j-th detector in the array.
N(E) = dN/dE is the neutron fluence in units such as n/cm>MeV

and

R{(E) = is the absolute response for the j-th detector as function of
neutron energy, in neutron counts per unit of fluence.

These response functions R(E) have been calculated by a number of authors. As
mentioned above the response funtions of Sanna [1973] were used in the present
work.

Given the values of Rj( E) and the measured neutron counts in each sphere
B, the determination of the fluence as function of energy can be obtained by the
use of unfolding techniques. Spectral unfolding will be discussed in more detail in
the next chapter.

For the NWA measurements, a second neutron detection scheme based on
the use of an organic liquid scintillator was employed in order to extend the neu-
tron response to energies well above 20 MeV. Unfortunately, attempts to calibrate
these devices failed, and no useable information could be obtained. A preliminary
measurements based on the radioactivation [McCaslin 1959] of *C through the
12C(n,2n)11C reaction, with a threshold of 20.4 MeV, was also tried. Initial studies
suggested that the total number of neutrons with energies higher than 20 MeV was
quite small. Unfortunately, because of the untimely conclusion of the fixed target
run at the Tevatron, the technique could not be developed sufficiently for a quan-
titative assessment, so that no hard experimental information on the neutron spec-

trum at energies much greater than 20 MeV could be obtained.



Chapter 3
Data Analysis

3.1 Normaljzation of NWA Data

Data was taken simultaneously with a set of six Bonner spheres (the 45.7 cm
diameter sphere was not used) plus a bare detector with the spheres deployed as
indicated in Figure 3.1 They were set onto a platform such that their centers were
82.5 cm above the floor; the pion beam on the other hand was centered at a position
57 cm above the floor. The profile of the neutron beam at the detector position was
determined by moving the 5" (12.7 cm) diameter sphere to the location of the 3", 8",
10" and 12" diameter spheres, and at four depths 40.6 cm, 121.9 ¢cm, 162.6 cm and
243.8 cm and two pion energies (except for the 162.6 cm case where data was taken
at only one incident pion energy). ( It is conventional to refer to the spheres in
terms of the English units. The metric equivalent is defined in Section 2.4.) Figure
3.2 shows an illustration of the beam profile spectrum taken at a depth of 40.6 cm
and 100 GeV. It was observed from plots of all these data that the shape of the
neutron profile was independent of both incident beam energy and thickness of
iron. Therefore, it was concluded that no further data at other depths and energies
were needed to define the shape of the neutron beam after the incident pion beam
had struck the iron shield. As a result of these observations the beam profile peaks
near the 8" detector location. In reference to Figure 3.1, a cartesian coordinate sys-
tem (x,y) can be defined such that the beam position at the longitudinal coordinate
z that corresponds to the position of the detectors is (0,0) and the coordinates of the
8 " sphere are (0,25.4)(in cm). The distance to each sphere i from the beam center

(0,0) is defined as r?=x2+(25.4)% Data from all spheres, at each energy and thick-

25




Wooden Plank

- 183 —-

Figure 3.1. Bonner Sphere Layout. Shown is the layout of the Bonner sphere spectrometer used at NWA. The pion beam is
traveling into the page. The extent of the iron plate shielding is indicated by the gray outline. The positions of the spheres,
beam and the wooden plank support structure are shown. The dimensions indicated are in centimeters. The origin of the
coordinate system is at the center of the beam position.
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Figure 3.2. Beam Profile Study at 100 GeV. Measurement taken with a 5" Bonner
sphere at 40.6 cm depth.
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ness, were first normalized to the neutron fluence at the 8" sphere position by di-
viding the measured sphere responses by normalized factors defined as the ratios
of the counts in the 5" sphere at each sphere location along the array to that in the 5"
sphere at the position of the 8" sphere, (0,25.4). The data were then renormalized to
the beam position (0,0) by multiplying these normalized responses in each sphere
by the y-intercept in a linear fit to the normalization factors plotted as a function of
L.

This procedure, as mentioned in Chapter 2, assumes that the shape of the
spectrum does not change with transverse location along the detector array in back
of the iron shield. The validity of this assumption will be discussed in Chapter 4.

The number of pions delivered during the 23 second beam spill that occurs
every 60 seconds was determined by use of a pair of plastic scintillators in coinci-
dence placed to intercept the pion beam approximately 40 meters up stream of the
iron blocks. The total neutron counts obtained by each detector was divided by the
total number of pions for that specific run, to obtain the final neutron responses in
each detector per incident pion.

3.2 Normalization roton Center PC-4 Data

During the fixed target run of August 1990 a set of 7 Bonner spheres with
their detectors plus a bare detector were deployed simultaneously to collect data
over four different locations at PC~4 (see Fig. 2.4). Two tissue equivalent ion cham-
bers (Fermilab- designed Chipmunks) {Awschalom 1972] were deployed at both
ends of the detector array. The response (counting rate) of each sphere was nor-
malized to the same incident neutron fluence by linear interpolation between the
counting rates in these two tissue equivalent chambers. The data were further nor-
malized to the total number of protons incident on the PC-4 beam line.

3.3 Spectral Unfoldi

The normalized neutron response of each detector is related to the neutron
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spectrum as indicated by Equation 2.1 in Section 2.4. If the response functions R(E)
are known analytically or can be calculated, the neutron spectrum N(E) can in prin-
ciple be unfolded from the data [Gollon 1983]. In the present case, response func-
tions calculated by Sanna for 12.7 mm by 12.7 mm ®Li detectors were used as a
good approximation of the ®Lil(Eu) scintillator responses. Since these are not ana-
lytic functions, standard mathematical unfolding techniques can not be used, and
other procedures have been developed.

In general, to solve this problem, Equation 2.1 is replaced by a discrete sum-
mation:

B = iNgRngEg 3.1

where the index j=1,2...r, withr the nli;;\ber of neutron detectors,and g = 1, 2...N
the numbers of discrete energy intervals into which the energy region is divided.
The unfolding problem then is to solve a system of “r” linear equations (the num-
ber of neutron detectors) in “N” unknowns (the number of energy intervals). Since
the number of detectors is in general less than the number of energy intervals used
to describe the spectrum, no unique solution exists for Equation 3.1. However a
number of computer programs [Lowry et al. 1984, Routti et al. 1980] have been
developed to yield approximate solutions by quadrature methods. From the set of
approximate solutions, those having physically acceptable characteristics such as
smoothness and non-negativity are chosen to yield “appropriate solutions”. The
quadrature method involves the solution of Equation 3.1 by linear estimation, least
squares, or a combination. The Bunki [Lowry et al. 1984] and Lourn [Routt et al.
1980] computer codes used in the present studies belong to such categories. It is
useful to use two independent codes to gain confidence in the results of the unfold-
ing because of the inherent mathematical difficulties of the unfolding problem. With
only eight detectors and, in our case, thirty-one energy groups, one is left with the

need to solve eight equations for thirty-one unknowns. The two computer pro-
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grams mentioned above apply various constraints on the possible solutions that
give acceptable final results.

Bunxki is based on an iterative recursion method and Lourr on a least square
method with user controlled constraints. With Bung, a choice between two initial
spectra can be made. In the former, the neutron fluence spectrum is assumed to
vary with energy as 1/E. In the latter, it can be approximated instead by a spec-
trum that has a high energy peak (in the form of a Maxwellian distribution) and a
thermal peak connected by a 1/E type spectrum. This algorithm in Bunk is called
Maxiet.

In Louny, a priori information is implemented by transforming the group of
linear equations into a minimization problem. A non-negative condition is imple-
mented by expressing the unknown fluxes as the squares of real numbers. This
evolves into a non-linear minimization problem that is solved by an iterative algo-
rithm. Various user-supplied constraints can be imposed to obtain reasonably ac-
ceptable solutions.

An example of a neutron fluence spectrum unfolded from measured sphere
responses is shown in Fig. 3.3. It is seen that the ordinate on the left plot is N(E) and
the ordinate on the plot to the right is EN(E) not N(E) itself. This can be shown to be
equivalent to neutron fluence per unit logarithmic energy (or, per unit lethargy),
dN/d(LogE), and essentially suppresses the approximate “1/E” dependence of
the spectrum to show more clearly any structural details. The neutron spectra ob-
tained in these studies (shown in the next chapter) have been displayed in this
manner. As discussed by Rohrig [1983], with this kind of representation the energy
dependence is suppressed and spectral details are enhanced. Furthermore, the area
under the curve for each energy bin is proportional to the neutron fluence within

that bin.
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Figure 3.3. Unfolded Neutron Spectra for Incident Pions at 121.9 cm of Iron. Shown
are the neutron spectra obtained by using the sunki unfolding code, for incident
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3 .4 Calibration of Bonner Sphere Spectrometer (BSS)

In order to check that the response matrices calculated by Sanna used in
the spectral unfolding are reasonable, a set of 6 Bonner Sphere detectors (all except
the 45.7 cm diameter sphere) plus an unmoderated (bare) detector were used to
measure the neutron spectrum from an Am-Be neutron source. A neutron source
can be used to verify that the response matrices used in the unfolding lead to the
same spectral shape, fluence, quality factor and dose conversion factors as those
that are known from a source with a given source strength (neutrons/sec). The
detectors were exposed to the source at three different distances 100, 150 and 200
cm, in a large room at the Fermilab Radiation Physics Calibration Facility, and the
responses corrected for room scattering. The source was covered with a 3 mm thick
lead cap to cut off the 60 keV gamma radiation from #am. Except for the ladder
supporting the source and the detectors, all scattering objects were more than 2 m
away. After unfolding, the measured fluence differed from that calculated from the
known source strength by only 5 %; the average energy determined from the un-
folding procedure was 4.1 MeV, in excellent agreement (within 10 %) with the known
properties of Am-Be neutron sources. Also the conversion factor from dose equiva-
lent to fluence agrees within 5 %, and the quality factor within 1 %, with the known
properties of such neutron sources. Figure 3.4 shows the flux per unit lethargy as a
function of energy for the Am-Be source at a distance of 100 cm from the detectors.
A comparison is made with the measured results of Kluge et al. [1982], as pre-
sented in the IAEA [1990] compilation, and the agreement in spectral shape is ex-
cellent. The agreement establishes the " validity" of both the response functions
and the Bunki unfolding procedure at least at those energies appropriate to the

Am-Be source neutrons.



33

_0-5 T 1 1 Illlll T 1 1 IIIIYI T U rCrrrar I T 1 [ TrTi
i O T
S 1
e0 e Data (BUNKI) e )
S 04 L O IAEA o g A
-ql-i) L -
- r o 1
5 ]
‘& 03 o ]
5 r ]
& [ -
g 02 .
g ; -
E [ ]
%) L O 0 ]
2 - o0 o .
S [ po” j
Z 0 DD I.AJ.L vl ATy N o9
10 107 10° 10! 10
Neutron Energy (MeV)

Figure 3.4. Unfolded Neutron Spectrum for Am-Be Source. A set of six Bonner
spheres plus an unmoderated detector was used to acquire the data. This spec-
trum was unfolded by use of sunki. The source was positioned at 100 cm from
the detectors. Also for purposes of comparison the spectrum from IAEA [1990]
was plotted in the same figure.




Chapter 4
Results and Discussions
4.1 A and PC-4 Results

This chapter will describe the results and analyses of the measurements taken
atNwa in the lateral and longitudinal directions as well as the attempt to model the
shielding in both directions. Comparison with Monte Carlo calculations (FLuka)
will be shown for the longitudinal direction only. The results of measurements taken
at Proton Center (PC-4) and comparison with casmM, a Monte Carlo code, will also
be discussed.
4.2 NWA Results at Longitudinal ateral Directions

Figures 4.1, 4.2 and 4.3 show the neutron spectra unfolded from the for-
ward-direction (longitudinal) data using BUNKi for pions incident on 40.6 cm (2.4 A),
162.6 cm (9.7 A) and 243.8 cm (14.5 A) of Fe. The ordinate is fluence per unit lethargy
in order to display the spectral details more clearly, as discussed in Chapter 3. It is
worth noting that the energy spectra peak at energies in thehundreds of keV range,
and are sharply cut off at a few MeV; these are typical spectra of neutron leakage
through Fe [Elwyn et al. 1986]. Very generally, one can say that the spectral shape is
roughly independent of incident beam momentum and absorber (Fe) thickness al-
though there are differences in the low neutron energy region where the fluence is,
in any case, small. Total fluence increases with the energy for a given thickness. In
all cases, there is little evidence of the existence of neutrons with energies higher
than 10 MeV. This might be because of the poor response of the Bonner Sphere

Spectrometer to such neutrons. However, a preliminary measurement that utilized

[ .
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Figure 4.1. Unfolded Neutron Spectra For Incident Pions on 40.6 cm of Iron. Shown
are the neutron spectra obtained using Buni for pions at 5 different energies
incident on 40.6 cm (16 in, 2.4 A) of iron. For each energy, the fluence per unit
lethargy per pion is plotted as a function of neutron energy.
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Figure 4.2. Unfolded Neutron Spectra For Incident Pions on 162.6 cm of Iron. Shown
are the neutron spectra obtained using sunkr for pions at 5 different energies
incident on 162.6 cm (64 in, 9.7 A) of iron. For each energy, the fluence per unit
lethargy per pion is plotted as a function of neutron energy.
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Figure 4.3. Unfolded Neutron Spectra For Incident Pions on 243.8 cm of Iron. Shown
are the neutron spectra obtained using BuNKki for pions at 4 different energies
incident on 243.8 cm (96 in, 14.5 A) of iron. For each energy, the fluence per unit
lethargy per pion is plotted as a function of neutron energy.
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1C activation (with a threshold near 20 MeV) did not provide any definitive infor-
mation on the neutron spectrum in the high energy region, as was discussed in
Chapter 2.

" As mentioned in Chapter 3, making the measurements with all the spheres
simultaneously implicitly assumes that the spectral shape does not change with
the transverse position along the detector array in back of the iron shield.This as-
sumption is supported by the fact that the shape of the spectrum is nearly indepen-
dent of the depth z in iron. Thus, the shape should also be rather independent of
transverse coordinate x at a given value of z because for each value of x the amount
of iron between the locations of interest and the point of initial beam interaction is
slightly different. In fact, the actual depth in iron is d2= x2+y2+22, where y=25.4 cm
is the difference in height between the beam position and that of the detector array.
The dependence of the spectral shape on angle (tan'! (x/z) or tan™! (y/z)) is not
expected to be significant due to the numerous scattering events involved in the
hadronic cascade process.

To address this assumption more quantitatively measurements were per-
formed - at one thickness (162.6 cm) and one pion energy (100 GeV)- by placing
each spherical detector one at a time at the position of the 8" diameter sphere (see
e.g., Fig. 3.1), and comparing the results to that from a simultaneous measurements.
The spectra unfolded from the sphere responses for the two cases are shown in
Figure 4.4. As observed, the spectral shapes are essentially identical; thus, any dif-
ferences in shape with position along the array in back of the iron shield must be
small, and the assumption is shown to be reasonable. The similarity in spectral
shape also indicates that any con&ibuﬁon to each sphere response from "crosstalk”
because of the existence of the other spheres in the simultaneous measurements
must be small.

The effect of backscattering on the measured neutron spectrum was investi-
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Figure 4.4 Unfolded Neutron Spectra For Incident Pions on 162.6 cm of Iron. Shown
are the neutron spectra obtained using BUNKi for pions at 100 GeV incident on
162.6 cm (64 in, 9.7 A) of iron. Comparison is between the case when all spheres
are deployed simultaneously and that when one sphere at a time is in place.
For each energy, the fluence per unit lethargy per 107 pions is plotted as a func-
tion of neutron energy.
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gated. A 10 cm thick sheet of polyethylene was placed in front of the iron blocks
situated in back of the Bonner sphere spectrometer (See Fig.2.2). Measurements
were performed, at the same thickness and energy described above, and compared
with measurements performed without the presence of plastic. Again the spherical
detectors were deployed one at a time at the position of the 8" diameter sphere.
Spectral shapes unfolded from the data are compared in Figure 4.5. As observed,
with the polyethylene sheet in place the peak fluence is reduced while that at a
somewhat lower energy (between 0.01 and 0.1 MeV) is enhanced compared with
the results of the measurements with no cover. Such a shift to lower energies would
be expected because of the moderating properties of polyethylene. When the poly-
ethylene sheet is replaced by one containing 5 cm of borated polyethylene the
spectral shape remains the same as with polyethylene alone. (See Fig. 4.5). Thus,
there are, apparently, few thermal neutrons backscattered from the iron into the
detector or thermalized in the polyethylene as these would be removed because of
the high thermal capture cross section of boron.

Even though there are small shifts toward lower neutron energies in the
unfolded neutron spectra with polyethylene and boron sheets in place, both the
total fluence and dose equivalent are the same, and agree within 12 % with the no
cover case. Furthermore, the overall quality factor is the same within 4 %. It can be
concluded therefore that the number of neutrons backscattered into the detectors
from the iron blocks is fairly small and backscattering contributes little to the over-
all properties of the neutron radiation field at the detector position.

Figures 4.6 and 4.7 show neutron spectra for 25 and 150 GeV incident pions
striking 40.6 and 264.2 cm of Fe respectively, unfolded from the data by using both
the BUNKI and LouHI unfolding codes. It can be seen from the plots that the agree-
ment in terms of gross features between the two codes is quite good; the fluence

and dose equivalent extracted from both codes agree within 1 % and 17 % respec-
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Figure 4.5 Unfolded Neutron Spectra For Incident Pions on 162.6 cm of Iron. Shown
are the neutron spectra obtained using Bunki for pions at 100 GeV incident on
162.6 cm (64 in, 9.7 A) of iron. Comparison is between the case when there is no
covering in the back of detectors and that when there are boron and polyethyl-
ene cover sheets in place. For each energy, the fluence per unit lethargy per 107
pions is plotted as a function of neutron energy.
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Figure 4.6. Unfolded Neutron Spectra for Incident Pions at 40.6 cm of Iron. Shown
are the neutron spectra obtained by using sunxz and Louni unfolding codes, for
incident pions at 25 GeV on 40.6 cm (16 in, 2.4 A) of iron. The fluence per unit
lethargy is plotted as function of neutron energy.
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Figure 4.7. Unfolded Neutron Spectra for Incident Pions at 264.2 cm of Iron. Shown
are the neutron spectra obtained by using sunk and Lourr unfolding codes, for
incident pions at 150 GeV on 264.2 cm (104 in, 15.7 A) of iron. The fluence per
unit lethargy is plotted as function of neutron energy.
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tively. Based on the results of the unfolding, the quality factor for the neutron field
was found to be essentially constant with incident pion energy at each depth in Fe
(see Appendix A). In Appendix A, a complete set of the data including fluence,
dose équivalent and quality factors (among other parameters) are presented for
the unfolded results from both codes for all thicknesses and energies.

As mentioned in Chapter 3, all the results based on spectrum unfolding pre-
sented in this work arise from the use of sphere response functions calculated by
Sanna [1973]. To investigate the sensitivity of the unfolding to any particular set of
such functions, results were compared with calculations based on the widely used
Universty of Texas (UTA) sphere response functions [Hertel et al. 1985]. Figure 4.8
shows a comparison of an unfolded neutron spectra at 100 GeV incident pions on
243.8 cm of iron, by use of sunkt with two different response funtions, Sanna's and
UTA. Except at low neutron energies where the fluence is very small both sets of
responses give identical spectral shapes. The total fluence, fluence to dose equiva-
lent conversion factors, and quality factors obtained from the unfolded spectra are
the same within 10 %. Thus, at least for these two widely-utilized sets of response
functions, the results are relatively independent of which set is used.

Spectral measurements in the lateral shielding direction (transverse to the
incident beam) at Nwa were performed at a single radial depth of 60.9 cm in Fe and
at three pion energies by placing the Bonner Sphere detectors one at a time on top
of the Fe blocks. Figure 4.9 shows a comparison of the neutron spectrum in the
lateral direction with a measurement at approximately the same depth in the lon-
gitudinal direction. Even though the main neutron peak is at the same energy, the
height of the peak in the lateral shield measurement is lower by a factor of 3.3 and
the spectral shape is different at lower energies. The quality factors extracted from
the unfolding codes for the lateral and forward measurements are the same within

5%.
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Figure 4.8. Unfolded Neutron Spectra For Incident Pions on 243.8 cm of Iron. Shown
are the neutron spectra obtained using BuNk1 for pions at 100 GeV incident on
243.8 cm (96 in, 14.5 A) of iron, for two different response functions. For each
energy, the fluence per unit lethargy per pion is plotted as a function of neutron

energy.
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Figure 4.9. Unfolded Neutron Spectra for Incident Pions at 60.9cm of Iron. Shown
is a comparison of the neutron spectra obtained for the lateral and longitudinal
(forward) directions by using sunki for incident pions at 100 GeV on 60.9 cm (24
in, 3.6 A) of iron. The fluence per unit lethargy per pion is plotted as function of
neutron energy.
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Figure 4.10 shows the dependence of neutron fluence and dose equivalent
on thickness in the longitudinal (forward) direction. The fluence and dose equiva-
lent decrease as a function of thickness at each energy. Figure 4.11 shows the de-
pendence of these quantities (neutron fluence and dose equivalent ) on energy in
the longitudinal direction. It can be seen from this figure that both quantities in-
crease approximately as the incident energy at each thickness. Based on these sys-
tematic studies an attempt was made to develop an empirical understanding of
both depth and energy dependence.

4.3 Lateral (Transverse) Shielding at NWA

Stevenson [1986], and others, have analyzed lateral shielding measurements
and performed Monte Carlo calculations for incident hadrons at energies between
10 GeV and 10 TeV. On the basis of such studies, it has been suggested [Stevenson

1986] that the dose equivalent can be empirically represented by the expression:

~rfA
i = HalE)e™ 41
r
with
H,=HE"

Here H is the measured dose equivalent, H, (the so called source term) is the ex-
trapolated dose equivalent at zero depth, r is the distance from the source to shield
surface or other point of interest outside the shielding, A is the effective interaction
length iniron, and E is the energy of the incident particle. Furthermore, it is reason-
able to expect that the fluence can be represented by an expression identical to

Equation 4.1 above. That is, for fluence

~rfA
P = .?ZL(_E%_ 4.2

r

with,




-1
10 : i) ) T T L L) T T ) ¥ T T T 1 LN | 1 ) T L r 1 T T T E
- —e— 25 GeV ]
I~ - -_— 50 GeV 5
- Krﬂ\ —0—75GeV |
_ T 0_% —%— 100 GeV |
. & —n— 150 GeV
£ 102 _____.LL\ o - |
Chl: SRS a
E \‘\ ]
2 : \\ j
\f_: F :'\\ 4
Q
S 100 x ™
= : 7 ]
Ry E \ \D ]
10-4 — o -l 1 J . L L 1 1 1 '\ 1 I3 1 — ) E— 1 e L 1 J
0 50 100 150 200 250 300
Thickness in Fe (cm)
109 T 1 T L) ¥ L LB L] T 1 T Bl L LI tF t ‘14' L T i 1

f
&
:

P

[y
<
]

i
1/
1

[ W T S S W 1

¥ T T T1TT1r1r°r

Jry
+

b

=

Dose Equivalent (rem/pion)

Y

el T I S S ¢ U SN S 1 | T N R

50 100 150 200 250 300
Thickness in Fe (cm)

-t
<
et
N
-
r
-

Figure 4.10. Fluence and Dose Equivalent vs. Thickness of Iron. Shown are fluence
and dose equivalent plotted as a function of thickness in the longitudinal direc-
tion for incident pions at five energies. The fluence and dose equivalent de-
crease as a function of thickness at a specific energy.
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&, = PE

The exponential term e~/

represents the transmission of incident hadrons
through the Fe shielding. Exponential attenuation as described by Equation 4.2,
will 6nly occur after secondary particle equilibrium has been reached. For high
energy radiation effective equilibrium will be established after the radiation has
penetrated about three mean free paths through the shielding (about 51 ecm for
iron) when 95% of the incident pions will have interacted [Sullivan 1992]. Particu-
larly after equilibrium has been reached, it is neutrons that play the largest part in
the propagation of the hadronic cascade

Figure 4.12 shows the results of fitting the expression 4.1 and 4.2 to lateral
measurements of both fluence and dose equivalent at three pion energies (75, 100
and 150 GeV) and at the single shield thickness of 60.9 cm, with lambda (1) fixed at
21.6 cm, a value based on previous analyses [Thomas et al. 1988]. Present results for
@.,and H, taken from the plots of Figure 4.12, are shown in Table 4.1. Taking both
values of the exponent m from the plots of Figure 4.12 for fluence (0.8340.10) and
dose equivalent (0.8610.02), which are the same within the errors, a weighted aver-
age of the exponent in energy can be found of:

(m)=08610.02.

This result is consistent with the value 0.80+0.10 quoted by Thomas et al. [1984].
Cossairt et al. [1985] has predicted a value for the exponent m=0.8440.02 based on
Monte Carlo calculations with the code CasmM [Van Ginneken 1975] for incident
protons (200 < E < 800 GeV) on an iron block (91cm X 91 cm X 366 cm). Mokhov et
al. [1986], on the other hand, for the same geometry, has predicted a value of m=
0.74, based on calculations with the Monte Carlo code Mars10 [Kalinovsky et al.
1984], for incident protons with energies between 70 and 20000 GeV.

From the ratio of the source term strengths (H,/®), found in the analyses,

one calculates a conversion factor from dose equivalent to fluence of:

R
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Figure 4.12. Fits to Fluence and Dose Equivalent vs Pion Energy. Shown are the fits
of expression 4.1 and 4.2 to lateral measurements of both fluence and dose equiva-
lent at three pion energies (75, 100 and 150 GeV) at a single shield thickness of
60.9 cm in iron. Results of the fits are shown in Table 4.1.




Table 4.1

Summary of Results on Lateral Shielding

BuNk1 Stevenson Stevenson | Van Ginneken | Cossairt etal. | Mokhov et al.
[Data] [1984] [19861 [1975] [1985] [1986]
Source term Fluence(&,
2 . (%) (19.9£1.5) N/A N/A N/A N/A N/A
n/em*/pion
Source Term Dose 7
Equivalent. (H’) (2.57+0.39)x10° N/A N/A N/A N/A N/A
rem/pion
Conversion Factor 8 3 8 "
(D.E/Fluence) (1.2940.62)x10 2.80x10 (0.7610.04)x10 0.44x10 N/A N/A
rem/n/cm?
gEm E(0.86:t0.02) N/A E(0.80i0.10) N/A E(0.84:|:0.02) E(0.74)
Neutrons outside | Neutrons with Moyer Model: | CASIM calculation | Fits to Monte Carlo | Fits to Monte Carlo
Comments end stop Fe shield | energies greater | Beam hitting thick for neutrons | cascade calculation | cascade calculation
due tobeam than 20 MeV target in shielded | outside of thick Fe | at 90 degrees for | at 90 degrees for
directly hitting the | outside general tunnel; at 90 shield beam hitting an beam hitting an
end stop accelerator shield degrees iron block. (200 <E | iron block. (70< E<
<800 GeV) 20000 GeV)

4}

Table 4.1. Summary of Results on Lateral Shielding. Shown are the results of the fit at a single lateral depth of 60.9 cm in Fe
and three pion energies. Also shown are the exponent in energy, source terms for fluence and dose equivalent and the
conversion factor from fluence to dose equivalent. Comparison with Stevenson’s, Van Ginneken'’s, Cossairt's and Mohkov's
calculations are also presented. ( See text for further discussion).
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Dose Equivalent
Fluence
Therefore an expression to calculate the source term outside of a thick transverse

=1.29%x10"® rem/n/cm?,

Fe shield can be written:

H,(E)=(1.29+0.62) x 10 E®%**%®) yem /n /em?.

Our knowledge of the source term to be associated with the dose equiva-
lent outside of a lateral shield is, based on the current literature, somewhat confus-
ing. This arises because it is not always clear to what experimental situation or
model the quoted values refer. Table 4.1 summarizes the situation. While some of
the situations represented by these references refer to all radiation that result from
hadronic cascades, the most likely radition to leak through shielding at 90 degrees
to the beam will be neutrons.

44 Forw ongitudinal) Shieldi NWA

Unlike the lateral shielding case there is no similarly simple analytical ex-
pression (as, e.g., Equation 4.1) that can be used to describe the on-axis longitudi-
nal cascade development. An one-dimensional model described by Lindenbaum
[1961] suggests that if n collisions are necessary to degrade the energy of the inci-
dent particle so that no secondaries are produced in this n’th interaction, then the
total number of particles reaching a depth z is given by the expression: |

N(z)=N,B,(z/A)e™#* , 4.3
where A is the mean free path taken to be independent of energy and particle
type, z is the thickness of the shielding, and B, (z/A) is the build up term defined
in this one dimensional description as :
B, =1+p,(z/A)+pp,(2/A) 2 +...+ H"p,.{(z//'t)"/n!},

where p; is the multiplicity in the i'th interaction, also assumed to be independent
of both energy and particle type. If the multiplicities are taken to be constant, the

build up factor does not saturate but instead is a monotonically increasing function
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of z, and under certain conditions approximates exponential absorption.

Following a suggestion by Thomas and Stevenson [1988] an attempt was
made to describe the observed dependence of both fluence and dose equivalent in
the forward direction on shield thickness and energy by use of an expression simi-
lar to that given in Equation 4.3. Thus,

R(E,z)=R,(E,z)e** 44
where R(E,z) represents either dose equivalent or fluence and will depend on the
energy of the incident particle and depth in the shield, A is the mean free path
(which is taken in the present analysis to have the same value 21.6 cm as in the
lateral shielding case) and z is the thickness of the shielding. R, (E,z) can be sepa-
rated into both depth and energy dependent terms:

R,(E,z)=R,(E)B(z) 4.5
where B(z) is a build up term dependent on depth. This build up term can be ap-
proximated as an exponential in the form:

B(z)=e" 4.6
Again, assuming a power law dependence on energy, as in the lateral case :
R,(E)=RE" 4.7
where R; is the so called source term strength and E is the incident pion energy.
Substituting Equations 4.6 and 4.7 into Equation 4.5, and then into Equation 4.4,
one gets:
R=RE"e=e ¥ 4.8
To determine the dependence on thickness, both the fluence and dose equiva-
lent unfolded from the data were fit, at each energy, to the expression:
f(z) =me™ 4.9
Figures 4.13 and 4.14 show as an example the resultant fit at the pion energy of 100
GeV. The results for the coefficients m, and m, from fits at all energies are shown in

Table 4.2.
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Figure 4.13. Neutron Fluence at 100 GeV. Plotted is neutron fluence as a function
of thickness for 100 GeV incident pions in the longitudinal direction. Also shown
is the fit of the data to expression 4.9. Results of the fit are given in Table 4.2.
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Summary of Fits to Eq. 4.9 for Flue:izlzr:lcizDose Equivale-nce vs Incident Pion
Energy
Fluence Dose Equivalent
Energy(GeV) m, m, ml (xlO'lO) m,
25 0.019610.0032 |-0.01411+0.0016 | 2.87610.856 |-0.0169+0.0030
50 0.044140.0048 |-0.0185+0.0007 | 7.188+1.344 [-0.0216+0.0013
75 0.0591+0.0068 |-0.017610.0006 | 9.435+1.807 |(-0.0207+0.0011
100 0.0675+0.0070 |-0.0167+0.0006 | 11.01+1.92 |[-0.0197+0.0011
150 0.0870+0.0102 [-0.0162+0.0007 | 15.53+3.03 |-0.0199+0.0018
Average N/A -0.0166+0.0016 N/A -0.0198+0.0018

Table 4.2 Summary of Fits of Fluence and Dose Equivalent as a Function of Inci-
dent Pion Energy for the Longitudinal Shielding. Shown are the results of the fit
at five pion energies for the coefficients m, and m, Also shown is the average of
the exponential coefficient (m,) for fluence and dose equivalent.



58

The coefficient m,, the exponential coefficient, is plotted as a function of
energy in Figure 4.15. For fluence, an average over the incident pion energies gives,
m, =-0.0166 £0.0016

as shown in Table 4.2 ; for dose equivalent, averaging gives,

m, =-0.0198 £0.0018.
Since these values are approximately the same within the errors, an average yields
an exponent of:

(m,)=-0.0180+0.0012.

The energy dependence is obtained by fitting the coefficients m,, shown in
Table 4.2, to a power law in energy( E™). The results for both fluence and dose
equivalent are shown in Figure 4.16. The coefficient m is now the exponent of inci-
dent hadron energy E. Taking an average of the values of the coefficient m (0.7910.09
for fluence and 0.87+0.16 for dose equivalent) from the fits, since they are the same
within errors, one finds (m ) = 0.8310.08.

It appears, therefore, from these results that both the fluence and dose equiva-
lent associated with neutrons that leak through iron shielding in the forward direc-
tion with respect to the incident beam, can be represented by the same dependence
on thickness and hadron energy. Thus, if R(E,z) represents either fluence or dose
equivalent,

R(E,z) = R/E(®520%8)-(001820.001): 4.10
or alternatively,
R(E,z) = R;E(OxaiO-os)e—z/(SS-SﬂS) 4.11
Equation 4.11 is in the form of exponential attenuation with a “generalized” mean
free path of 55.5+7.5 cm for Fe. This should be compared with the “standard” value
A=21.6 cm which was used in the case of lateral Fe shielding.

From the fits in Figure 4.16, the source term strength R; for fluence is
(1.79£0.71)x 10" n/cm’pion, while for dose equivalent it is (2.02+1.42)x10™
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Figure 4.15. Exponents from the Fits. Plotted are the exponential coefficients for
fluence and dose equivalent as a function of incident pion energy. These values
(m,) are also given in Table 4.2.
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rem/pion. The ratio of dose equivalent to fluence leads to a conversion factor or
overall source term strength, outside of longitudinal Fe shielding of
(1.13£0.91) x10° rem/n/cm?

" The exponential dependence on thickness given in Equation 4.11 can be
written, as in Equation 4.8, in a form representing both a build-up and an attenua-
tion term. Thus, from Equations 4.8 and 4.9,

my,=a-1/4 . 4.12
Substituting the values of 4 =21.6 cm as in the lateral case and m, =-0.018+0.001
that results from the fittings into Equation 4.12, the value of a for the longitudinal
shielding case is found to be a=0.028. Thus, writing Equation 4.10 in the form of
Equation 4.8 one finds:
R(E,z) = R/ E(*%*008) 0028z 4-2/21.6 4.13

0.0282 -2/216

where "™ represents the build up term and e is the “standard” attenuation
term.

In summary, both fluence and dose equivalent in the hadron energy range
25-150 GeV, can be represented by a dependence on both depth and energy as shown
in Equation 4.13. The average conversion factor for longitudinal shielding is ob-
served to be 10% smaller in absolute value than for the lateral shielding case. Un-
like the lateral case, there is nothing in the literature for comparison with the present
results.
4.5 FLUKA Monte Carlo Calculations

The Monte Carlo code FLUkA was used to simulate the measurements per-
formed at the Nwa enclosure for the on-axis (longitudinal) iron shielding. The new-
est version available, FLUKA92 [Fasso et al. 1993], simulates the development of
hadron-induced cascades and includes the production and transport of neutrons

down to the thermal energy range. This made it possible to run a single code and

compare the results with the measurements performed. In the past FLuka would
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follow the neutrons down to 20 MeV, and then require a specially created file as
input into another code, for example MOrst [Emmet 1975], in order to propagate the
neutrons to thermal energies. In the current modeling of the experimental geom-
etry, neutrons were scored when crossing a plane boundary in either direction at
the detector position. In our case these positions (the Z-direction) range from 40.6
cm to 264 cm, the total thickness of iron shielding. For example, at a depth of 40 cm
neutrons were scored when crossing the Z = 40 cm plane in both directions. The
scoring surface was taken as an annulus centered on the beam axis and of radial
width equal to the diameter of an arbitrary detector. In this case the radius of the
detector was taken to be 30 cm to improve statistics. Inverse cosine weighting was
applied to the number of trajectories passing through the annulus. The fluence in
neutrons per cm? was determined from the neutrons passing through the annulus
and its area. FLUKA92 does not (in the version used) calculate the dose equivalent.

Figures 4.17, 4.18 and 4.19 show the measured neutron spectra unfolded
from the data by use of Bunki compared to those generated in the FLuka simulation.
The agreement is generally very good .at energies near the peak in the measured
spectra (in the keV region) and, frequently, FLUKA is an adequate representation of
the data at lower energies as well. However, the FLUKA simulation exhibits the pres-
ence of neutrons with energies that peak near 100 MeV which is not observed in the
data. As discussed previously in Chapter 2, attempts to investigate the neutron
region above 20 MeV experimentally were not successful, although preliminary
studies suggested that the number of neutrons with energies above that value was
small.

The relatively small size of the contribution of high energy neutrons sug-
gested by the preliminary measurements is in fact corroborated by the FLukaA pre-
diction in that the fluence of neutrons with energies above 9 MeV represent only

15% or less of the total fluence predicted at each pion energy and shield thickness.
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Figure 4.17. Neutron Spectra for Incident Pions on 40.6 cm of Iron. Shown is the
neutron spectrum unfolded from the data by use of BuNkt compared to that gen-
erated by the FLUKA simulation, for 50 GeV incident pions on 40.6 cm (16 in, 2.4
A) of iron in the longitudinal direction. The fluence per unit lethargy per pion is
plotted as a function of neutron energy.
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Figure 4.18. Neutron Spectra for Incident Pions on 61 cm of Iron. Shown is the
neutron spectrum unfolded from the data by use of Bunki compared to that gen-
erated by the FLuka simulation, for 100 GeV incident pions on 61 cm (24 in, 3.6
A) of iron in the longitudinal direction. The fluence per unit lethargy per pion is

plotted as a function of neutron energy.
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Figure 4.19. Unfolded Neutron Spectra for Incident Pions on 142.2 cm of Iron. Shown
is the neutron spectrum unfolded from the data by use of BuNK1 compared to
that generated by the FLUka simulation, for 50 GeV incident pions on 142.2 cm
(56 in, 8.5 A) of iron in the longitudinal direction. The fluence per unit lethargy
per pion is plotted as a function of neutron energy.
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Thus, the energy and thickness dependence exhibited by rLukA is still a good repre-
sentation of the majority of the data. The dependence on thickness calculated by
FLUKA is compared in Figures 4.20, 4.21 and 4.22 with that unfolded from the data
with Bunki. Except for the thickest shield at each energy, the agreement is quite
good for both the full FLUKA calculation as well as that truncated to energies below
9 MeV to match the upper energy limit observed for the data, even to the predic-
tion by FLUka of buildup at thicknesses between 40 and 50 cm. For the two thickest
shields, where the agreement is less good, the FLUA predictions are only two to
three times smaller than the data.

The thickness and energy dependence of the fluence calculated by FLuka
was analyzed in the same way as was the data, described in the last section. As in
the previous case, the same expression was used to describe the fluence in the for-
ward direction. That is,

R=RE"e“e#,
where R;E™is the source term or fluence at zero depth, E is the energy of the inci-
dent particle, z is the thickness of the shielding material (Fe), and A is the mean free
path in Fe (21.6 cm).

Figure 4.23 shows the neutron fluence at 100 GeV fitted to an exponential
function,

y =mem.
Table 4.3 shows the.complete results of such fits of neutron fluence at all energies as
a function of thickness; as seen, values of the exponent m, are constant to a few
percent as a function of pion energy. The average value is equal to -0.0218 + 0.0015.
Recall that the data gave a value for the same exponent of —0.0180 + 0.0012, about
17% lower in absolute value but almost within the stated accuracy of the data. Also
the results of the FLUKA simulation truncated to neutron energies below 9 MeV show

the same dependence on energy as does the full calculation, although absolute val-
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Figure 4.20. Thickness Dependence Comparison Between FLUKA and BUNKI at 25
GeV. The dependence on thickness calculated by FLUkA (labelled MC) both for
total fluence and for fluence at neutron energies below 9 MeV is compared with
that unfolded from the data by use of Bunki. Plotted is the neutron fluence as a
function of thickness for incident pions at 25 GeV.
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Figure 4.21. Thickness Dependence Comparison Between FLUKA and BUNKI at 50
and 75 GeV. The dependence on thickness calculated by FLuka (labelled MC)
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pared with that unfolded from the data by use of Bunk. Plotted is the neutron
fluence as a function of thickness for incident pions at 50 and 75 GeV.
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Results of the fit are given in Table 4.3.
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Table 4.3

Summary of Fits of Fluence as a Function of Incident Pion Energy for the

Longitudinal Shielding Generated by FLUKA

Fluence Fluence (E< 9.05 MeV)
Energy (GeV) m, m, m m,
25 0.0298+0.0043 | -0.0208+0.0013 | 0.0260+0.0038 | —0.020810.001
50 0.064240.0068 | —0.0236+0.0007 | 0.0565+0.0059 | -0.02361+0.0007
75 0.0830+0.0094 |-0.0235+0.0007 | 0.0730+0.0082 | -0.0236+0.0006
100 0.0922+0.0094 | —0.0210+0.0006 | 0.0811+0.0082 |-0.0210+0.0006
150 0.104540.0125 | -0.0204+0.0006 | 0.0913+0.0109 | -0.0204+0.0006
Average N/A —0.0218+0.0015 N/A -0.0219+0.0016

Table 4.3. Summary of Fits of Fluence as a Function of Incident Pion Energy for the
Longitudinal Shielding Generated by FLukA. Shown are the results of the fit at
five pion energies with the coefficients m, and m, Alsoshown is the average of

the exponential coefficient (m,) for total fluence and for fluence with energies
lower than 9.05 MeV.
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ues (as indicated by the coefficient m, in Table 4.3) are 10-15% lower.

After removing the depth dependence, Figure 4.24 shows that the depen-
dence on energy can be represented by a power series in energy and the value of
the exponent m is 0.68 + 0.08 which is lower by 18% from the absolute value of 0.83
+0.08 given by Bunki for the data, but is in agreement within the errors. The source
term strength R can be obtained from that same plot and is
(3.90£1.42)x10™ n/cm?/pion which is roughly twice the value in absolute terms
found for the data, although they are almost in agreement within the rather size-
able errors. Similar fits to the m, coefficients from the truncated FLUKA simulation
gives (3.43£1.25) x10° n/cm®/pion, 12.5 % less.

In summary, from the FLuKA simulation, fluence can be written as:

R=(3.90£1.42)x 107 n/cm?/pion x E(06:008)o(-545932)
or, alternatively,
R=(3.90£1.42)x10"° n/cm?/pion x E{068£008) 5(00242) o(~2216),

Table 4.4 shows a summary of the results for the on-axis longitudinal shielding
where the measurements are compared to FLUKA results.

Even though the Monte Carlo simulation predicts that about 15% of the to-
tal fluence at each pion energy represents neutrons with energies greater than 9
MeV (which were, as discussed previously, not observed in the measurements) the
energy and thickness dependence of the calculated results, are in good agreement
within the stated accuracies with the actual data. Furthermore, the FLUKA calcula-
tion truncated to 9 MeV, gives results that are in excellent agreement with those
from the full FLukA calculation. This suggests that any additional fluence associ-
ated with high energy neutrons will not modify the dependence on thickness and

energy.
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Figure 4.24. Energy Dependence Fit (FLuka). Plotted are the coefficients (m,) for
fluence as a function of incident pion energy. The energy dependence is ob-
tained by fitting the coefficients (m,) to a power law in energy. Values of the
coefficients (m,) are given in Table 4.3.
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Table 4.4
Summary Table for the On-Axis Longitudinal Shielding
BUNKI FLUKA FLUKA
(Data) (E<9.05MeV)
So R - - -
I‘f}f:‘fntfgﬂo(n J | 179+071)x10° | (3.90+£1.42)x10° | (3.43£1.25)x10°
Source Term (R; -
| Source D pi&n( ) | (202+1.42)x10 N/A N/A
Conversion Factor -8
e nses | (113£091)x10 N/A N/A
ol F(0.83£0.08) F(0-68£0.08) F(0.68£0.08)
Generalized m.f.p
(cm) 55 46 46

Table 4.4 Summary of Results for the On-Axis Longitudinal Shielding. Shown are
source terms for fluence and dose equivalent, the exponent in energy, the con-
version factor from fluence to dose equivalent and the generalized mean free

path.
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4.6 Proton Center PC-4 Results
4.6.1 The Roofs

Figures 4.25 and 4.26 show the neutron spectra, based on the sunit unfold-
ing code, on the first and fourth roofs at the PC beamline enclosure PC4 at differ-
ent beam targeting angles. The peak between 0.1 and 1 MeV probably represents
those neutrons that leak through iron (the large electromagnet in the targeting en-
closure (see Fig. 2.4)) because of the small nuclear inelastic cross section for iron at
such energies. Thermal neutrons and those with energies up to 1 keV contribute
sizeably to the observed spectra because there was sufficient concrete in the vicin-
ity to act as a moderator, but not enough to shield the neutrons from leaking out.

~ Tables 4.5 and 4.6 show the relative distribution in energy of both fluence

and dose equivalent as obtained from sunki. On the roofs, even though roughly
90% of the fluence comes from neutrons with energies below 100 keV, 50% of the
dose equivalent arises from neutrons with energies greater than 100 keV. Another
30% of the dose equivalent arises from neutrons with energies between 1.5 eV and
100 keV, while the other 20% arises from neutrons with energies below 1.5 eV. The
preponderance of low energy neutrons is reflected in the fairly low value of the
quality factor QF = 3.8. It is seen in Tables 4.5 and 4.6 that targeting the beam at
different angles does not affect the distribution of fluence or dose equivalent on the
roofs.
4.6.2 Downstream Hyperon Extension Enclosure

Figure 4.27 shows the neutron spectra, based on the unfolding code sunki,
for the upstream and downstream hyperon extension enclosures.

The downstream measurements for all targeting angles +3, 0, -3 mradians
showed (see Tables 4.5 and 4.6) that although only about 25% of the fluence arises
from neutrons with energies between 2 and 25 MeV, almost 70% of the dose equiva-

lent comes from such neutrons. And while 60% of the fluence arises from neutrons
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Figure 4.25. PC-4 First Roof Neutron Spectrum. Shown is the neutron spectrum
unfolded using BuNki from the data, for incident protons at 800 GeV. Plotted is
fluence per unit lethargy as a function of neutron energy.
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Table 4.5

PC4 Fluence in Specific Energy Bins for Unfolded Neutron Spectra

4th roof 4throof | 4throof |Downstream|Downstream| Downstream| Upstream | Upstream | Upstream
Bin Range 1st roof 0 +3 -3 0 3 -3 0 +3 -3
mradians | mradians | mradians | mradians mradians mradians | mradians | mradians | mradians
<15eV 35.0 34.8 34.9 33.4 21.8 23.3 21.3 34.8 404 32.8
1.5eV-
0.1 MeV 58.2 58.1 575 57.8 38.0 45.0 37.8 24.7 52.3 54.9
0.1 MeV -
2.0 MeV 6.7 74 7.6 8.8 14.3 10.7 15.8 1.6 04 11.4
2 MeV -
25 MeV — — — — 25.8 21.0 249 38.9 6.9 09
> 25 MeV —_ — — —_ 0.1 —_ — — —_ —

Table 4.5. PC-4 Fluence in Specific Energy Bins for Unfolded Neutron Spectra. Shown is the percentage of total
fluence in specific energy bins at a given position. For the fourth roof, the downstream and upstream hy-
peron extensions, there are three beam targeting angles as shown in the table above.
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Table 4.6

PC4 Dose Equivalent in Specific Energy Bins for Unfolded Neutron Spectra

4throof | 4throof | 4throof |Downstream|Downstream | Downstream | Upstream | Upstream | Upstream
Bin Range | 1stroof 0 3 -3 0 +3 -3 0 +3 -3
mradians | mradians | mradians mradians mradians mradians mradians | mradians | mradians
<1l5eV 16.7 16.5 17 15.5 1.89 2.09 1.71 6.9 11.6 9.1
1.5eV-
0.1 MeV 29.6 30.8 32.1 30 4.6 5.4 5.7 12.5 15.8 17.3
0.1 MeV -
2.0 MeV 53.6 52.7 50.9 54.5 20.7 23.0 21.6 3.9 2.2 64.9
2MeV -
25 MeV 0.11 — — — 72.5 69.5 71 76.7 70.4 8.72
> 25 MeV — — — — 0.3 — — — — —
Quality
Factor 3.7 3.8 3.7 3.8 6.5 7.4 6.4 5 45 5.2

Table 4.6. PC-4 Dose Equivalent in Specific Energy Bins for Unfolded Neutron Spectra. Shown is percentage of
total dose equivalent in specific energy bins at a given position. For the fourth roof, the downstream and
upstream hyperon extensions, there are three beam targeting angles as shown in the table above.

6L
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Figure 4.27. PC-4 Downstream and Upstream of the Hyperon Extension Enclo-
sures Neutron Spectra. Shown are the neutron spectra unfolded using BunK
from the data, for incident protons at 800 GeV at three different beam targeting
angles. The plots on the left and right of the page represent respectively the
downstream and upstream hyperon extension enclosure measurements. Plot-
ted is fluence per unit lethargy as a function of neutron energy.



81

with energies below 0.1 MeV, only about 7% of the dose equivalent is contributed
by such neutrons. The average quality factor is around 6.8 indicating the presence
of neutrons with higher energies contributing to the dose equivalent and to a much
harder spectra than those in the roof area. i

Figure 4.28 shows neutron spectra, based on both unfolding codes suNki and
LouH], for the downstream hyperon extension enclosure at +3 mradians. It can be
seen from this figure that while there is some disagreement in the details, the spec-
tra unfolded by both codes have the same general shape. Table 4.7 shows a com-
parison of the results of the unfolding done by the two different codes. The total
fluence and dose equivalent agrees very well while the agreement for the average
energy and quality factor is reasonably good.
4.6.3 Upstream Hyperon Extension Enclosure

The results of the upstream hyperon extension measurements show a de-
pendence on the targeting angle. The upstream measurement at a +3 mradians
targeting angle showed (see Tables 4.5 and 4.6) that 90% of the fluence comes from
neutrons with energies below 0.1 MeV while only 27% of the dose equivalent comes
from neutrons in that energy range. On the other hand neutrons with energies be-
tween 2 and 25 MeV contribute only 6.9% to the fluence but 70% to the dose equiva-
lent.

At-3 mradians beam targeting angle, the measurement showed that 86% of
the fluence comes from neutrons with energies below 0.1 MeV whereas only 16%
of the dose equivalent comes from neutrons in that energy interval. Neutrons with
energies between 0.1 and 2.0 MeV contribute 11% to the fluence while 65% of the
dose equivalent comes from neutrons in that same energy interval.

At 0 mradians beam targeting angle, the neutrons with energies below 0.1
MeV contribute 69% to the fluence while neutrons in that same energy range con-

tribute 19% to the dose equivalent. Furthermore, neutrons between 2 and 25 MeV
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Table 4.7

PC-4 Comparison of Results Obtained
Using sunki and Loun1 Unfolding Codes

BUNKI || LOUHI
Total Fluence (N/cm?) 15790 15900
Total Dose Equivalent
(mrem) 0.203 0.208
Average Energy (MeV) 1.18 1.41
Quality Factor 7.5 8.0

Table 4.7. PC-4 Comparison of the Unfolded Data by use of Bunxt and Loun1. Shown
are the results at the downstream hyperon extension at +3 miliradians of fluence,
total dose equivalent, average energy and quality factor.
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contribute 39% to the fluence but almost 77% to the dose equivalent. The average
quality factor is significémtly lower than that measured in the downstream exten-
sion, demonstrating a much softer neutron spectra.
4.7 Monte Carlo Calculations at PC-4

casM [Van Ginneken 1975] is a Monte Carlo code that was used to estimate
the dose equivalent for the PC-4 data set. This program is based on the develop-
ment of intranuclear cascades when high energy particles strike large shields of
arbitrary shape and composition. The program can treat particles with incident
momentum in the range 20-20000 GeV /c. It has a cut off at 0.3 GeV /¢, which corre-
sponds to a kinetic energy of 46.8 MeV for a nucleon; it does not follow particles
with momentum lower than this cut off. In contrast to the FLukA code, casM uses
directly inclusive distributions, i.e., particle yields as function of angle and mo-
mentum from inelastic interactions, in order to produce the particles to follow in
the cascade simulation. It is a weighted Monte Carlo program; this means that only
one or two high energy particles are allowed to be created in each collision, but
these particles carry a weight related to their probability of production for the en-
ergy carried with them. The program calculates star densities, that is, the density of
inelastic interactions as a function of location and particle type crossing the region
of interest. From star densities, conversion to dose equivalent is possible. Unlike
FLUKA92, CASIM does not estimate neutron fluence.

The dose equivalent calculated by casm agrees within a factor of two with
measurements made on the roofs. Table 4.8 shows the comparison between the
measurement and casiM for the dose equivalent at the first roof. In addition a com-
parison with cas of the measured averaged dose equivalent at three different

targeting angles on the fourth roof is presented in the same table.
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Table 4.8 -
Comparison of Measurements and CASIM Calculations

Dose Equivalent (mrem)
1st Roof 4th Roof
Measurements 0.118 0.369
Monte Carlo
(CASIM) 0.178+0.121 0.570+0.433

Table 4.8 PC-4 Comparison of Dose Equivalent Unfolded from the Data by sunki
with casm Simulations. Shown are the results at the first and fourth roofs of the
dose equivalent obtained from the data by use of Bunki and the simulation gen-
erated by casmm. The casm results are presented for the same number of inci-
dent protons as the measurements. The agreement is roughly within the errors
associated with the simulation.




Chal;ter 5
Conclusions

In this chapter the major conclusions are summarized. They are based on
the analyses discussed in the previous chapter. The conclusions are related to the
dosimetric quantities of fluence and dose equivalent for neutrons. The results sum-
marized below should be applicable at all accelerator laboratories at which neu-
trons that arise from the interaction of high energy hadrons with matter must be
shielded.

5.1 Dependence on Shieldi ickne

From the study of shielding in the forward direction, the shape of the spec-
trum for those neutrons that leak through an Fe absorber is roughly independent
of beam energy and absorber thickness. This holds even for shield thicknesses as
small as 40.6 cm (16"), and suggests, therefore, that the hadronic cascade within the
iron is well-developed and secondary-particle equilibrium is achieved at absorber
thickness of less than 3 mean free paths (i.e, about 51 cm).

In the transverse (lateral) shielding direction, measurements were performed
at only one shield thickness, so that the thickness dependence associated with
neutron fluence and dose equivalent could not be determined. Even so, the results
are consistent with the empirical expressions, Equations 4.1 and 4.2, with an effec-
tive mean free path of 21.6 cm, the so-called “ standard” value, in agreement with
the value for the mean free path obtained in a least-squares analysis of the results
from Monte Carlo calculations [Fasso et al. 1990]

In the longitudinal shielding direction, the dependence on thickness of both

total fluence and dose equivalent can be represented by the product of a build-up
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factor (€0-0282) and an attenuation term (e"2/21.6); or, alternatively, as an attenua-
tion term with a generalized mean free path A=55.5t7.7 cm, larger by a factor of 2.5
than the “standard” lateral shielding value, A=21.6 cm.

" In Figure 5.1 the average quality factor obtained from the unfolded data is
plotted as a function of absorber thickness. The observed decrease with increasing
shield thickness is consistent with an overall “softening” (that is, a lowering) of the
average neutron energy with increasing depth.

5.2 Dependence on Energy

The dependence of both fluence and dose equivalent on incident hadron
energy E is given by a power law expression E™, and is essentially the same for
both lateral (m=0.86+0.02) and longitudinal (m=0.8310.08) shielding directions. The
“standard” value for lateral shielding is 0.8010.10.

The “standard” result (0.80+0.10) quoted by Thomas [1988] actually arises
from a statistical analysis [Thomas et al. 1984, Liu et al. 1984] of a fairly large data
base of experimental attempts to determine the source strength parameter associ-
ated with the semi-empirical Moyér Model developed in 1961 [Moyer, 1961, 1962],
before the widespread use of Monte Carlo techniques, to determine the transverse
shielding requirements for high energy accelerators. This model, even now, has
proved to be a reasonable method for the estimation of the shielding needed at
high energy accelerator facilities. The present results verify the detailed energy
dependence given by the Moyer Model for the case of lateral shielding, and even
suggests the same energy dependence for the forward-direction shielding for which
the Moyer Model is not meant to apply.

5.3 Conversion Factor

The source strength, or conversion factor between dose equivalent and

fluence, is very closely the same for both lateral and longitudinal shielding direc-

tions. This is somewhat surprising in view of the Moyer Model representation
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[McCaslin, 1982] which would predict different values dependent on the angle of
observation. The value at 90 degrees is (0.760.10) x 108 rem /n/cm2 for the Moyer
Model, based on the source term value (2.84+0.14) x 107rem/n/cm?2 from the analy-
sis of Thomas et al [1984], and would be larger at smaller angles. Based on the
present measurements and analysis it was found to be (1.2940.62) x 108 rem/n/
cm2 for the lateral case and (1.1340.91) x 10-8 rem /n/ cm2 for the longitudinal shield-
ing.

It should however be mentioned again that the Moyer Model was first for-
mulated for a beam striking a target or a beam stop of limited radial extent within
a tunnel. This is rather different from the experimental situation studied in the
present work.

5.4 Comparison with Monte Carlo Calculations

The agreement of the spectral data with the predictions of the Monte Carlo
code FLUKA is generally excellent, particularly at neutron energies between 10 keV
and 5-10 MeV, and frequently down to very low energies as well. On the other
hand, Monte Carlo (FLuka) simulation showed that neutrons with energies higher
than 10 MeV should contribute between 10-15 % to the total fluence at each pion
energy and shield thickness. As mentioned and discussed in Chapters 3 and 4,
there is little evidence in the data for the existence of such neutrons.

Even so, the dependence of fluence on energy and thickness, from the FLuka
calculation is in agreement within the rather large errors of the analysis with that
determined from the data. This is true for the full FLuka predictions as well as for
the FLUkA simulation truncated to neutrons energies below 9 MeV. Therefore, as-
suming that the Monte Carlo calculation is a reasonable representation of the data
tf\at exists, it appears that the expression which represents the energy and thick-
ness dependence (e.g., Equation 4.13) obtained from the analysis of the actual data

will remain valid even though the small fraction of higher energy neutrons pre-
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dicted by FLuka were not seen experimentally.
5.5 Properties of the Neutron Fields

Based on the spectral measurements taken outside of the shielding at the
experimental beam line enclosure at PC-4, it was found that on the roofs at least
50 % of the dose equivalent comes from neutrons with energies above 0.1 MeV. At
both downstream and upstream enclosures 60-70 % of the dose equivalent arises
from such neutrons. This occurs in spite of the fact that over 60 % of the fluence is
from neutrons with energies less than 0.1 MeV at all locations. The average quality
factor at all locations is about 5 although the roofs show smaller values (softer spec-
tra) and the downstream extension larger values (harder spectra).

The results summarized above generally reflect the conclusions of Elwyn
[1991, Cossairt et al. 1988] who has reported on the average properties of neutron
radiation fields outside shielded enclosures at Fermilab. Based on a series of mea-
surements at about 14 locations around the laboratory, 23 % of the fluence and 77 %
of the dose equivalent arises from neutrons with energies above 0.1 MeV; and the
quality factor of the neutron field is about 5. Thus, the PC-4 area is fairly typical of
shielded accelerator-generated neutron radiation areas.

Finally, the present results suggest that what happens within an experimen-
tal enclosure can sometimes affect the properties of the neutron field at locations
outside shielding. For example, targeting of primary proton beam at different angles
within the beam line enclosure can affect the shape of the neutron spectra as well as
the distribution of fluence and dose equivalent at specific locations outside of shield-
ing, and must be considered in the design of the shielding for high energy experi-

ments.



Appendices

Appendices A, B and C represent a compilation of the entire data ensemble

collected at Nwa.
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Appendix A

In Appendix A, Tables A.1 through A.10 present all the data unfolded by use
of Bunkr and LouHI (total fluence, dose equivalent, average quality factor etc.) col-

lected at Nwa.
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Depth 40.6 cm of Fe Data Taken at NWA

BUNKI LOUHI

——

Energy (GeV) 25 50 75 100 150 25 50 75 100 150

Total2 Flt;ence 110600 160000 224000 257800 364000 112000 158000 220700 253400 361400
(N/cm®10°-Pions)

Total Doyse Eqv. | 16903 | 244x103 | 322103 | 3.82x10-3 | 541x103 | 1.89x10-3 | 281x103 | 370x103 | 4.28x103 | 6.06x10-3
(Rem/10’ Pions)

Rem/Fluence 153x10-8 | 1.53x10°8 | 1.44x108 | 1.48x108 | 1.48x10°8 | 1.69x108 | 1.79x10°8 | 1.68x108 | 1.69x10°8 | 1.68x10-8

Average 0.55 0.56 0.52 047 0.48 12 1.0 0.92 071 0.82
Energy(MeV)
Quality Factor(QF) 9.2 9.3 92 94 9.3 9.2 95 94 96 10.3

Table A.1. Results of the Unfolding are Shown. The total fluence as unfolded by use of Bunki and LouHt is shown.
Total dose equivalent, conversion factors fluence to dose equivalent and quality factors calculated by the two codes
are shown.
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Depth 61 cm of Fe Data Taken at NWA

BUNKI LOUHI

Energy (GeV) 5 Gy 5 0 150 5 50 % 100 150
Total Fluence 91300 153000 | 154000 | 267000 | 363800 | 69840 152400 | 152700 | 266300 | 360700
(N/cm2, 107 Pions )
Total Dose Eqv. § 111x10 | 225x10° | 223x10° | 3.91x103 | 54510 | 1.42x105 | 2.76x10 | 2.75x10% | 481x10 | 6.76x10°3

(rem/107 Pions)

Rem/Fluence || 122x10-8 | 1.50x10° | 145x10° | 156x10®° | 150x10° | 1.58x10-8 | 1.81x108 | 1.80x10® | 1.80x10-3 | 1.87x10°®
Average 033 041 0.40 041 041 40 0.54 0.52 053 0.53
Energy(MeV)

Quality Factor(QF)§ 91 95 95 95 95 93 103 10.2 103

Table A.2. Results of the Unfolding are Shown. The total fluence as unfolded by use of Bunki and LouH! is shown.
Total dose equivalent, conversion factors fluence to dose equivalent and quality factors calculated by the two codes
are shown.
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Depth 81.3 cm of Fe Data Taken at NWA

BUNKI LOUHI
Energy (GeV) 25 40 ~50 50 25 40 ) 50
Total Fluence 58500 90100 111000 111000 45490 68220 81270 84670
(N/ em2107 Pions)
Total Dose Eqv. 6.37x10% | 9.97x1 1.17x10° | 1.24x108 | 7.07x10% | 1.20x103 | 1.48x10> | 1.53x10°
(rem/ 107 Pions) :
Rem/Fluence 1.10x10°° | 1.10x10 1.05x10" 1.12x10° | 1.55x10" 1.76x10° | 1.83x10" 1.81x10°%
Average Energy (MeV) 0.32 0.35 0.44 0.36 0.32 23 2.0 2.0
Quality Factor (QF) 8.5 85 8.0 8.5 8.1 9.1 9.4 9.4
BUNKI LOUHI
Energy (GeV) 75 100 100 75 100 100
Total Fluence 56000 201000 196000 120100 164700 159000
(N/cm?2- 107-Pions) .
Total Dose Eqv. 1.84x10~° | 243x10° | 255x10° | 2.29x10° | 2.97x10° | 2.96x10
(rem/ 107 Pions) ﬁ
Rem/Fluence 1.10x10-8 | 1.21x10F | 1.30x10° | 1.91x10° | 1.80x108 | 1.86x10-
Average Energy (MeV) 0.36 0.36 0.36 1.7 1.22 1.28
Quality Factor (QF) 8.7 8.8 9.1 9.9 9.7 9.9

Table A.3. Results of the Unfolding are Shown. The total fluence as unfolded by use of sunki and LouHI is shown.
Total dose equivalent, conversion factors fluence to dose equivalent and quality factors calculated by the two codes
are shown.
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Depth 121.9 cm of Fe Data Taken at NWA

BUNKI LOUHI
" Energy (GeV) 25 50 50 150 25 50 50 150 |
Total Fluence 32100 60400 63600 160100 32570 | 60480 63540 185100
(N/cm2.107 Pions )
Total Dose Eqv. 3.16x107%| 6.57x10"4| 6.98x1074| 2.09x10-3 | 3.74x10-4| 8.0x104 | 8.48x10"% | 2.74x10-3
(rem/ 107 Pions)
Rem/Fluence 0.98x1079| 1.08x10-8 | 1.10x10-%| 1.09x1075 | 1.15x10-9] 1.32x10-3| 1.33x10-8 | 1.48x10-8
Average Energy (MeV) 0.36 0.30 7032 0.30 052 0.36 0.40 0.38
Quality Factor (QF) 8.1 8.7 8.6 ~87 8.1 9.0 9.0 9.3
BUNKI LOUHI
" Energy (GeV) 50 ~75 100 — 50 75 100
[~ Total Fluence 55600 92400 116000 54970 91720 113700 |
(N/cm?2 107 Pions)
Total Dose Eqv. 6.18x10% |9.33x104 | 1.06x10° | 7.79x107% | 1.17x10°3 | 1.36x10™3
(rem/107 Pions)
Rem/Fluence 1.11x108 | 1.01x108 | 0.91x10® 1.42x10° | 1.28x10° | 1.20x10°®
Average Energy (MeV) 0.28 025 0.23 0.36 0.32 0.28
Quality Factor (QF) 8.9 86 82 9.0 86 8.2

96

Table A.4. Results of the Unfolding are Shown. The total fluence as unfolded by use of Bunki and LouH! is shown.
Total dose equivalent, conversion factors fluence to dose equivalent and quality factors calculated by the two codes
are shown.



Depth 142.2 cm of Fe Data Taken at NWA

BUNKI LOUHI
Energy (GeV) 40 50 ~ 75 40 ~ 50 75
Total Fluence 39400 34700 60800 39720 34890 61320
(N/cm2-107 .Pions)
Total Dose Eqv. 4.18x10% | 3.57x104 | 6.06x10% | 4.78x10% | 3.50x104 | 6.61x104
(rem/107 Pions)
Rem/Fluence 1.06x107° | 1.03x10° | 9.92x10” | 1.20x10°® | 1.17x10°® | 1.08x108
Average Energy (MeV) 0.40 0.34 0.27 0.96 0.85 0.37 |
Quality Factor (QF) 8.0 8.2 8.4 8.1 8.0 8.1
BUNKI LOUHI
Energy (GeV) 100 100 100 100 100 100
Total Fluence 84300 88260 84650 84680 89110 84670 |
(N/cm?2.107Pions)
Total Dose Eqv. 7.95x10"4 | 9.08x10"%4 | 8.78x10°%2 | 1.03x10-3 | 0.99x10-5 | 0.99x10-3
(rem/107 Pions)
Rem/Fluence 1.10x10°8 | 1.02x10° | 1.03x10-8 | 1.22x10°° | 1.11x10°8 | 1.17x108 .
Average Energy (MeV) 0.33 0.27 0.31 0.55 0.37 0..52
Quality Factor (QF) 8.5 8.5 8.3 8.4 8.2 8.3

Table A.5. Results of the Unfolding are Shown. The total fluence as unfolded by use of Bunki and LouHI is shown.
Total dose equivalent, conversion factors fluence to dose equivalent and quality factors calculated by the two codes
are shown.
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Depth 162.6 cm of Fe Data Taken at NWA

BUNKI TOUHI

"~ Energy (GeV) % 50 75 100 150 % 50 75 100 150

Total Fluence 21300 31100 44700 56100 90700 | 22460 31100 | 44460 | 56020 90200
(N/cm2.107Pions)

Total Dose Eqv. 240x104 | 324x10% | 4.69x10% | 598x104 | 9.45x10% | 2.45x10% | 4.0x10% | 578x10% | 7.30x10% | 11.7x10
(rem /107 Pions)

Rem/Fluence 1.13x10°5 | 1.04x10°8 [ 1.05x10-8 | 1.07x10°8 | 1.04x10°8 | 1.09x10-8 | 1.29x10% | 1.30x10°8 | 1.30x10% | 1.30x10-
Average Energy (MeV) 049 0.31 0.28 0.30 0.27 0.71 0.39 0.35 0.36 0.3
Quality Tactor (QF) 82 | 84 86 86 86 81 95 91 9.2 8.9

Table A.6. Results of the Unfolding are Shown. The total fluence as unfolded by use of Bunki and Loui is shown.
Total dose equivalent, conversion factors fluence to dose equivalent and quality factors calculated by the two codes
are shown.
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Depth 182.9 cm of Fe Data Taken at NWA

BUNKI LOUHI
Energy (GeV) 50 75 100 — 50 75 100
Total Fluence 16800 26400 31100 16600 26320 31410
(N/ecm2 107 Pions)
Total Dose Eqv. 1.27x10% | 2.28x10°4 | 2.89x104 | 1.45x10% | 2.54x10% | 3.14x10
(rem/ 107 Pions)
Rem /Fluence 7.56x107 | 8.64x10~7 | 9.29x10 8.73x107 | 9.65x10” | 10.0x10~
Average Energy (MeV) 0.19 0.22 0.23 0.25 0.30 0.31
Quality Factor (QF) 7.6 8.0 8.2 7.2 7.6 7.7

Table A.7. Results of the Unfolding are Shown. The total fluence as unfolded by use of Bunkt and LouH is shown.
Total dose equivalent, conversion factors fluence to dose equivalent and quality factors calculated by the two codes
are shown.
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Depth 243.8 cm of Fe Data Taken at NWA

BUNKI , LOUHI
Energy (GeV) 50 75 100 150 50 75 100 150
Total Fluence 3640 5970 ~7230 13900 3868 6009 7509 13640
(N/ em2:107 Pions )
Total Dose Eqy. 3.20x10° | 4.61x10° | 6.36x10° | 1.10x10% | 3.10x10° | 5.37x10% | 6.73x10° | 1.41x10-2
(rem/ 107Pions)
Rem/Fluence 8.79x107 | 7.72x107 | 8.80x10”7 | 7.91x10~7 | 8.01x10” | 8.94x10~ | 8.96x10¥ | 1.03x10°
Average Energy (MeV) 0.33 0.23 0.28 0.19 047 0.29 0.39 0.25
Quality Factor (QF) J 8.2 9.2 8.0 7.6 7.4 7.9 78 8.0
" Bunki Louhi
“Energy (GeV) "50 75 100 150 50 75 100 150 |
Total Fluence 4110 7781 10680 17800 4250 7917 10490 17450
(N /cm?2 .107Pions)
Total Dose Eqv. 3.28x100 | 641x100 | 8.39x100 | 1.31x10°% | 3.23x10° | 7.17x100 | 1.04x10"% | 1.65x10"
(rem/10 7 Pions)
Rem/Fluence 7.98x10" | 8.11x10"Y | 7.84x10"Y | 7.36x10-° | 1.32x10"8 | 9.06x10° | 9.91x10-° | 9.46x10~
Average Energy (MeV) " 0.31 0.24 0.18 017 1.9 0.33 0.23 0.22
Quality Factor (QF) | ~ 7.0 ~ 75 7.6 7.4 6.8 7.8 7.8 7.5

Table A.8. Results of the Unfolding are Shown. The total fluence as unfolded by use of Bunki and LouH! is shown.

Total dose equivalent, conversion factors fluence to dose equivalent and quality factors calculated by the two codes

are shown.
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Depth 264.2 cm of Fe Data Taken at NWA

BUNKI LOUHI
Energy (GeV) 75 100 125 150 ~ 75 100 125 150 |
Total Fluence 5100 4900 8630 10800 5289 5133 8542 10790 |
(N/cm2107Pions )
Total Dose Eqv. 3.36x10° | 1.71x10° | 6.19x10° | 6.97x10° | .377x10% | 0.15x10* | .749x1 847x104
(rem/10’ Pions)
Rem/Fluence 6.59x10-Y | 3.49x107 | 7.17x107 | 6.45x107 | 7.13x10” | 2.92x10~ | 8.77x10" 7.85x10"
Average Energy (MeV) 0.18 0.18 0.18 0.14 14 0.04 0.22 0.18
Quality Factor (QF) 6.9 49 7.3 6.9 6.0 37 7.4 6.9

* 100GeV Problems in the accelerator, very low intensity.

Table A.9. Results of the Unfolding are Shown. The total fluence as unfolded by use of sunki and LouHt is shown.

Total dose equivalent, conversion factors fluence to dose equivalent and quality factors calculated by the two codes

are shown.
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Depth 60.9 cm of Fe Data Taken at NWA in the Lateral Direction

BUNKI ~ LOUHI
Energy (GeV) 75 100 ~ 150 75 100 150 |
Total Fluence 111000 149000 198000 113000 155000 207000 |
(N/em2.107 Pions )
Total Dose Eqv. 1.65x10~3 | 2.13x10" 2.99x10° | 1.86x10° | 2.26x10~° | 3.41x10°
(rem/107 Pions)
Rem/Fluence 1.47x108 | 1.43x108 | 1.51x10° | 1.65x10°® | 1.45x10° | 1.65x10°
Average Energy (MeV) 0.43 0.46 0.42 0.64 0.70 0.59
Quality Factor(QF) 9.4 9.0 9.5 9.3 8.9 9.4

Table A.10. Results of the Unfolding in the Lateral Direction. The unfolding from
the data by use of Bunki and LouH! is shown with the values for fluence, dose

equivalent and quality factors among other parameters.

201



Appendix B

In Appendix B, the neutron spectra unfolded from the data by use of sunkt
for incident pions up to five different energies and ten depths are presented. Those
plots show the entire data set collected at Nwa in the longitudinal direction while in
Chapter 4 only three of those plots at depths of 40.6, 162.6 and 243.8 cm were in-

cluded for purposes of illustration.
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Figure B.1. Unfolded Neutron Spectra for Incident Pions on 40.6 cm of Iron. Shown
are the neutron spectra obtained using BuNki for incident pions at five different
energies on 40.6 cm (16 in, 2.4 A) of iron. For each energy, the fluence per unit
lethargy per pion is plotted as a function of neutron energy.



105

107

-

- -

I o

- -_‘.

— 10 = S i
o 3
g -

S + <= B IS0GeV
o Y
«~ L _.- ‘ e
g o © 5 50Gev

~— C 4 ° 25 GeV
-
% e o4 -0-
2 :— _l—- >
< i - u
) [ 000 O g A Ak & -
S| g,
+ -
10 E— £
- e
RS N
10 -S‘MAML_H_MIL_M# 1 |l|l|l| 11 IlIIIlI 1 IlLLLIL | | |llL|_ll 1 lJ_Llllll 11
0% 107 1wt 10? 10?2 10! 1 10 10°

Neutron Energy (MeV)

Figure B.2. Unfolded Neutron Spectra for Incident Pions on 61 cm of Iron. Shown
are the neutron spectra obtained using sunki for incident pions at four different
energies on 61 cm (24 in, 3.6 A) of iron. For each energy, the fluence per unit
lethargy per pion is plotted as a function of neutron energy.
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Figure B.3. Unfolded Neutron Spectra for Incident Pions on 81.3 cm of Iron. Shown
are the neutron spectra obtained using BuNk for incident pions at five different
energies on 81.3 cm (32 in, 4.8 A) of iron. For each energy, the fluence per unit
lethargy per pion is plotted as a function of neutron energy.
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Figure B.4. Unfolded Neutron Spectra for Incident Pions on 121.9 cm of Iron. Shown
are the neutron spectra obtained using Bunki for incident pions at five different
energies on 121.9 cm (48 in, 7.3A) of iron. For each energy, the fluence per unit
lethargy per pion is plotted as a function of neutron energy.
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Figure B.5. Unfolded Neutron Spectra for Incident Pions on 142.2 cm of Iron. Shown
are the neutron spectra obtained using BUNKI for incident pions at three different
energies on 142.2 cm (56 in, 8.5 A) of iron. For each energy, the fluence per unit
lethargy per pion is plotted as a function of neutron energy.
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Figure B.6. Unfolded Neutron Spectra for Incident Pions on 162.6 cm of Iron. Shown
are the neutron spectra obtained using sunki for incident pions at five different
energies on 162.6 cm (64 in, 9.7 A) of iron. For each energy, the fluence per unit
lethargy per pion is plotted as a function of neutron energy.
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Figure B.7. Unfolded Neutron Spectra for Incident Pions on 182.9 cm of Iron. Shown
are the neutron spectra obtained using BuNki for incident pions at three differ-
ent energies on 182.9 cm (72 in, 10.9 A) of iron. For each energy, the fluence per
unit lethargy per pion is plotted as a function of neutron energy.
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Figure B.8. Unfolded Neutron Spectra for Incident Pions on 243.8 cm of Iron. Shown
are the neutron spectra obtained using sunk for incident pions at four different
energies on 243.8 cm (96 in, 14.5 A) of iron. For each energy, the fluence per unit
lethargy per pion is plotted as a function of neutron energy. Data set taken on
December 27, 1991.
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Figure B.9. Unfolded Neutron Spectra for Incident Pions on 243.8 cm of Iron. Shown
are the neutron spectra obtained using Bunki for incident pions at four different
energies on 243.8 cm (96 in, 14.5 A) of iron. For each energy, the fluence per unit
lethargy per pion is plotted as a function of neutron energy. Data set taken on

December 31, 1991.
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Figure B.10 Unfolded Neutron Spectra for Incident Pions on 264.2 cm of Iron.
Shown are the neutron spectra obtained using BuNki for incident pions at three
different energies on 264.2 cm (104 in, 15.7 A) of iron. For each energy, the fluence
per unit lethargy per pion is plotted as a function of neutron energy.




Appendix C

In Appendix C, the neutron spectra unfolded from the data by use of Bunxi
for incident pions at all energies and depths are compared to those generated by
the FLUKA simulation in the longitudinal direction. Plotted is neutron fluence per
unit lethargy per pion as function of neutron energy.
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Figure C.1. Unfolded Neutron Spectra for Incident Pions on 40.6 cm of Iron. Shown
is the neutron spectrum unfolded from the data by use of Bunki compared to
that generated by the FLUKA simulation, for 25 GeV incident pions on 40.6 cm
(16 in, 2.4 A) of iron in the longitudinal direction. The fluence per unit lethargy
per pion is plotted as a function of neutron energy.
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Figure C.2. Unfolded Neutron Spectra for Incident Pions on 40.6 cm cm of Iron.
Shown is the neutron spectrum unfolded from the data by use of Bunxa com-
pared to that generated by the FLUkaA simulation, for 50 GeV incident pions on
40.6 cm (16 in, 2.4 A) of iron in the longitudinal direction. The fluence per unit
lethargy per pion is plotted as a function of neutron energy.
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Figure C.3. Unfolded Neutron Spectra for Incident Pions on 40.6 cm of Iron. Shown
is the neutron spectrum unfolded from the data by use of BUNKI compared to
that generated by the FLUKA simulation, for 75 GeV incident pions on 40.6 cm
(16 in, 2.4 A) of iron in the longitudinal direction. The fluence per unit lethargy
per pion is plotted as a function of neutron energy.




118

E ® Dato—Bunki
. -
I~ O FLUKA
-0
—2( o ]
10 = =] an]
- O o
a =)
N - o a
= F o o gl Eth m
2 o -~ g 2
o o3 %n o
ol T 10 o a
NE E o - D
- _..4—.—-0—0-.-__._ [u]
3] :'—.' . 0%, —. o
o
T . :
-4
~— 10  ©
0 s B
= ’
~ : ]
3| -5 o
= o
- . °
| < 1]
)
10 & o
F
167_uuuu]_u4m1d_u;uud._u_wml_444uui_uuuml_u;uﬂ_um coed v o)

16 16°  16* 16° 162 16 10 100 10° 10* 10

Neutron Energy (MeV)

ey
—_

Figure C.4. Unfolded Neutron Spectra for Incident Pions on 40.6 cm of Iron. Shown
is the neutron spectrum unfolded from the data by use of Bunkt compared to
that generated by the FLUkA simulation, for 100 GeV incident pions on 40.6 cm
(16 in, 2.4 A) of iron in the longitudinal direction. The fluence per unit lethargy
per pion is plotted as a function of neutron energy.
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Figure C.5. Unfolded Neutron Spectra for Incident Pions on 40.6 cm of Iron. Shown
is the neutron spectrum unfolded from the data by use of sBunk1 compared to
that generated by the FLUKA simulation, for 150 GeV incident pions on 40.6 cm
(16 in, 2.4 A) of iron in the longitudinal direction. The fluence per unit lethargy
per pion is plotted as a function of neutron energy.
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Figure C.6. Unfolded Neutron Spectra for Incident Pions on 61 cm of Iron. Shown
is the neutron spectrum unfolded from the data by use of BuNKI compared to
that generated by the FLuka simulation, for 25 GeV incident pions on 61 cm
(24 in, 3.6 A) of iron in the longitudinal direction. The fluence per unit lethargy
per pion is plotted as a function of neutron energy.
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Figure C.7. Unfolded Neutron Spectra for Incident Pions on 61 cm of Iron. Shown
is the neutron spectrum unfolded from the data by use of BuNkI compared to
that generated by the rLUKA simulation, for 50 GeV incident pions on 61 cm
(24 in, 3.6 1) of iron in the longitudinal direction. The fluence per unit lethargy
per pion is plotted as a function of neutron energy.
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Figure C.8. Unfolded Neutron Spectra for Incident Pions on 61 cm of Iron. Shown
is the neutron spectrum unfolded from the data by use of sBunk compared to
that generated by the FLUKA simulation, for 50 GeV incident pions on 61 cm
(24 in, 3.6 A) of iron in the longitudinal direction. The fluence per unit lethargy
per pion is plotted as a function of neutron energy. This is the second set of data
taken at 50 GeV at this depth.
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Figure C.9. Unfolded Neutron Spectra for Incident Pions on 61 cm of Iron. Shown
is the neutron spectrum unfolded from the data by use of Bunk1 compared to
that generated by the FLUKA simulation, for 100 GeV incident pions on 61 cm
(24 in, 3.6 A) of iron in the longitudinal direction. The fluence per unit lethargy
is plotted as a function of neutron energy.
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Figure C.10. Unfolded Neutron Spectra for Incident Pions on 61 cm of Iron. Shown
is the neutron spectrum unfolded from the data by use of BuNkI compared to
that generated by the FLUkA simulation, for 150 GeV incident pions on 61 cm
(24 in, 3.6 A) of iron in the longitudinal direction. The fluence per unit lethargy
per pion is plotted as a function of neutron energy.
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Figure C.11. Unfolded Neutron Spectra for Incident Pions on 81.3 cm of Iron.
Shown is the neutron spectrum unfolded from the data by use of Bunkt com-
pared to that generated by the FLuka simulation, for 25 GeV incident pions on
81.3 cm (32 in, 4.8 A) of iron in the longitudinal direction. The fluence per unit
lethargy per pion is plotted as a function of neutron energy.
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Figure C.12. Unfolded Neutron Spectra for Incident Pions on 81.3 cm of Iron.
Shown is the neutron spectrum unfolded from the data by use of BUNKI com-
pared to that generated by the FLuka simulation, for 50 GeV incident pions on
81.3 cm (32 in, 4.8 A) of iron in the longitudinal direction. The fluence per unit
lethargy per pion is plotted as a function of neutron energy.
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Figure C.13. Unfolded Neutron Spectra for Incident Pions on 81.3 cm of Iron.
Shown is the neutron spectrum unfolded from the data by use of Bunxt com-
pared to that generated by the rLuka simulation, for 75 GeV incident pions on
81.3 cm (32 in, 4.8 A) of iron in the longitudinal direction. The fluence per unit
lethargy per pion is plotted as a function of neutron energy.
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Figure C.14. Unfolded Neutron Spectra for Incident Pions on 81.3 cm of Iron.
Shown is the neutron spectrum unfolded from the data by use of BuNki com-
pared to that generated by the FLUKA simulation, for 100 GeV incident pions on
81.3 cm (32 in, 4.8 A) of iron in the longitudinal direction. The fluence per unit
lethargy per pion is plotted as a function of neutron energy.
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Figure C.15. Unfolded Neutron Spectra for Incident Pions on 121.9 cm of Iron.
Shown is the neutron spectrum unfolded from the data by use of BuNkI com-
pared to that generated by the FLUkA simulation, for 25 GeV incident pions on
121.9 cm (48 in, 7.3 A) of iron in the longitudinal direction. The fluence per unit
lethargy per pion is plotted as a function of neutron energy.
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Figure C.16. Unfolded Neutron Spectra for Incident Pions on 121.9 cm of Iron.
Shown is the neutron spectrum unfolded from the data by use of suNKz com-
pared to that generated by the FLUkA simulation, for 50 GeV incident pions on
121.9 cm (48 in, 7.3 A) of iron in the longitudinal direction. The fluence per unit
lethargy is plotted as a function of neutron energy. Data set taken on December
11, 1991.
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Figure C.17. Unfolded Neutron Spectra for Incident Pions on 121.9 cm of Iron.
Shown is the neutron spectrum unfolded from the data by use of Bunki com-
pared to that generated by the FLUKA simulation, for 50 GeV incident pions on
121.9 cm (48 in, 7.3 A) of iron in the longitudinal direction. The fluence per unit
lethargy is plotted as a function of neutron energy. Data set taken on december
24, 1991.
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Figure C.18. Unfolded Neutron Spectra for Incident Pions on 121.9 cm of Iron.
Shown is the neutron spectrum unfolded from the data by use of BuNki com-
pared to that generated by the FLuka simulation, for 50 GeV incident pions on
121.9 cm (48 in, 7.3 A) of iron in the longitudinal direction. The fluence per unit
lethargy per pion is plotted as a function of neutron energy. Data set taken on
December 25, 1991.
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Figure C.19. Unfolded Neutron Spectra for Incident Pions on 121.9 cm of Iron.
Shown is the neutron spectrum unfolded from the data by use of sBunki com-
pared to that generated by the FLUkA simulation, for 75 GeV incident pions on
121.9 cm (48 in, 7.3 A) of iron in the longitudinal direction. The fluence per unit
lethargy is plotted as a function of neutron energy.
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Figure C.20. Unfolded Neutron Spectra for Incident Pions on 121.9 cm of Iron.
Shown is the neutron spectrum unfolded from the data by use of Bunkt com-
pared to that generated by the FLUkA simulation, for 100 GeV incident pions on
121.9 cm (48 in, 7.3 A) of iron in the longitudinal direction. The fluence per unit
lethargy per pion is plotted as a function of neutron energy.
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Figure C.21. Unfolded Neutron Spectra for Incident Pions on 121.9 cm of Jron.
Shown is the neutron spectrum unfolded from the data by use of Bunki com-
pared to that generated by the FLUKA simulation, for 150 GeV incident pions on
121.9 cm (48 in, 7.3 A) of iron in the longitudinal direction. The fluence per unit
lethargy per pion is plotted as a function of neutron energy.
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Figure C.22. Unfolded Neutron Spectra for Incident Pions on 142.2 cm of Iron.
Shown is the neutron spectrum unfolded from the data by use of Bunkt com-
pared to that generated by the FLUKA simulation, for 50 GeV incident pions on
142.2 am (56 in, 8.5 A) of iron in the longitudinal direction. The fluence per unit
lethargy is plotted as a function of neutron energy.
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Figure C.23. Unfolded Neutron Spectra for Incident Pions on 142.2 cm of Iron.
Shown is the neutron spectrum unfolded from the data by use of BuNnkt com-
pared to that generated by the FLuka simulation, for 75 GeV incident pions on
142.2 cm (56 in, 8.5 A) of iron in the longitudinal direction. The fluence per unit
lethargy is plotted as a function of neutron energy.
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Figure C.24. Unfolded Neutron Spectra for Incident Pions on 142.2 cm of Iron.
Shown is the neutron spectrum unfolded from the data by use of sunki com-
pared to that generated by the FLUkA simulation, for 100 GeV incident pions on
142.2 cm (56 in, 8.5 A) of iron in the longitudinal direction. The fluence per unit
lethargy is plotted as a function of neutron energy.
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Figure C.25. Unfolded Neutron Spectra for Incident Pions on 142.2 cm of Iron.
Shown is the neutron spectrum unfolded from the data by use of Bunki com-
pared to that generated by the FLuka simulation, for 100 GeV incident pions on
142.2 cm (56 in, 8.5 A) of iron in the longitudinal direction. The fluence per unit
lethargy per pion is plotted as a function of neutron energy.
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Figure C.26. Unfolded Neutron Spectra for Incident Pions on 142.2 cm of Iron.
Shown is the neutron spectrum unfolded from the data by use of Bunki com-
pared to that generated by the FLUKkA simulation, for 100 GeV incident pions on
142.2 cam (56 in, 8.5 A) of iron in the longitudinal direction. The fluence per unit
lethargy per pion is plotted as a function of neutron energy.
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Figure C.27. Unfolded Neutron Spectra for Incident Pions on 162.6 cm of Iron.
Shown is the neutron spectrum unfolded from the data by use of Bunki com-
pared to that generated by the FLUkA simulation, for 25 GeV incident pions on
162.6 cm (64 in, 9.7 A) of iron in the longitudinal direction. The fluence per unit
lethargy per pion is plotted as a function of neutron energy.
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Figure C.28. Unfolded Neutron Spectra for Incident Pions on 162.6 cm of Iron.
Shown is the neutron spectrum unfolded from the data by use of sunk1 com-
pared to that generated by the FLUKA simulation, for 50 GeV incident pions on
162.6 cm (64 in, 9.7 A) of iron in the longitudinal direction. The fluence per unit
lethargy per pion is plotted as a function of neutron energy.
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Figure C.29. Unfolded Neutron Spectra for Incident Pions on 162.6 cm of Iron.
Shown is the neutron spectrum unfolded from the data by use of Bunki com-
pared to that generated by the FLUkA simulation, for 75 GeV incident pions on
162.6 cm (64 in, 9.7 A) of iron in the longitudinal direction. The fluence per unit
lethargy per pion is plotted as a function of neutron energy.
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Figure C.30. Unfolded Neutron Spectra for Incident Pions on 162.6 cm of Iron.
Shown is the neutron spectrum unfolded from the data by use of BUNkI com-
pared to that generated by the FLUkA simulation, for 100 GeV incident pions on
162.6 cm (64 in, 9.7 A) of iron in the longitudinal direction. The fluence per unit
lethargy per pion is plotted as a function of neutron energy.
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Figure C.31. Unfolded Neutron Spectra for Incident Pions on 162.6 cm of Iron.
Shown is the neutron spectrum unfolded from the data by use of Bunki com-
pared to that generated by the FLUkA simulation, for 150 GeV incident pions on
162.6 cm (64 in, 9.7 A) of iron in the longitudinal direction. The fluence per unit
lethargy per pion is plotted as a function of neutron energy.




146

: ® Data—Bunki
i O FLUKA
-2
10 b
N -
=1 |
]
RS —
K 2 "0
E r —e 0OD _._0
N ©, N * o nﬂcb
T o :
= o D
\b_l)/ 10 F -5 EE"" o %gh’?
o F - o % ° Q]m
a - —o-_._-.- e - Epanu o o
i g & o ° o
m s °° j
-5
S 10 F I:?
2 EU o @
]
- o
-5 m
10
Sl -

o

16°  16* 16° 162 10" 4 10 102 10° 10* 10

Neutron Energy (MeV)

-
o

Figure C.32. Unfolded Neutron Spectra for Incident Pions on 182.9 cm of Iron.
Shown is the neutron spectrum unfolded from the data by use of BuNki com-
pared to that generated by the FLukA simulation, for 50 GeV incident pions on
182.9 cm (72 in, 10.9 A) of iron in the longitudinal direction. The fluence per unit
lethargy per pion is plotted as a function of neutron energy.
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Figure C.33. Unfolded Neutron Spectra for Incident Pions on 182.9 cm of Iron.
Shown is the neutron spectrum unfolded from the data by use of Bunki com-
pared to that generated by the FLUKA simulation, for 75 GeV incident pions on
182.9 cm (72 in, 10.9 A) of iron in the longitudinal direction. The fluence per unit
lethargy per pion is plotted as a function of neutron energy.
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Figure C.34. Unfolded Neutron Spectra for Incident Pions on 182.9 cm of Iron.
Shown is the neutron spectrum unfolded from the data by use of sBunk com-
pared to that generated by the FLUKkA simulation, for 100 GeV incident pions on
182.9 cm (72 in, 10.9 A) of iron in the longitudinal direction. The fluence per
unit lethargy is plotted as a function of neutron energy.
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Figure C.35. Unfolded Neutron Spectra for Incident Pions on 243.8 cm of Iron.
Shown is the neutron spectrum unfolded from the data by use of BuNx: com-
pared to that generated by the FLUkA simulation, for 50 GeV incident pions on
243.8 am (96 in, 14.5 A) of iron in the longitudinal direction. The fluence per unit
lethargy per pion is plotted as a function of neutron energy.
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Figure C.36. Unfolded Neutron Spectra for Incident Pions on 243.8 cm of Iron.
Shown is the neutron spectrum unfolded from the data by use of sunk com-
pared to that generated by the FLUKA simulation, for 75 GeV incident pions on
243.8 cm (96 in, 14.5 A) of iron in the longitudinal direction. The fluence per
unit lethargy per pion is plotted as a function of neutron energy.
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Figure C.37. Unfolded Neutron Spectra for Incident Pions on 243.8 cm of Iron.
Shown is the neutron spectrum unfolded from the data by use of sunki com-
pared to that generated by the FLUkA simulation, for 100 GeV incident pions on
243.8 cm (96 in, 14.5 A) of iron in the longitudinal direction. The fluence per unit
lethargy per pion is plotted as a function of neutron energy.
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Figure C.38. Unfolded Neutron Spectra for Incident Pions on 243.8 cm of Iron.
Shown is the neutron spectrum unfolded from the data by use of Bunkt com-
pared to that generated by the rLuka simulation, for 150 GeV incident pions on
243.8 cm (96 in, 14.5 A) of iron in the longitudinal direction. The fluence per unit
lethargy per pion is plotted as a function of neutron energy.
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Figure C.39. Unfolded Neutron Spectra for Incident Pions on 243.8 cm of Iron.
Shown is the neutron spectrum unfolded from the data by use of Bunk1 com-
pared to that generated by the FLUKA simulation, for 50 GeV incident pions on
243.8 am (96 in, 14.5 A) of iron in the longitudinal direction. The fluence per unit
lethargy per pion is plotted as a function of neutron energy. This set of data was
taken on December 31.
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Figure C.40. Unfolded Neutron Spectra for Incident Pions on 243.8 cm of Iron.
Shown is the neutron spectrum unfolded from the data by use of Bunkr com-
pared to that generated by the FLukA simulation, for 75 GeV incident pions on
243.8 cm (96 in, 14.5 A) of iron in the longitudinal direction. The fluence per unit
lethargy per pion is plotted as a function of neutron energy. This set of data was
taken on December 31.
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Figure C.41. Unfolded Neutron Spectra for Incident Pions on 243.8 cm of Iron.
Shown is the neutron spectrum unfolded from the data by use of BuNki com-
pared to that generated by the FLUKA simulation, for 100 GeV incident pions on
243.8 cm (96 in, 14.5 A) of iron in the longitudinal direction. The fluence per unit
lethargy per pion is plotted as a function of neutron energy. This set of data was
taken on December 31.
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Figure C.42, Unfolded Neutron Spectra for Incident Pions on 243.8 cm of Iron.
Shown is the neutron spectrum unfolded from the data by use of sunxt com-
pared to that generated by the FLUkA simulation, for 150 GeV incident pions on
243.8 cm (96 in, 14.5 A) of iron in the longitudinal direction. The fluence per unit
lethargy per pion is plotted as a function of neutron energy. This set of data was
taken on December 31.
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Figure C.43. Unfolded Neutron Spectra for Incident Pions on 264.2 cm of Iron.
Shown is the neutron spectrum unfolded from the data by use of sBunxt com-
pared to that generated by the FLUKA simulation, for 75 GeV incident pions on
264.2 cm (104 in, 15.7 A) of iron in the longitudinal direction. The fluence per
unit lethargy per pion is plotted as a function of neutron energy.
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Figure C.44. Unfolded Neutron Spectra for Incident Pions on 264.2 cm of Iron.
Shown is the neutron spectrum unfolded from the data by use of BuNKI com-
pared to that generated by the FLUka simulation, for 125 GeV incident pions on
264.2 cm (104 in, 15.7 ) of iron in the longitudinal direction. The fluence per
unit lethargy per pion is plotted as a function of neutron energy.
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Figure C.45. Unfolded Neutron Spectra for Incident Pions on 264.2 cm of Iron.
Shown is the neutron spectrum unfolded from the data by use of sBunkt com-
pared to that generated by the FLUkA simulation, for 150 GeV incident pions on
264.2 cm (104 in, 15.7 A) of iron in the longitudinal direction. The fluence per
unit lethargy per pion is plotted as a function of neutron energy.
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