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NEUTRINO PHYSICS AT AN INTENSE SPALLATION NEUTRON SOURCE

II NEUTRINO FLUXES, SHIELDING CONSIDERATIONS AND DETECTOR
ANALYSIS

Abstract

The shielding and detector analysis associated with a contem-
plated low energy (~ 10 to 50 MeV) neutrino experiment at a
spallation neutron source are presented and discussed. This
analysis includes neutrino production and interaction rates,
time dependence of the neutrino pulse, shielding considerations
for neutrons coming directly from the spallation source and
those which are scattered from other experimental areas,
shielding considerations for galactic sources especially muons
and finally detector responses to neutrino and background ra-
diations. In general for a 1 mA (200 ns/pulse, 100 Hz), 1.1 GeV
proton beam incident on a lead target surrounded by a moderator
system, approximately 8 m of iron are required to reduce the
background so that the event rate in the detector systems is

< 1 event/day. If the detector system is not shadowed by the
primary shield, then ~3 m of iron above the detector are re-
quired to reduce the background from scattered neutrons from
experimental areas and galactic muons to an'acceptable level

of ¥ 1 event/day. For a 50 ton mineral o0il segmented detector
system and a volume distributed source, resolutions of
approximately 10% (FWHM) can be obtained for gamma rays and
electrons in the 10 to 20 MeV range.



NEUTRINOPHYSIK AN EINER INTENSIVEN SPALLATIONSNEUTRONEN-QUELLE
I NEUTRINOFLOSSE, ABSCHIRMRECHNUNGEN UND DETEKTORENTWURF

Zusammenfassung

Fiir ein Neutrinoexperiment bei niedrigen Energien (~10 bis 50 MeV)
an einer Spallations-Neutronen-Quelle wurdendie Abschirmung und
die Auslegung eines Detektors berechnet. Der erste Teil dieser
Rechnungen gibt AufschluB lber die Erzeugungsrate der Neutrinos,
die Wechselwirkungsrate der Neutrinos im Detektor und die Zeit-
abhdngigkeit der Neutrinofliisse. Im zweiten Teil wurde die Dicke
der Abschirmung bestimmt, die notwendig ist, um den Detektor
gegen Neutronen, die direkt von der Spallationsquelle und mehr-
fach gestreut von anderen Experimentierbereichen kommen, und ge-
gen galaktische Strahlung, insbesondere Miionen, abzuschirmen.

Im dritten Teil wurde das Ansprechvermogen des Detektors fir Neu-
trinos und fir Untergrundstrahlung bestimmt.

Es ist eine Eisenabschirmung mit einer Dicke von ca. 8m erforder-
lich, um den Strahlungsuntergrund, der von einem 1 mA (200 ns/Puls,
100 Hz), 1.1 GeV Protonenstrahl erzeugt wird, der auf ein von
einem Moderator umgebenes Bleitarget trifft, so zu reduzieren, daB
die Zahlrate in den Detektorsystemen kleiner als 1 Ereignis/Tag
ist. Falls sich das Detektorsystem nicht unterhalb dieser primdren
Abschirmung befindet, ist oberhalb des Detektorsystems eine zu-
satzliche Eisenabschirmung mit einer Dicke von ca. 3m erforder-
lich, um die Zdhlrate, die durch den Strahlungsuntergrund ge-
streuter Neutronen und galaktischer Miionen hervorgerufen wird, auf
1 Ereignis/Tag zu reduzieren.

Fiir ein segmentiertes Detektorsystem, das 50 Tonnen Mineralol
enthdlt, und fiir eine rdumlich ausgedehnte Quelle wurde fiir Gamma-
strahlung und Elektronen im Energiebereich von 10 bis 20 MeV eine
Energieaufldosung von ca. 10% (FWHM) berechnet.
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I. INTRODUCTION

During the past several years interest has grown sub-

stantially in neutrino researchi &),

The successful intro-
duction and application of gauge theories and quark models
has led to new and somewhat surprising new questions con-
cerning the elementary properties of the néutrinos and yet
other undetected massive exchange particles. If the neutrinos
(ve,vu,vT) have mass, then the possibility that neutrinos
transform into each other becomes a distinct possibility.
This transformation has been put forth as a credible answer
to the discrepancy existing between the measured and calculated
number of neutrinos from the sun. In addition, if muon number
conservation can be violated in the oscillation and the neu-
trinos of the electron and muon have different masses, this

leads to the decay vp v, by (if m\)u > mve).

But, the lifetime estimate of this process (Tl/z > 5x10
will not be measurable in the Tlaboratory.

11 yrs)

As a result of the gauge theories, interactions between
particles can occur by exchange of the socalled wir boson and
the electrically neutral particle Z°. However, because of
their great masses direct detection of these particles could
not as yet take place in direct experiments. Still, their
existence can be inferred and many fundamental questions answered
by studing low energy neutrino interactions. A more detailed
discussion of the physics motivation for 10W energy neutrino
experiments at intense accelerators is presentend in part I

of this paperlg).



The spallation neutron source (SNQ) . currently being
contemplated for the Federal Republic of Germany and the SNS
being constructed at Rutherford Laboratory in England will
have the necessary beam currents and time structure for de-
tailed neutrino research and presents the possibility of
improving the upper 1imit on the mass of the neutrino by at
lTeast an order of magnitude. In addition to investigating
previously considered neutrino interactions: for example,
vu+e' - vu+é' and v_+d > p+p+e  additional nuclear transition
interactions can be considered: for example,

V +12C > Vs +12C“
H u

L 1,

Since neutrino reactions at spallation type sources will
deal with the detection of Tow energy particles (~ 10 to 50 MeV),
this paper specifically addresses the response of various de-

+vy (15.1 MeV).

tector systems to gamma rays and electrons in this energy range
and the shielding necessary to reduce machine and background
radiation to an acceptable level. Neutrino interaction rates
(o g 10740 cm?)

~

are notoriously low, even for high beam current
(~1 mA) machines. If detailed neutrino research is to be ac-
complished, the background rate from all sources must be re-
duced to ~1 "unreal" event/day in the energy range under
consideration.

Presented in the following sections are calculated results
dealing with neutrino production and interaction rates, time




dependence of the neutrino pulse, shielding considerations
for neutrons coming from a spallation neutron source and from
scattered neutrons from experimental areas, shielding consi-
derations for galactic sources, especially muons, and finally
detector responses to neutrino and background radiations.
Many of the calculations are very detailed and were obtained
by utilizing state of the art radiation transport codes. Some
calculated results are only approximate because up to now only
a superficial understanding of these processes, for example,
wide angle bremsstrahlung for the muons (WAB), was necessary.
In all cases, the results for the background should represent
upper limits.

A generalized description of the calculational codes and
data used are given in Section II and modifications of the
codes as well as the calculated results are presented in
Section III.



II. GENERALIZED DESCRIPTION OF THE RADIATION TRANSPORT
CODES AND DATA

The Code HETC

The three-dimensional, multimedia, nucleon-meson transport
code HETC?)
theoretical nuclear-interaction models to determine the energy,

uses Monte Carlo methods 1in conjunction with

angle, and multiplicity of the particles produced in nucleon-
nucleus and pion-nucleus (including pion capture) interactions.
The Monte Carlo simulation of the particle transport involves
selecting the energy, direction, and spatial coordinates of

the primary particles from an input source description and
computing individually the trajectories of the primary particles
and the secondary particles produced by nuclear collisions and
by pion and muon decay. The code takes into account charged-
particle energy loss due to atomic ionization and excitation,
multiple Coulomb scattering by the primary particles, elastic
and nonelastic neutron collisions and nonelastic proton and
pion collisions with nuclei other than hydrogen, elastic and
nonelastic nucleon and pion collisions with hydrogen nuclei,
pion and muon decay in flight and at rest, and negative-pion
capture at rest. A brief description of the treatment of the
various physical processes in HETC‘is given below. A more
detailed discussion can be found in Ref.9).

For nonelastic collisions with nuclei other than hydrogen
with atomic numbers 2 4, the intranuclear-cascade-evaporation
model is used for pion collisions at all energies and for
nucleon collisions at energies g 15 MeV. For each collision,
calculations using a subroutine version of Bertini's latest

10) and a subroutine version of

intranuclear-cascade program
Guthrie's evaporation programll) are performed to determine
the identity, multiplicity, energy, and direction of the
emitted particles, and the charge, mass, and the excitation
energy and recoil energy of the residual nucleus. The under-
lying assumption of the intranuclear cascade model is that the

nuclear interactions by a incident particle can be treated as




a series of two body collisions within the nucleus and that

the location and resulting particles from this collision are
governed by experimental and/or theoretical particle-particle
total and differential cross section data. Nuclear potentials
and intranuclear particle movement are determined by a zero
temperature Fermi distribution. Particles which become "trapped"
within the nucleus and holes produced in the Fermi sea con-
stitute the excitation energy used by the evaporation model.

The particles produced in the collision may be protons, neutrons,
charged pions, or neutral pions from the intranuclear cascade,
and protons, neutrons, deuterons, tritons, 3He's, or alpha
particles from the evaporation.

Above 15 MeV, neutron elastic collisions with nuclei
other than hydrogen.are taken into account using experimental
data and results from optical-model calculations, and proton
and pion elastic collisions with nuclei other than hydrogen
are neglected. Elastic and nonelastic nucleon and pion collisions
with hydrogen are treated using the same differential particle-
particle cross sections as used in the intranuclear-cascade
calculations.

Protons with energies ¥ 15 MeV and deuterons, tritons,
3He's, alpha particles, and recoiling residual nuclei of all
energies are assumed to slow down and come to rest without under-
going nuclear interaction. Furthermore, the slowing-down di-
stance is neglected since, for the low energies involved, the
range of these particles is usually very small.

Positively charged pions that come to rest are assumed to
decay. Negatively charged pions that come to rest are assumed
to undergo nuclear capture. An intranuclear-cascade-evaporation
calculation is performed to determine the capture products, and
the nucleons and charged pions produced are included in the
transport calculations. The type of nucleus capturing the pion
is determined using the Fermi-Teller Z-law, i.e., the proba-
bility of final capture by a nucleus of charge Z (excluding hy-
drogen) is taken to be proportional to Z times the atom density
of Z-type nuclei.



Charged particle elastic scattering with nuclei other
than hydrogen is not included in HETC. The energy loss and
angular changes in such collisions are small, and therefore,
this should not have an important effect on the results since
it is expected that the taterial spread of the cascade and
the spatial distribution of the energy deposition are pre-
dominantly governed by other process which are included in
the code, i.e., multiple Coulomb scattering, nucleon and pion
nhonelastic collisions, neutron elastic collisions with all
nuclei, and pion and nucleon elastic collisions with hydrogen.

Each particle in the cascade is followed until it
eventually escapes from the target system, undergoes absorption,
or comes to rest. A complete description of each "event"
(nuclear interaction, stopped charged particle, etc.) that
occurs during the computation of each particle history is
stored on magnetic tape. These history tapes are then analyzed
to obtain the results of interest. Thus, for a given source
distribution and geometry material configuration, a single
HETC transport calculation provides all of the information
needed to compute, for example, absorbed dose, energy deposition,
residual nuclei production as well as much useful ancillary
information.

The results obtained using the HETC code have been
successfully compared with experimental data many times. The
application of HETC in this work is to obtain a neutron spec-
trum from a spallation target to be used in the shielding cal-
culations, and to obtain the number of produced neutrinos.

The Code EGS

EGS along with its cross section processing counterpart
PEGS is a three-dimensional multimedia analog Monte Carlo e ,

12). The source particles for

e+, and gamma ray transport code
EGS can be defined in the code itself or can be taken from

the HETC collision tape in terms of gamma rays from excited




nuclei, gamma rays from ° decay, and et from ui decay.

The code is highly utilized for shielding calculations and
detector design calculations. Specific application of the
code in this paper will be for detector design calculations
and shielding considerations. The code is very detailed and
takes into account all important physical processes, for
example, pair production, compton, photoabsorption, e e -
interactions, e+e'-1nteractions, annihilation, bremsstrahlung,
etc.. Results obtained from the code have successfully been
compared with experimental data.

The code MORSE

Neutron collisions with all nuclei in the energy range
from ~15 MeV to thermal are treated by using experimental
cross section data and the three-dimensional Monte Carlo neu-
tron and gamma ray multimedia transport code MORSE13).
general features of the code are

Some

1) uses multigroup cross sections sets which can be
generated from ENDFB cross section data

2) anisotropic scattering can be utilized
3) includes time dependence

4) includes a generalized three-dimensional geometry
package

5) solution of a given problem may be obtained in either
the forward or adjoint mode |

6) much of the drudgery associated with flux estimation,
biasing, and data handling has been reduced,

7) it is not an analog Monte Carlo program, i.e., weighting
and averaging are used to describe many of the physical
phenomena.



Multigroup cross sections represent cross sections which
have been averaged over a given energy range and all particles
within that energy range are required to behave according to
that average cross section. A group averaged cross section
can be defined as follows

Ei+1 Esi
oy = | o(E)e(E)dE/ [T o(E)dE
Ej Ej

where ¢(E) is an appropriate flux weighting factor. When
particles have collisions they scatter from group to group
rather than from a specific energy to a specific energy.

A simplistic view of the way MORSE (and HETC and EGS)
using Monte Carlo techniques solves the transport equation is
as follows:

1) pick a source particle from an HETC tape or define a
source particle,

2) obtain cross section and select a travel distance to
the collision site,

3) if the travel distance is in the system and no medium
change has occured, transport the particle to the new
position; obtain new energy, direction, and weight of
particle, (store any produced particles, and go to
step 2),

4) if the travel distance is out of the system, transport
the particle to the boundary and obtain a previously
produced particle, if any, and go to step 2) or go to
step 1),

5) if the total travel distance places the particle in
another cross section media, transport the particle to
the boundary separating the media, and go to step 2).




MORSE is a powerful code and can serve in other ways than
to transport neutrons and gamma rays. MORSE has been used with
minimum modification to do cryogenic pump design calculations
and has been used in this paper to do scintillation light
transport. However, the major purpose of the code is for
reactor and shielding design calculations.

The codes ANISN, TDA and DOT

14) 15) 16)

The radiation transport codes ANISN s TDA and DOT
employ the discrete ordinates method coupled with a multi-
group approximation to the continuous energy variable to obtain
deterministic solutions of the Boltzmann transport equation.
These codes are widely accepted in the shielding community
and have been used extensively for deep penetration shielding
problems where Monte Carlo methods are sometimes unacceptable
due to statistical difficulties. ANISN and TDA solve the one-
dimensional form of the Boltzmann transport equation in slab,
cylindrical, or spherical geometries whereas DOT solves the
two-dimensional form in slab and R-Z or R-8 cylindrical geo-
metries. Both ANISN and DOT are time-independent codes and as
such yield only steady state so]utions..TDA, which stands for
Time Dependent ANISN, ultilizes a finite difference approxi-
mation to the particle density time derivative to obtain time-
dependent solutions. For point impulse sources, TDA employs
a semi-ana]ytic.unco1lided or first flight estimations pro-
cedure. This procedure conserves the time-distance relationships
for the uncollided particles and coupled with the finite
difference approximation provides highly reliable impulse
responses which may be convoluted with the actual source time
structure to obtain excellent one-dimensional transient so-
lutions. These codes will be used for radiation transport
through the thick shields considered in this paper.
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The multigroup cross section set: J6rgl7)

Since many mean free path of material are required for
the shielding considered in this paper, Monte Carlo methods
are not directly applicable to transporting particles through
such great distances. Therefore, the discrete ordinate methods
just described must be used. This introduces the problem of
what cross sections should be used above 15 MeV. Since the
upper energy range of interest here for shielding will be 1in
the hundreds of MeV and since it is the neutrons and secondary
gamma rays which will penetrate the deepest, neutron noneleastic
total and differential cross sections have been calculated for
a variety of elements for energies > 15 MeV and < 400 MeV by
utilizing the intranuclear-cascade-evaporation model described
in the HETC section. By combining high energy (15 < E < 400 MeV)
elastic data with the nonelastic calculated data and by using
ENDFB-4 data for neutrons and gamma rays with energies < 15 MeV,
it is possible to construct a multigroup neutron cross section
set which includes all energies from thermal to 400 MeV and a
coupled gamma ray cross section set from 0.01 MeV to 15 MeV.
Only gamma rays produced by neutrons with energies < 15 MeV
are included. The cross sections are represented by a P5
Legendre expension. However, for most of the calculations pre-
sented here, only a P4 corrected P3 cross section set has been
used.




ITI.
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RESULTS AND CODE MODIFICATIONS

A) Neutrino Production:
Calculation of Neutrino fluxes from the Spallation
Source.

The HETC code without modifications gives no information
on the neutrinos produced from charged pion or muon decay.
However, the code does correctly pick the decay sites

of these particles. Since the pion decay to a muon and

a neutrino is a two body final state, all necessary in-
formation for the kinematic calculation is available if

an assumption about the particle emission in the center

of momentum system of the decaying pion is made . For these
calculations this angular distribution has been assumed

to be isotropic. For the decay of the muon to a three

body final state a phase space calculation is performed

by assuming isotropic center of momentum emission of each
emitted fragment during the decay process. For negatively
charged pions which slow to rest, no decay is allowed

and all of these particles are assumed to be captured by
the nuclei of the medium. Since relatively low energy
proton beams are being considered here (< 2 GeV), the
produced pions (those which do not interact) will very
quickly slow to rest (~10_10,s)..Due to this, very few of
the pions will decay in flight and the majority of the
neutrinos will come from decay at rest. Since negative
pions are captured when they slow to rest, practically only
the positive pions and the positive muons play any role
for neutrino research at a spallation neutron source.

The results of several HETC calculations which yield the
total number of vu from n' decay as a function of proton
energy and target material are presented in fig.l. A fit
to this data yields the following expression and
coefficients:

y = ax + b.



Target Material Coefficients
a b

27 3.46x107" -0.152
S6Fe 2.92x107% -0.127
101p4 2.50x10" " ~0.110
1597 2.16x107% -0.095
208py, 2.06x107* -0.095
238, 1.95x10" % 0.090

where y is the humber of vy produced per proton and x is
the energy of the incident protons in MeV.

The number of QH and Ve from u+ decay can also be obtained
from the above data.

An experiment has been performed by H.Chen et al. to
determine the number of stopped 7" when 720 MeV protons
are incident on a Cu beam dump18). The number obtained
was 0.0571 + 0.0035 stopped ﬂ+/720 MeV proton incident.

Even though the details of the experiment are not reproduced
here, the results obtained above can be used to approxi-
mately calculate the same number. The calculated result

is 0.085 which is approximately 50% higher than the experi-
mental value. It is possible due to rejection procedures
employed in the experiment that the experimental number

is low. For design considerations, the calculated values
will be used.

The energy dependent Vu flux from n' decay and the

QU + v, flux from ut decay at 6 m from the spallation

source for 1.1 GeV protons incident on a Pb target are
given in fig.2. The nt point above ~30 MeV represents

the muon neutrino from ﬂ+ decay at rest.




- 13 -

A - ptev
050- H
TARGET: + AL
-
S ousl & FE
o X RU
@
C 0404 © T8
2 % PB
= X U
> 035
=z
0,301 v
0.25-

0,201 " :
)
) ..

015+ 0/:'

0101
0,05-
. . E
0 1 LN T ] L L T 1] 1 L 4’
0 200 400 600 800 1000 1200 1400 1600 1800 2000
| MeV
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A closer inspection of the Gu + v, spectrum from ut

decay is given in fig.3. Since a phase space type cal-
culation was used to describe the energy dependence of
these neutrinos, this energy flux spectrum is only in
rough agreement with the spectra calculated from detailed

theory (see fig.4).

The time dependence of the neutrinos from xt and u+
decay are presentend in fig.5 assuming a 200 nsec proton
pulse width with a frequency of 100 Hz and an average
proton current of 1 mA. The vu neutrinos will come with

(S

the proton pulse but the v_ and Gu neutrinos will come
much slower due to the longer lifetime of the muon.

To represent the time dependence of the neutrinos reaching
the detector at a distance of 12 m, the time scale in
fig.5 must be shifted by ~40 nsec.

The equations used to calculate the time dependence of
the neutrino are given below

At
¢vu = Q, (1l-e ) t < tp
Aty ALt
¢vu = Qo(e -1)e t > tp
for the w' decays and
[ At At gt ]
¢ = =0Q ((1l-e ) +———(e e ) t <t
ve’vu 0 Aﬂ A p
A At At (A=A )t,-at
- 2 "u
6. - =1Q (e TP-)fe” T-e ¥ T
ve,vu 0 A Aﬂ [
At At
+ Qo(e H p-l)e H
A (A At At
R reewil -1)e t>t,

for the u+ decays
where:
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Fig.3: Energy dependent v;+ve flux at 6 m from 1.1 GeV protons incident on a Pb target



NEUTRINOS FROM THE SNQ

EV
-
MeV

55

Ny 4

Fig.4:

30-
254
10 -
5
0

— T T
o wn
N <

X
L“S Z Ol'
Energy distributions of the neutrinos generated at the
spallation neutron source (beamstop). The total numbers of
all three kinds of neutrino are equal. The indicated source
strengths apply to a 1 mA averaged proton current for

Ep = 1100 MeV.



- * Neutrino - Source - Strength
]
() i
9 30
" - |
5 —
< 204 Ve. Vi
E B
@
=
% 1.0
t
0 ) | | | ] T —
1,0 2.0 30 40 50 usec
Pv |
404
o
) Vu
1
<t 3,0
&
o
Q
< 20
1,04 7/
//)@, Vi
\ t
100 200 300 400 500 nsec

Fig.5: Time dependence of the neutrino source at the
spallation neutron source (tp = 200 ns, Tp = 1 mA,
f = 100 Hz).




- 19 -

l "

1

t_ = the pulse lenght, A = - s A = - and
P . u M LA
Ty, = 1/2 lifetime of the 172 4nd 4 and:1/2
Vv 6 25x1015p/®A-sec) 19 v
Q, = 0.133 2 . SiTses %5 = 4.16x10 "o
. P 100 PY1383 500x107 ?sec/pulse

secC

Using the energy averaged cross sections of various neu-
trino interactions of interest presented in Ref.19 and
the production Tevels of neutrinos for 1.1 GeV protons
incident on a Pb target, the counting rate in the de-
tector located an average distance of 12 m away can be
calculated. These results are present in Table 1. At
distances S 6 m from the target, the neutrino source
appears as a poiht isotropic source since most of these
particles are from pions and muons decaying at rest and,
therefore, the data presented in the previous figures
can be scaledrelative to R 2.

The numbers in Table 1 will be useful for comparison when
the data concerning background event rates are presented
in later sections. Due to the very smail event rates,

the background for various sources must be reduced to as
low a level as possible so that true neutrino interaction
events can be detected amd analyzed.



Table 1: Cross Sections and Counting Rates Typical for
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Neutrinos at the Spallation Neutron Source

Reaction Mean Energy Otot Counting Rate™ Remarks
MeV (cm2) (day.mA.ton
- -41
ve+d -+ p+p+e 37 5-10 29
vt 2e » e +12N (11 ms) 37 1.5-1074 2.9 WSGIM
theory
vere > v e 37 6-10743 0.74 V-A-
theory
- - -44
v +te >y te 30 5-10 0.062
M H
v +120 5 14 12c% 15,1 Mev) 30 2.5.107%2 0.48 WSGIM
H H theory
vu+6L1' > \)1'1+6L1'“(3.56 MeV) 30 1.5.10"% 5.7

*Counting rates at 12 m distance from the neutron source.

Target electrons per ton of organic scintillator.




B) Shielding:

1. Direct and Scattered Source Shielding

One potential background which must be reduced to a
very low level so that the neutrino interaction events
can be detected are the neutrons produced by the
spallation source. Experiments at other accelerator
facilities (LASL, for example) have shown that these
neutrons can yield a substantial background and that
many meters of iron are necessaky to shield against
them4’8).
neutrino detector area (see fig.6):

There are two ways neutrons can enter the

Those that come directly through the spallation source
shield, and those that enter the experimental areas
and then scatter into the heutrino detector area. This
section considers these two potential backgrounds.

Direct Source Shielding

The HETC code, modified to take into account hadron-
deuteron collisions, was used to calculate the neu-
tron emission flux spectrum from the target moderator
system shown in fig.7. This calculated flux spectrum
will be used to determine the necessary shielding.

HETC does not explicity include any mechanism to
acéount for hadron-deuteron none]astjc collisions and
the code was modified to include these interactions.
Experimental total hadron-deuteron cross sections were
used for the transport calculations, and phase space
determined for nonelastic collisions the energy spectra
of the secondary particles assuming isotropic center of
momentum emission of each fragment breakup. Since the
energy range of the transported particles is reasonably
1ow, no pion production by hadron-deuteron collisions
was considered. Elastic neutron-deuteron collisions
were also included for energies up to 100 MeV. The

1.1 GeV proton beam was taken to be normally incident
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on the center of the Pb target. The leakage flux
spectra from the top, bottom, and side (Table 2) was
combined to define the neutron source flux for the
shielding calculations. Only neutrons with energies
above 15 MeV need to. be considered for the source since
only high energy particles will contribute to the neu-
tron flux at large distances into the shielding material.
The calculated neutron leakage flux spectrum is given
in f1§.8 and Table 2. The partial neutron group struc-
ture used for these calculations as well as the total
neutron and gamma ray group structure for later cal-
culations is given in Table 3.

The shape and magnitude of the flux is almost totally
determined by the leakage from the side of the moderator.
The peak between 375 and 400 MeV is  not physical but
represents particles produced above 400 MeV as well as
those produced between the above mentioned energies.
Since cross sections for the discrete ordinates codes
are only available to 400 MeV an attempt was made to
incorporate particles produced above 400 MeV by con-
serving energy. The conserval energy particles which
were produced above 400 MeV were given increased weight
according to the following expression

Eactua]

Wt = Wiictual | ~387.5

modified

Their energy was then reassigned to 387.5 MeV or the
average energy associated with the last energy box
shown in fig.8.

The integral of the flux over energy yields a value of
2.016x107° n/cmz/p or for a proton beam current of

1 mA (6.25x1015 p/sec) 1.26x1011 nﬂcmz-seComM.



Fig.8:
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Neutron Leakage Flux

) I T T N
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)} 1 1 1. v1 01
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10 0w 1000 gy
Neutron Energy

Neutron leakage flux spectrum produced by 1.1 GeV protons
incident on a Pb target surrounded by a heavy water
moderator (see fig.7).



Table 2:

Energy Range
(MeV)

and Group

number

400-375
-350
-325
-300
-275
-250
-225
-200
-180
-160
-140
-120
-110
-100

17.5-

90
80
70
65
60
55
50
45
40
35
30

27.
25.
22.
20.
17.
14,

O OO U1 O O»

W W NN RN NN NN NN = e —

O 0 N O o & W N =

= =W W WO RO N N N - HE 000D O OO R R WY e
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Neutron Flux

.58x10

(n/cmz/proton)
Side- Botton
.42x10”7 2.23x10°°
.08x10~7 2.52x10°
.05x1077 3.31x1077
61x10~7 2.20x10”/
.98x10~7 3.60x10”/
.61x1077 4.19x10"7
.48x1077 4.94x10”"
.71x1077 5.23x1077
.71x1077 4.16x10”7
.63x1077 5.82x10"7
.55x1077 7.88x10”7
.23x10~7 1.25x107°
.81x10”/ 4.93x10”’
.67x10”7 6.76x10"7
.72x10”7 7.46x10"7
.19x107° 5.74x10"/
.17x107° 1.00x107®
.19x10”7 4.74x10"7
.25x1077 4.41x10"7
.93x1077 4.66x10"’
.43x10”7 2.70x10”’
.67x1077 5.91x10”/
.08x107° 4.58x10”/
.10x107° 8.73x10”’
.32x10°8 7.38x10”/
.90x10~/ 1.83x1077
.55x10”7 3.31x1077
.77x1077 6.31x10”’
.51x10”7 4.21x1077
.25x1070 4.93x1077

-6 5.34x10"/

Top

0 O W NN W L W N NN = 0NN B NN P 0w N

.27x10°
.00x10~
.23x10°
.19x10°
.30x10°
.21x10°
.39x10~
.02x10~
.45x10°
.67x1077
.54x10~
.12x10°
.48x1077
.85x10"
.41x10°
.61x10"
.52x10°
.41x10”7
.83x10~
.09x10~

— = 00 0 00 O = W 0D oY= W N OO0 RPN

Spallation Source Neutrons for 1.1 GeV Protons Incident

Total

6

.11x10
1.12x10
.20x10
.48x10
.93x10
.49x10~
.23x10°
.19x10°
.05x10
.95x10
.89x10
.b7x10
.76x10
.95x10°
.62x10°
.91x10°
.03x10
.16x10
.49x10
.64x10
.12x10
.30x10
.90x10
.62x10
.13x10
.58x10
.03x10
.43x10
.08x10
.07x10
.35x10

=7
-7
-7
-7
-7

-7
7
7
7
7
7

7
7

7
7
7

-6
=7
-7

-7
-7
-7
-7
-7
-6

-7
-7
-7
-7
-6
-6




Table 3:

Group
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Neutron and Gamma-Ray Group Structure

Energy Interval (MeV)

4.
3.
3.50x102
3.25x10°
3.00x102
2.75x102
2.50x10%
2.25x10
2.00x10°
1.80x102
1.60x102
1.40x10%
1.20x102
1.10x102
1.00x10%
9.00x10}
8.00x101
7.00x10
6.50x101
6.00x101
5.50x10"
5.00x10!
4.50x10!
4.00x10
3.50x101
3.00x10
2.
2
2
2
1
1
1
1
1
8
6
5
4
3
3
2
2
1

1

1

9

7

4

3

2

1

.75x10
1.49x10"
.35x10!
.22x10
_oox10!
.18

.70

.49

.50

.68

.01

.47

.01

.66

.35

.10
.07-01
.42-01
.98-01
.34-01
.24-01
.50-01

Neutron

00x102

75x10%

2

1

1
75x10!

. 50x107
.25x10!
.oox10!

1

1

to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to

.50x10
.25x10
.00x10
.75x10
.49x10
.35x10
.22x10
.00x10
.18
.70
.49
.50
.68
.01
.47
.01
.66
.35
.10
.07-01
.42-01
.98-01
.34-01
.24-01
.50-01
.66-02

75x102

3
3.50x102
3.25x10%
3.00x102
2.75x10
2.50x10
2.25x10%
2.00x10
1.80x10%
1.60x10
1.40x102
1.20x102
1.10x10
1.00x10
9.00x10
8.00x10!
7.00x101
6.50x101
6.00x10
5.50x10}
5.00x10°
4.50x10!
4.00x10
3.50x10}
3.00x10!
2.
2
2
2
1
1
1
1
1
8
6
5
4
3
3
2
2
1
1
1
9
7
4
3
2
1
8

2
2

2

2
2

1

1

1
1

75x10

[ Y N

Group

53
54
55
56
57
58
59
60
61
62
63
64
65.
66

Group

67
68
69
70
71
72
73
74

76
77
78
79
80
81
82
83
84
85
86
87

Neutron

Energy Interval (MeV)

B N O s

N = B = W N = w0

.66-02
.19-02
50-02
.10-03
.35-03
.59-03
.54-04
.01-04
. 26-05
.06-05
.04-06
.38-06
.13-06
.14-07

Gamma

to
to
to
to
to
to
to
to
to
to
to
to
to
to

QO =N U =N =D =W N =W

.19-02
.50-02
.10-03
.35-03
.59-03
.54-04
.01-04
.26-05
.06-05
.04-06
.38-06
.13-06
.14-07

Energy Interval (MeV)

14.
12.

—
[=]

N PR O 000 oo OO OO o O OO O O

S O O = P NNW WD B oY NN 0

to
to
to
to
to
to
to
to
to
to
to
to
‘ to
to
to
to
to
to
to
to
to

12.

o
o

- N O 00O Ut ©O 0O OO OO U1 O O O O
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This large flux of fast neutrons (E > 15 MeV) must

be reduced to an acceptable value so that the neutron
and gamma rays event rates in the detector system is
below that expected for the neutrinos. Since in this
calculation the neutron leakage flux and current are
approximately the samé, an integration over the surface
area yields (1.267 n/p) 7.92x10%°
the target system per mA of 1.1 GeV proton beam current.

n/sec leaking from

The neutron leakage flux spectrum shown in fig. 8 was used
as an isotropic "shell source" in an ANISN calculation
to determine the rate at which the neutron gamma ray
flux and particle currents incident on the detector were
reduced by varying the thickness of the iron shielding.
The discrete ordinate approach was used for this cal-
culation instead of Monte Carlo methods since many

mean free paths of iron will be required for the
shielding. A Monte Carlo approach would have required
many biasing techniques and many hours of computatioh
time to obtain any results at all. The geometry of the
one-dimensional spherical system is shown in fig.9 and
in Table 4 are the compositions of the various materials.
The radius of the shell source was chosen such that the
surface area of the sphere was equal to the cylindrical
surface area of the target moderator system shown in
fig.7. A1l of the calculated results are for an 58
‘quadrature set and a P3 expansion of the cross section
set. Several calculations were carried out using a
higher order quadrature set (516) and cross section ex-
pansion (P5), but the results were comparable (less then

a factor of 2 lower) to those obtained with 38P3.

The results of the flux attenuation calculations are
shown in fig.10 for up to 8 meters of iron. Plotted in
the figure as function of the radial thickness of the
iron is the integral of the neutron and

secondary gamma ray flux. Notice that the integral is
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Radius cm

!

100 %: Concrete

]

1? ’L, Lead or lron

r

1 A Plastic

{

I ~

1§J ~ Lead or lron

?

1 A~ Plastic

TL

400 A Scintillator
A Plastic

Lead or Iron

A Plastic

5
«

)]
«

Lead or lron

@

100 A~ Concrete
500-900 ’:F Iron
29 #F: Void

b))
o

-

«— Shell Source Location

Center of
the Sphere

One dimensional spherical geometry for the direct source shielding calculation

Fig.9:

(Dimension in cm.)
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Table 4: Density and Composition of the Materials
used in the Shielding Calculations

Material Density Nuclei density

(g/cm3) (atoms/b-cm)

Fe 7.86 8.49x10" ¢
Concfete 3.50

S i 5.31x10" %

Al 1.59x10" 4

Fe 2.37x10° 2

Ca 1.72x1073

Mg 9.22x107°

S 4.63x10°°

C 3.66x10°°

gl0 2.24x10"3

gll 6.34x10 3

H 1.04x1072

0 4.24x10° 2

Pb 11.35 3.30x10°¢
Scintillator 0.89

4.01x1072

2

4.87x10"
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Attenuation of Neutron and
y Gamma Ray Flux
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Fig.10: Attenuation of the neutron and gamma ray flux as a
function of iron shield thickness.
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over all energies. Since neutrons below 15 MeV and all
gamma rays from the target were emitted from the source,
no data is given until an iron thickness of 1 m. By

this thickness of iron, the effect on the plotted re-
sults of the low energy neutrons and gamma rays from

the source would be neglible.

The energy dependence of the neutron and gamma ray
currents entering the detector system for various
thickness of iron shielding are given in Table 5. The
results are normalized to a 1 mA, 1.1 GeV proton beam

and the surface area taken for the detector system is
150x833 cm2. For 8 m of iron shielding, the neutron

and gamma event rates will be < 1/day. Also given in
Table 5 for the 8 m iron case, are the results when
directly around the detector is placed 20 cm of lead
instead of iron. The reduction in the gamma current is
obvious. The high energy particles (group 1 - 35 for

the neutrons and group 67 - 74 for the gamma rays) can pro-
duce pulses in the detector which are within the energy
range and within the time gate of the neutrino induced
interactions. In addition, these high energy particles
will produce many low energy particles which in combi-
nation with the low energy particles entering the system
may lead to a pile up effect of low pulse height signals.
As a measure of this, the reaction rates/day for a

50 ton detector are given in Table 6 as a function of
energy for an 8 m iron shield. Since these interactions
are dominated by low energy neutrons, the time dependence
of these interactions can possibly be used to differen-
tiate between real and unreal neutrino interactions.

The TDA code has been used to calculate the time depen-
dence of the neutron and gamma flux at the front edge
of the detector. The same geometry as used for the
ANISN calculations has been employed here except the
source has been moved to the center of the concentric
spheres. This was done so that in the ca]cuTation, the




Grps

1- 5
6-10
11-15
16-20
21-25
26-30
31-35
36-40
41-45
46-50
51-55
56-60
61-65
66

67-70
71-74
75-78
79-82
83-87

+Pb around detector; a:Detector size 150x833x400 cm
Table 5: Particles Entering the Detector System from the Spallation Source

5m

5.50x10
7.22x10
1.67x10
1,17x10
8.93x10°
5.64x10%
5.44x10%
1.02x10°
2.44x10°
6.54x10°
4.80x10°
4.46x10°
2.34x10°
9.84x10°

3
4
5

5

1.07x10
6.21x10
5.67x10
1.51x10
8.03x10°

(5 I R )

N O = NN NN WD

N PR P W

Neutrons-d

1-mA_

1

Shield Thickness

6m 7m
.19x10% 2.54x10 2
.97x102 5.29x107 1
.86x10°% 1.38x10°
.41x102 9.66x10 1
.58x10°2 7.28x10° !
.63x10% 4.58x10 1
.57x10°2 4.40x10" 1
.93x10°2 8.21x10"
.01x102 1.96x10Y
.88x103 5.29x10°
.38x10° 3.89x10°
.28x10° 3.62x10°
.73x102 1.90x10Y
.84x107 7.97x10°
_ _Gammas-d_l-mA_1
.08x102 8.65x107 !
. 54x10° 4.34x10" 1
_63x102 4.59x10" 1
.83x102 1.36x10Y
.31x102 6.51x10Y

Energy and Iron Shield Thickness @

N O W F = 00N = N W W= O

_ W = kN

.34x10
.38x10
.82x10
.70x1073
.01x1073
.26x1073
.21x1073

-3

-3

-2

.52x10"
.26x10"
.32x10"
.90x10"
.82x10"

8m

-3
-3
-3

.26x10
.40x10
.45x10
.05x10"
.68x1073
.09x10”3
.38x10"

2

2

3
3
3
3
2

3

B o= RN WRN W R B NN W RO

~N &~ = O

8m

.02x10°
L49x10°

.99x10"
.88x10~
.43x10°
.58x10°
.72x10°
.98x10"
.03x10"
.58x10°
.37x10°
.45x10"
.50x10"
.25x10"

N NN NN WwWww W

O w w o

N P DN W R o WwWw o N = W
e e e e e e e e e e e e e

Ratio
8m

9m 3/
13x1077 0.918
55x10"° 0.893
03x10”° 0.828
21x107° 0.720
41x107° 0.609
39x107° 0.557
24x107° 0.486
04x10” 0 0.459
45x10"° 0.491
90x10”° 0.501
87x107° 0.382
67x107° 0.298
40x10"° 0.262
88x10”° 0.214
.38x107° 0.447
.20x1078 0.447
.38x107° 0.369
.98x107° 0.138
.80x107° 0.254

as a Function of

_88_
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Table 6: Reaction Rates per Day in a 50 Ton Scintillation
Detector System shielded by eight Meters of Iron

Reactions-d 1.ma~!

Average Flux
in Detector @

Grps n-C v-C n-H y-H .(anmz-day/mA))
1- 5 4.06x107° 6.54x10"° 7.77x10" 11
~10  1.09x1073 2.04x10"% 2.05%x10™°
-15  3.67x10°3 9.29x10”% 5.74x10 2
-20  4.05x1073 1.13x107°3 4.26x10°°
_25  4.89x10°3 1.58x1073 3.41x107°
-30  3.78x1073 1.88x107° 1.86x107°
-35  4.54x10°3 " 3.87x1073 1.92x1077
~40  7.91x10°3 1.05x10 2 2.47x107°
~45  1.03x1072 1.85x10 2 2.36x107°
-50  2.05x1072 4.13x1072 2.86x10 2
_55  2.74x10°2 9.71x10" 2 2.77x107 2
60  3.92x1072 1.75x10" % 3.68x107°
61-65  2.75x10 2 1.23x10" 1 2.59x107 9

66  4.58x10 1 4.75x10° 4.31x10°8
67-70 1.52x10 3 2.56x10°% 1.77x107°
-74 1.07x1073 1.96x10"% 1.03x107?
-78 2.79x10” 3 5.35x10" % 2.24x107°
-82 3.10x1072 6.19x10"3 1.84x1078
83-87 3.30x107 ! 5.68x10"2 6.06x10 3

a: Detector size = 150x833x400 cm3
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uncollided source would be properly tracked in space
and time. In addition, Pb has been used directly around
the detector system.

The time dependence of the neutron flux at the front of

the detector is given in fig.11l for a delta function

source of neutrons for several neutron energies and an

8 m Fe shield. These data can be convoluted with the

pulse structure of the proton beam to obtain the time
structure of the neutron and gamma ray flux at the entrance
of the detector. The data in fig.ll can be approximately
converted to current by multipling the highest energy
neutron flux by l,and the lower energy fluxes by ~0.25

(see Table 5, last column).

The fast flux is directed more radially into the detector
system while the lower energy fluxes are more isotropic.

Convoluting the neutron flux in the 160 - 180 MeV range
with a rectangular proton pulse of 100/sec and 200 nsec

in width gives raise to the data presented in fig.l1l2.
Since the neutron flux structure for this energy range of
neutrons given in the previous figure raises and falls
within a 200 nsec interval, the convoluted neutron flux
will saturate to a steady state value during the time

the proton pulse is on. However, if the neutron flux time
structure is much wider than 200 nsec, the convoluted

flux will not saturate and in the case of the lower energy
neutrons will form an almost continuous background of
radiation. This type of background can be greatly reduced
depending on the time gate the detector is allowed to have.

The pulse structure of the gamma rays will be determined
by the neutrons which are producing them. Gamma rays which
result from fast neutron inelastic collisions will follow
the pulse structure of the fast neutrons. Gamma rays which
result from low energy neutrons namely capture will be
more of a constant background as is the case for the lower
energy neutrons and can be time gated to reduce their
effect.
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o 10 Time Dependence of the Neutron Flux
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Fig.11l: Time dependence of the neutron flux at the front of the detector from a delta

function neutron source.
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Fig.12: Time dependence of the neutron flux in the 160-180 MeV

energy range at the front edge of the detector.
Proton beam structure: 100 pulses/sec; 100 nsec pulse width;
1 mA average current
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Given in fig.13 is the convoluted fast neutron flux

(E > 1 MeV), the slow neutron flux (excluding the
thermal flux), the thermal neutron flux and the gamma
flux for the time structure of the proton beam defined
before.

In an attempt to reduce the thermal neutron flux, boron
was added to the heavy concrete. However, due to the
large number of fast neutrons in the system, a factor of
only two reduction in the thermal flux was obtained.

As a check of our one-dimensional analysis, a two dimen-
sional DOT calculation was performed to optain the neutron
flux at the detector system. The resu]ts'were consistent
within factors of 2. Final shielding calculations will
be carried out at a later date using two dimensional
analysis. For these scoping studies, the one dimensional
analysis appears very satisfactory.

Scattered Source Shield

Large numbers of fast and siow neutrons will enter the
experimental area above the neutrino cave due to the
diagnostic holes through the primary shield (see fig.6).
These neutrons can then scatter through the concrete floors
and enter the neutrino cave area. To estimate the shielding
requirements for these neutrons, two ANISN calculations were
performed. Since the neutrons streaming through the diag-
nostic holes must scatter before they reach the experimental
area, an ANISN calculation was performed using the neutron
source spectrum defined in fig.8. These neutrons were
assumed to be normally incident on a slab of thick concrete.
The neutrons which are emitted (albedo) from the surface
will constitute the source neutron spectrum for the second
ANISN calculation. The second ANISN calculations is a
spherical calculation using the above neutron spectrum as

an jsotropic source. The calculational sequence and the
geometry and materials are summarized in fig.1l4. The density
of the materials is the same as given in Table 4.
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Time Dependent Background from the SNQ
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Neutron Source
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The neutron albedo spectrum calculated from the first
ANISN calculation is given in fig.15 for neutrons with
energies > 15 MeV. As before, only the higher energy
neutrons will contribute to the background in the detector
area. For every neutron with energy > 15 MeV incident on
the slab of concrete, 1.58x10'2 neutrons with energy

> 15 MeV are reflected or scattered backward. Using the
albedo spectrum for the source in the second ANISN cal-
culation and the following normalization, the particle
currents incident on the detector are given in Table 7.

The normalization used for the scattered source is as
follows: '

T(5)2x10

15 p/sec n
6.25x107° Ep==1x|1.267 X | 5rety 5771507 (507 |

number of diagnostic holes
times the ratio of the opening
to the ratio of the spallation
source

2

x|1.58x10" ° number of reflected neutrons/neutron incident|

. . 2
x|———————7 approximate reduction of source due to R%|
4m(800) attenvation

x|n(5)2x10 total surface area of particles emerging]

= 1.53x108 n/sec/mA (E > 15 MeV)

Until a better description of the exact experimental area
can be defined, the above approximations will be sufficient.An
attempt has been made to estimate this background con-
servatively high for the present. As before the surface
area of the detector has been taken to be 150x833 cmz.

For 3 m of iron shielding the prompt neutron and gamma ray
event rates will be ~3/day.
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Table 7:

Grps

1- 5
6-10
11-15
16-20
21-25
26-30
31-35
36-40
41-45
46-50
51-55
56-60
61-65
66

67-70
71-74
75-78
79-82
83-87
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Particles Entering the Detector System from Sacttered
Sources as a Function of Energy and Iron Shield
Thickness

Neutrons-d L-mA~!
Shield Thickness
2m 3m 4m
9.86x10° 3.13x1072  7.02x107°
9.63x10" 3.55x10°%  1.11x107°3
1.80x10°% 7.45x10"F  2.56x1073
1.36x102 5.58x10° % 1.91x1073
1.09x102 4.43x10"1  1.50x1073
7.08x10% 2.88x10"1  9.71x107%
6.66x10" 2.69x10"*  9.07x107%
1.19x102 4.79x10"%  1.62x1073
3.09x102 1.24x10° 4.20x10"3
2.06x10° 8.37x10° 2.81x107 2
2.08x10° 8.47x10° 2.84x1072
2.40x103 9.88x10° 3.36x10" 2
1.33x103 5.47x10° 1.89x10° %
4.72x103 1.93x10% 6.59x10 2
_Gammas-d_1~mA'1
6.11x102 2.51x10Y 8.67x10 3
3.09x10° 1.27x10° 4.39x107°
3.02x102 1.24x10° 4.31x1073
8.05x102 3.30x10° 1.14x10" 2
3.18x10° 1.30x10% 4.48x1072
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Galactic Shielding

Shielding from Galactic Neutrons and Protons

From previous neutrino experiments, the event rate back-
ground from galactic neutrons and protons have been con-
trolled by a reasonable amount of shielding (~1 to 2 m

of Fe) and by a favourable time structure of the incident
beam. To reconfirm that shielding of these particles is
possible very approximate calculations have been

carried out. The neutron flux spectrum calculated at sea
level by Armstrong et a1.20) has been used as a source

for a 1-D slab ANISN calculation. As before neutrons above
400 MeV,in energy have been included by conserving total
energy and placing these particles in the 375 - 400 MeV
energy §roup. The source is assumed to be isotropically
incident on a thick slab (2 m) of heavy concrete followed
by varyim;thickness of Fe shielding. The detector system
fo]]ows:the shielding. To approximate1y account for the
protons the results of the neutron calculations have been
muitiplied by 2. The results of the calculation are presented
in Tab]é 8. As can be seen 1 to 2 m of Fe reduces the
current of incident particles substantially.The background
from these particles can be time gated easily.

Shielding from Galactic Muons

0f all of the background radiations, the muons are the
most difficult to shield against. Instead of the shielding
increasing approximately logmetrically as was the case for
the direct and scattered neutrons from the spallation source
and for galactic neutrons and protons, the shielding re-
quirement for the muons will vary almost linearly; that
is, to reduce the muon background by 2 requires almost
twice the shielding. There are several ways muons can con-
tribute to the background. These include 1) muons which
pass through or stop in the detector, 2) bremsstrahlung
from the electron from muon decay in the Fe (or Pb) around
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Table 8: Particles Entering the Detector System from Galactic
Neutron and Proton Sources as a Function of Energy
and Iron Shield Thickness

Neutrons-d

Grps Shield Thickness
1m 2m 3m
1-5 6.50x10! 1.90x107} 5.13x10 ¢
6 -10 2.29x10° 9.72x10” ! 3.62x107 3
11-15 3.57x102 1.68x10° 6.86x10 3
16-20 2.58x102 1.22x10° 4.93x1073
21-25 2.11x102 9.83x107 1 3.93x10”3
26-30 1.40x102 6.46x10  * 2.58x10"3
31-35 1.39x10°% 6.32x10"} 2.49x1073
36-40 2.63x10°2 1.18x10° 4.64x10"3
41-45 6.68x102 3.01x10° 1.18x1072
46-50 3.63x10° 1.75x10% 6.98x10 2
51-55 3.51x103 1.72x10% 7.02x1072
56-60 3.95x10° 1.96x10% 8.08x1072
61-65 2.16x103 1.08x10! 4.48x107 2
66 7.82x10° 3.88x10! 1.59x1071
Gammas-d~!

67-70 9.89x10°2 4.94x10° 2.04x10"°
71-74 4.97x10° 2.50x10" 1.03x1072
75-78 4.89x102 2.46x10° 1.61x10" 2
79-82 1.31x103 6.54x10° 2.69%10" 2
83-87 5.38x103 2.66x101 1.09x10° !
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the detector, 3) bremsstrahlung (WAB) from muons in the

Fe (or Pb) around the detector and 4) bremsstrahlung from
-mﬁons (WAB) and produced electrons from muon decay in the
iron shield above the detector system. The bremsstrahlung
(WAB, so called wide angle bremsstrahlung) associated with
the muons is not the same flavour as that associated with
electron bremsstrahlung. This type of bremsstrahlung for
the muons is strongly depressed due to the mass dependence
(emZ/ml)"

In obtaining the results presented in this section, the
muon spectrum defined in ref.21) has been used. This data
(integrated over momentum and over 1 steradian) is presented
in fig.16 indicating the number of muons with momentum
greater than a given momentum. Since the spectral shape of
the muon spectrum remains approximately constant when
passing through shielding material, the shape of the curve
in fig.16 will remain constant andonly the magnitude will
change. To insure that these results will yield an upper
estimate the muons are assumed to be normally incident on
the shielding material which is taken to be 2 m of heavy
concrete followed by 3 m of iron and finally 20 cm of iron
directly around the active part of the detector system.

In addition, the minimum ionization energy for iron and
concrete has been used to obtain the number of muons
reaching the detector. A safety factor of 3 is then applied
to all obtained counting rates.

Several EGS calculations were performed to obtain the
pulse height distributions for the bremsstrahlung from
electrons in the Fe around the detector and the WAB of the
u in the Fe around the detector and from the roof. Approxi-
mate WAB cross sections were obtained from ref.22).

The result of these calculations are given in fig.17. For
the energy range of interest, namely 10 - 20 MeV, approxi-
mately 3x106 events/day. can be expected. With an anti-
coincidence suppression of 105 and the proposed duty factor
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Muon Pulse Height Maximum

total maximum
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Fig.17: Pulise height maximum in detector for 3 m Fe, 2 m concrete

and 20 cm Fe shield around detector (no anti-rejection),
for 9 m Fe, 1 m concrete and 20 cm Fe shield, multiply
values by 0.35

1. Bremsstrahlung from u in Fe around detector; 2. Brems-
strahlung from e from p decay in Fe around detector;

3. Muons which stop in detector; 4.Bremsstrahlung from u
and e in roof
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of 5x10-2, the event rate/day can be reduced to ~1.

Since an attempt has been made to obtain a maximum
event rate, the true event rate should be on the order
of 0.2/day with three meter of iron shielding.

Muons which decay in the detector after slowing to rest
are not included in fig.17. Depending on the time gate,
a muon decay in the detector can yield a bogus event.
However, a dead time gate of ~30 - 35 usec after an anti
fire can reduce this background to < 1/day.

The effectiveness of the anti-counters with respect to
the electrons produced in the Fe surrounding the detector
is given in fig.18. As can be seen, the anti counter re-
duces this background by only a factor of 2. However, in
neutrino physics every factor of 2 is graciously accepted.
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3. Natural Radioactivity and Neutrinos from Decay of

produced radioactive Nuclides

Previous'Neutrino'experiments have detected background
signals in their detectors from natural radioactivity.

The Los Alamos detector of Willis indicated that this
background could be as high as several events/day but

that most of the produced signals were very low (g 10 MeV)
in energy. It is imperative that the shielding closest

to the detector system, and the support material for the
detector be as clean of natural radioactivity as possible.
Iron which has been used around accelerator facilities
should not be considered for use.

The decay of produced radioactive nuclides around the
spallation source yield large numbers of low energy neu-
trinos. If one assumes that every star produced by an in-
cident 1.1 GeV proton will produce a neutrino, then

~50 neutrinos will be emitted per proton. This is quite a
large number of neutrino from radioactive nuclides when
compared to 0.133 from nt decay. However, even if all of
these decay nuclide neutrinos could produce an event in
the energy range of interest they will represent a con-
tinoous background due to there finite 1ifetimes and can be
time gated. Any reasonable time gate will reduce this
background to an acceptable level.

C) Detector Analysis

The expected energy resolution and efficiency of a de-
tector system, i.e., its ability to yield the energy of a
gamma ray, electron or any other particle, is determined
by many factors including sampling fluctuations, energy
loss due to leakage, scﬁnti]]ation 1ight or charge
collection efficiency, saturation effects, electronic
noise, etc.. ATl of these factors will effect the
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performance of the two types of detector systems con-
sidered in thiswork: a modular scintillation system and
a liquid argon ionization chamber. This is especia]]y‘
true since the energy range of the particles (y,ei) pro-
duced by neutrino interactions of interest are from 5 to
~30 MeV. '

Sampling fluctuationsare present whenever the energy de-
position through ionization is not measured throughout

the detector volume but only in'specific areas. For modular
or segmented systems, the energy deposited in the material
seperating the "active" sections is not measured and will
induce sampling fluctuations.For the scintillation detector
systems considered here, the sampling fluctuations contribute
only slightly to the resolution. However, for the liquid
argon system the sampling fluctuationswill be one of the
major contributors to the overall resolution since the
target material for the incident neutrons, carbon (which

is part of the scintillator syétem), must be introduced
between the ionization sections. Since the electron gamma
shower code, EGS, is a multimedia, three-dimensional program,
the sampling flucuations are included explicity, i.e.,
énergy deposited in non-active areas is not converted to
scintillation. 1ight or electrical charge.

Neglecting a slight 1/R2 effect, the incident neutrinos will
interact uniformily throughout the volume of the detector
system with a Targe percentage of the interactions being
located close to the edge of the detector. Since scintil-
lator and liquid argon (and carbon) have rather large ra-
diation lengths,a substantial amount of particle leakage
from this system is expected and thereby a worsing of

the resolution and efficiency. However, it will be shown
that the largest effect is with the efficiency and not with
the resolution. As with the sampling fluctuations,the EGS
code includes the effect of energy leaking from the system.
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The collection efficiency of scintillation 1ight following

the deposition of energy by a charged particle will be
determined by the geometry of the modular section, the re-
flectivity of the surface, the absorption length of scintilla-
tion light in the scintillation material, and the photo-
electron conversion efficiency. The MORSE Monte Carlo code

was modified to determine the 1light collection and con-
version to photo-electron efficiency of the scintillation
detector systems considered here. These results were combined
with the energy depositions calculated by EGS code to yield
realistic responses. Neglecting leakage energy, the collection
and conversion of the scintillation T1ight will have the
largest effect on the performance of the scintillation de-
tector system.

Charge collection in the 1iqu1d argon ionization chamber will
also effect the performance of this system. However,'because
of the sampling fluctuations and leakage, the fluctuation in
charge collection will be a second order effect and, there-
fore, will not be considered.

For electron-gamma showers, saturation types effects, i.e.,
the scintillation 1light observable or charge collected is
not a linear relationship with respect to energy deposition,
are.expected to be small and need not to be considered.

Electronic noise and other effects which can have an impact
on the performance of our detector_systems will not be
treated. These problems are usually second order effects and
can be made almost neglible by utilizing state-of-the-art
electronic and by providing adequate shielding.

Scintillation Detector System

As mentioned above the MORSE Monte Carlo code with spectular
reflection at specified boundaries and operated in an analog
mode was modified to transport scintillation Tight throughout
a module of the detector system.
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Several module sizes were considered: a 10x10x100 cm3 module
with 5.08 cm diameter phototubes, one attached to each end,
and a 20x20x150 cm3 module with 10.16 cm diameter phototubes,
one attached to each end.

The wavelength distribution of the scintillation 1ight and
the phototube detection efficiency are shown in fig.19 a and
b. The wavelength distribution was used by employing standard
sampling techniques to define the source for the transport
calculation. As implied by the histogram in fig.19a, the
calculation was carried out using 15 scintillation light
wavelength groups, each group being 10 nm wide.

The absorption length for all wavelengths of light considered
was assumed to be constant at 150 cm for the 10x10x100 cm3
module and 250 cm for the 20x20x150 cm3 module. Scintillation
light which reached the sampled flight path before reaching
the phototube was assumed to be absorbed (or killed) and,
therefore, did not contribute to the signal. The reflectivity
of the walls of the module was taken to 97% (or on the average
3 photons in a 100 were absorbed (or killed) on the walls).
Spectular reflection at the walls of the module was used to
define the reflected photon direction. Photons which reach
the phototube produced a photo-electron with the probability
given in fig.19b. No statistical weighting was used in any

of these calculations. A source particle which started with
statistical weight of one had a statistical weight of one
when or if it made it to the phototube.
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Results for the 10x10x100 cm3 Module Detector

The number of photo-electrons produced in both phototubes

as a function of the number of scintillation photons is

given in fig.20. These results are for an isotropic source

of scintillation photons located in the center of the
10x10x100 cm3 module. For 750 photons each phototube sees

on the average 8.25 photo-electronsor 16.5 total. A fit to
this data yields y = 0.02203 x where x is the number of
scintillation photons and y is the total number of photo-
electrons produced. The fluctuationin the total number of
photo-electrons detected by both tubes is given in fig.21

as a function of the number of scintillation photons. These
results are for the same type of source as defined.

For 750 photons the fluctuation(o) in the average number of
photo-electronsis + 3.9. As one would expect from statistical
theory the curves in fig.21 is proportional to the square root
of the number of photons. A best fit to the data yields the
following expression?! o = 0.14258 x where x is the number

of scintillation photons and o is the standard deviation

of the average number of photo-electrons produced.

The pulse height data from which the fluctuations in fig.21
were obtained are very gaussian for reasonably large number of
photo-electrons (> 10). A comparison between a gaussian curve
and the data is given in fig.22.

So far the data presented has been for an isotropic source
located in the center of the module. The variation of the
average number of photo-electrons detected when 500 scintil-
lations photons are emitted as a function of distance from
the closest photo-tube is given in fig.23.The curve is
reasonable flat until about 5 cm from the edge. This strong
dependence on the last 5 cm will probably eliminate this
area from consideration since a small pulse here will lead
to overly large signal. A least squares fit to the data in
fig.23 gives the following expression:

Y = 3.29 coth (0.10 x) - 0.05 x + 10.00
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Fig.20:
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Number of Scintillation Photons

The number of photo-electrons produced versus the number of
scintillation photons for the 10x10x100 cm’ module. Source
photon location is in the center of the module. The number
of electrons represents the sum from both photomultiplier

tubes.
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Fig.21: Standard deviation in the number of photo-electrons pro-

duced versus the number of scintillation photons for the
10x10x100 cm3 module. Source photon location is in the
center of the module. The number of electrons represents
the sum from both photomultiplier tubes.
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Fig.23: Spatial variation in the number of photo-electrons as a
function of distance from the closest photomultiplier tube
for a source of 500 scintillation photons. The number of
electrons represents the sum from both photomultiplier tubes
(10x10x100 cm® module)
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where x is distance from the closest photomultiplier tube
and Y is the number of photo-electrons.

There are other methods for producing a flatter response
across the module and these methods will be discussed later.

The variation of the number of photo-electrons as a function
of distance from the closest photomultiplier tube for 500
scintillation gammas is given in fig.24. A fit to this data
yields the following expression

o = 0.35 coth(0.11 x) - 0.01 x + 3.28

where x ist the distance from the closest photomultiplier tube
and o is the standard deviation in units of number of photo-
electrons.

Since the expected dependence on the number of photo-electrons
is linear with respect to the number of scintillation gammas
(see fig.20) and the fluctuations are proportional to the
square root of the number of scinti]]ation'gammas (see fig.21),
the data in fig.23 and fig.24 completely define the scintilla-
tion 1light collection efficiency of the 10x10x100 cm3 module.

In all of the calculations presented so far, the source lo-
cation for the scintillation gamma rays has been assumed to

be on a Tine located in the center of the module. Variations
in the average number of photo-electrons or their fluctuations
due to source locations off this line are small except for
source locations near the ends of the modules. These effects
have not be included in the calculated results.

To convert from energy deposition to scintillation photons

it has been assumed that 1 photon will be emitted per 100 eV
of energy deposition. The EGS code provides the energy deposi-
tion and location and the curves in figures 23 and 24 along
with a linear and square root dependence provide the detection
efficiency (and fluctuations) of the observed light.
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Two methods exist for obtaining the final detector response
for one incident particle. The straight forward method
stipulates that at each energy deposition site:

1. Convert energy deposition to scintillation gamma
rays

2. find average number of photo-e]ectrons,xi

3. sample from gaussian with proper o to obtain fluctuation
11 _ 1. 11 11 _
XiT = X X5 (if Xj < 0 set xi° = 0)
4. repeat above procedure for all energy deposition sites

and sum the X%}s X = Zx}l

For each incident particle one number will be obtained which
can be storedto form the pulse height distribution.

The other method will yield simular results but a much
smoother pulse height distribution. The method is as follows:

1. Convert energy deposition to scintillation gamma rays

2. find average number of photo-electrons,xi and corre-
sponding o

3. sum the x..  to find x = Ix,

s
4. sum the squares of the o..  to find ol = Zc%

5. store x and o so that the total pulise height for many
incident particles can be convoluted from the x's
and o's

Method two will be used for most of these calculations.

The pulse height distribution for 15 MeV gammas which
originate isotropically and uniformily (excluding the metal
containers for the scintillator) throughout a 4.6 ton de-
tector composed of 400 10x10x100 cm3 modules (20 high by

20 deep by 1 wide) is given in fig.25. The thickness of the
walls which optically separate the modules is 0.01 cm.

Only the data in fig.20 has been used (with no fluctuations)
to convert from energy deposition to photo-electrons.The
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Fig.26a) Pulse height distribution for 15 MeV gamma rays in the
10x10x100 cm3 modular detector system including all photo-
electron production statistics and using method II.

b) Same as a) except method I is used to produce the pulse height
distribution :




- 65 -

observed resolution, though physically unreal is excellent
and is due entirely to energy leakage and sampling
flucuations. The pulse height distribution obtained when

the spatial dependence of the 1light collection and
fluctuations are taken into account is given in fig.26a.

The resolution worsens substantially and the pulse height
distribution, in addition to having low energy pulse signals
as before also has signals at much higher pulse heights

due to the spatial dependence of the scintillation photons
(see fig.23). The most probable peak has also moved to a
higher value for the same reason. The pulse height distribu-
tion for 15 MeV gamma rays obtained using method 1 is given
in fig.26b. As can be seen the results are similar. The
expected pulse height distributions for other gamma

energies and for various electron energies are given in
figs; 27-29. Overall the resolution for this detector system
is ~15% (FWHM) of which, sampling fluctuations and leakage
energy contributes ~6%.
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As mentioned earlier, there is another method which can

be used to remove some of the spatial dependence on the
number of photo-electrons detected (see fig.23). For the

data presented so far, the number of photo-electrons '
produced in each of the two photomultiplier tubes have

been summed to obtain the final total number. If the response
is obtained by taking the square root of the product of the
signal from each tube, instead of summing the signals, a

much flatter spatial dependence can be obtained. The results
of such a calculation are given in fig.30. The spatial de-
pendence has been reduced substantially from that given in
figs.23 and 24. The pulse height distributions for a 15 MeV
gamma source as given before are presented in fig.33. Two
things are quite apparent. The pulse height peak has moved to
a lower position and the tail of the distribution has been
drastically decreased. The resolution has also improved
rather drastically leaving the sampling fluctuations and
energy leakage as the dominate contributions to the energy
resolution.

3

Results for the 20x20x150 cm~ Modular Detector

The total size of this detector system is much larger than
the previous one and has been taken to be the reference
design detector for the neutrino experiment. The number of
modules in this detector is 840 arranged 20 high by 42 deep
by 1 wide. This represents the 50 ton detector. Photo-
electron data for each module comparable to the data given
in figs.23, 24 and 30 are presented in figs. 31 and 32.

The resulting pulse height distributions for 15 MeV gammas
are given in fig.34a and b for the two methods used in
obtaining the signals at the phototubes, i.e., the sum
method and the product square root method. In case of the
product square root method the resolution for the larger de-
tector is only slightly better than for the previously con-
sidered system. But as expected in case of the sum method
the energy resolution for the larger detector is much better
than for the smaller one.
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Light Collection Characteristics
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stnd. deviation
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#19.30: Spatial variation in the number of photo-electrons and standard

deviation versus the distance from the closest photomultiplier
tube for a source of 500 scintillation photons. The number of
electrons represents the square root of the product of the
number of photo-electrons produced in each tube (10x10x100 cm
module). A fit to the data yields for the average number of
photo-electrons y = 12.41 exp(-0.88vx)+5.21 and for the stnd.
deviation o = 1.86 exp(-0.84vX)+1.60.

3
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Fig.31: Spatial variation in the number of photo-electrons and standard
deviation versus the distance from the closest photomultiplier
tube for a source of 500 scintillation photons. The number of
electrons represents the sum of the _number of photo-electrons
produced in each tube (20x20x150 cm3 module). A fit to the data
yields for the average number of photo-electrons

_{53.00exp(-0.27x)+13.00, x<8
Y=129.62exp(-0.55x)+12.8 , x>8

and for the stnd. deviation 0=3.94exp(-0.21x)+3.5.
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Fig.32: Spatial variation in the number of photo-electrons and standard
deviation versus the distance from the closest photomultiplier
tube for a source of 500 scintillation photons. The number of
electrons represents the square root of the product of the number
of photo-electrons produced in each tube (20x20x150 cm3). A fit
to the data yields for the average number of photo-electrons
y=13.21exp(-0.66yX)+6.04 and for the stnd. deviation
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The remaining pulse height distributions for the energies
and particles considered previously are given in figs. 35-
37 (sum dependence on photo-statistics) and 38-40 (product
square root dependence on photo-statistics).

The efficiency and resolution of both detector systems are
summarized in Table 9. Even though these detector systems
are quite large a substantial number of gamma rays are pro-
duced near the edge and can escape before producing a
signal. All electron energies will have 100% efficiency.
Using the square root of the product of the number of elec-
trons each phototube sees can reduce the resolution of the
smaller detector by ~2, but does not improve the resolution
of the bigger detector drastically.

Liquid-Argon-Detector System

The liquid argon detector system will have fixed dimensions
in x and y, namely 2m x 2m, but will have a variable depth

as the thickness of the graphite plates or the argon gaps

are varied. In all cases, the amount of graphite is fixed

at 2.7 tons. It was not discovered until these calculations
were finished that the default density of graphite in PEGS

is that for diamond, namely 2.26 g/cm3. The more common
density of graphite is 1.7 - 1.8 g/cm3. Therefore, the
effective thickness of the graphite is ~2.26/1.75 times
larger than given above. Two thickness of graphite plates
have been considered, 0.3 cm and 0.6 cm. For the 0.3 cm case,
there are 100 argon gaps and 100 graphite plates; in the

0.6 cm case, 50 argon gaps and 50 graphite plates. The thin
plates of conducting material which would have to be plated
on the graphite has not been included. As mentioned before,
the sampling fluctuations and energy leakage should dominate
the resolution of this detector system and therefore, fluctu-
ations in charge collection have not been included.
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Table 9: Efficiency and Resolution of Both Scintiilation

Detector Systems

Efficiency (%)

Gamma Ray Energy Detector I° Detector IIb
(MeV)
6 71.8 83.5
8 68.1 81.1
10 64.4 79.2
12 63.1 77.8
14 61.2 76.8
15 61.5 76.1
16 60.7 75.8
18 59.2 75.2
20 59.6 74.7
a) 10x10x100 cm’
b) 20x20x150 cm’
Resolution (éE x 100%)
Gamma Ray Energy ~ Detector 18 q Detector IIb
(MeV) Method IC Method II Method 1 Method II
16.6 9.4 9.3 8.2
15.4 7.9 8.1 7.7
10 16.0 7.5 7.7 7.0
12 15.5(16.7,e )7.7(6.8,e ) 7.2(7.3,e ) 6.6(6.9,e )
14 15.0 7.0 7.2 6.4
15 15.4 7.2 6.3 6.1
15x°¢ 6.1 6.2 5.0 4.9
16 15.7 7.1 6.5 5.9
18 14.6 6.8 6.1 5.4
20 16.4(16.3,e )6.5(5.9,e ) 6.1(6.3,e ) 5.4(5.6,e )

c) Sum dependence on photostatistics; d) product square dependence

on photostatistics; e) no photostati

stics.



- 82 -

The expected pulse height distributions for 15 MeV gamma
rays distributed isotropically and uniformally within the
graphite is given in figs.41 and 42 for 0.3 and 0.6 cm
graphite plates and for various argon gaps. The resolution
is unacceptably large for the 0.6 cm case and is largely
unacceptable for the 0.3 cm (1.2 cm argon gap) case. The
effect on the resolution and detection efficiency of
restricting the interactions to within 35 cm of an edge
of the detector is shown in fig.4lc. The efficiency is
drastically increased with a minimal decrease in the re-
solution. |

The probability that the 15 MeV gammas will escape the system
without producing a signal is given in Table 10. Note how
drastically this percentage is reduced if the source of the
gammas is restricted. The detection efficiency is 100% minus
the number presented in this table.
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Pulse Height Spectra for 15 MeV Gamma Rays
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Pulse Height Spectra for 15 MeV Gamma Rays
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Fig.42: Pulse height distributions for 15 MeV gamma rays in the liquid
argon ionization chamber for 0.6 cm thick graphite plates and
for various thickness of the argon gaps.
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Table 10: Percentage of 15 MeV Gamma Rays Escaping from

Detector

0.3 cm graphite++ plates (200 plates)

Argap (cm) Escapes Volume of Det (m3)
0.3 22.6% 2x2x1.2
0.6 20.5% 2x2x1.8
1.2 17.9% (4.7%)F 2x2x3.0
2.4 3.8% 2x2x5.4

0.6 cm graphite plates (100 plates)

3

Ar gap (cm) Escapes Volume of Det (m~)
0.6 24.2% 2x2x1.2
1.2 21.3% 2x2x1.8
2.4 17.9% 2x2x3.0

+ interaction not within 35

o = 2.26 g /cmS

cm of an edge
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Presented in figs.43 and 44 are the expected pulse

height distributions for 5 and 10 MeV gamma rays, and

17 MeV e’ and 20 MeV e” for the 0.3 cm (1.2 cm argon gap)
graphite case. Table 11 presents similar data to that
given in Table 10 for the additional particles and energies
considered. In addition, the self-vetoing probability is
given which represents the probability that part of the
energy from the source particle will escape from the
system and fire the veto counter. This data assumes that
the anti counters are located close to the detector and
that the escaping particles do not have to penetrate any
of the cryogenic container.

Due to the reasonably poor resolutions obtained with this
detector and to the problems associated in general with
cryogenic systems liquid argon ionization chambers with
thin graphite plates would be a poorer choice for a low
energy neutrino detector than a segmented mineral oil
detector.
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Table 11: Percentage of Particles Escaping from the 1liquid
argon detector system and the self vetoing probability
of this system

Percentage of Particles Self Vetoing
Escaping and Producing Percentage
no Pulse

Ar gap (cm) Ar gap (cm)

0.3 1.2 0.3 1.2
EY (MeV) 5 19.6 14.9 0.64 0.40
10 21.1 17.7 1.4 1.2

15 22.6 17.9 2.0 i.8

Ee- (MeV) 20 -—-- 0.52 -—- 3.5
Ee+ (MeV) 17 -—-- 0.56 --- 3.1
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