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1 Introduction

The physics potential of the KamLAND experiment depends upon its ability to sup-
press backgrounds to neutrino signals. Background from radioactivity in the detector
materials is expected to dominate the detector rate. In this report, a more comprehen-
sive survey of the expected background rates from detector radioactivity is presented.
The report focuses on the high energy radiation from uranium, thorium, radon, cobalt,
and potassium; cosmogenic and carbon isotope activity is considered elsewhere[4]. A
FORTRAN/GEANT3 Monte Carlo simulation of the KamLAND detector was devel-
oped to estimate the transmission of energetic particles into the detector scintillator.
The transmission probability is estimated in the energy windows of interest for the
solar and reactor experiments, and its dependence on radial fiducial volume cuts in
the scintillator is studied. The probabilities are combined with the measured and ex-
pected purities of the detector materials to give expected background rates for each
experiment.

2 Procedure

The next subsections give a brief overview of the Monte Carlo and analysis techniques
developed for these studies. Four different techniques are discussed for calculating
particle transmission into the detector fiducial volume. The techniques vary from the
slowest and most precise approach to the fastest and least precise approximation.

2.1 Particle Transmission I: The Direct Monte Carlo Approach

The detector geometry was defined using information from the Proposal for US par-
ticipation in KamLAND[4], notes from the collaboration meetings at the University of
Hawaii and LBNL, and correspondence with other collaborators[l, 3]. A drawing of



the detector geometry is shown in Figure 1. The geometry model includes scintillator
and buffer oil volumes, the balloon and its support ropes, the acrylic wall, the steel
sphere, the inner detector phototubes, four support chimneys, the water veto, and the
mine rocks. Events distributed in the rocks are simulated up to one meter beyond the
KamLAND cavity. The deck above the detector was approximated as a hemisphere of
radius 6 m. 80 ropes run along the longitude of the balloon, and 24 run along its lat-
itude. The longitudinal ropes are approximated as spherical sections with radius and
azimuth cuts to accomodate the rope thickness of 0.6 cm. The latitudinal ropes are
approximated as sections of a cylinder. The tank nozzle, wire support nozzle, balloon,
and calibration chimneys, and the liquid levels between the chimneys are included. The
steel sphere is assumed to have a uniform thickness of 1.6 cm. Finally, the phototubes
are approximated as air-filled glass spheres 25 c¢cm in radius, and displaced from the
inner surface of the steel sphere by an amount corresponding to the neck length. The
buffer composition is assumed to be 60% N12D oil (normal paraffin) and 40% P250 oil
(isoparaffin) by mass., for a net density of 0.7771 _Z; at 10 C. The assumed scintillator
density is 0.778 _Z5.

The calculation of radiation transport starts by selecting one detector component
and a radioactive isotope from 238U, 232Th, 4°K, 6°Co, or #??Ra. Decay radiation are
generated in this volume by randomly picking one particle from among the «, £, and y
particles produced among parent isotope and its daughters, assuming secular equilib-
rium. The random selection is weighted by the branching fraction in each decay mode.
The chosen particle is given a random position in the detector component, assuming
a uniform distribution of activity, and a random vector in space, assuming isotropic
emission. The particle and its secondaries are then tracked through the KamLAND
detector. Upon reaching the central scintillator, energy depositions at each tracking
step are summed. « quenching is accounted for using Birk’s Law, with a Birk’s con-
stant of 15.2 cm/GeV|[2]. For each primary particle, two numbers are recorded: first,
the total energy deposited in the scintillator, which is assumed linearly proportional
to the collected detector light; and second, the mean position of energy deposition in
the scintillator. Both numbers are subject to Gaussian smearing to reflect the response
of the KamLAND detector. We assume one sigma energy and position resolutions of
8% and 7.0 cm respectively at 1 MeV[1]. This is equivalent to 175 detected photoelec-
trons per MeV energy deposition, which is estimated by an approximate calculation
of scintillation yield, optical attenuation, photocathode coverage, and photocathode
efficiency.

Six regions of interest in energy and radial position are analyzed. The regions are
permutations of two energy windows corresponding to the solar (280-800 keV) and reac-
tor (> 1.0 MeV) neutrino energy depositions and three spatial windows corresponding
to 0, 0.5 and 1.0 meter fiducial volume cuts. Counters record the numbers of events in
each of these regions. The transmission probability for each analysis region, detector
component, and decay chain is the fraction of accepted events per decay of a parent
nucleus in the decay chain.
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Figure 1: The KamLAND Detector drawn (a) with the PMTS; and (b) without the
PMTs, for a better view of the detector inside the acrylic.

2.2 Particle Transmission II: The Truncated MC Approach

In order to increase the simulation speed, we may attempt to remove contributions to
the background that are highly improbable. An example is the penetration into the
scintillator of alpha and beta particles from exterior components of the detector. By
eliminating alpha and beta tracking and focusing on gammas, the simulation efficiency
for 238U decays in the steel sphere is increased by a factor of ~ 2.5.

A further improvement neglects backward angle scattering of the gammas as they
travel through the detector. At each tracking step the gamma trajectory is required to
lie within a cone pointing towards the scintillator sphere. The approximation assumes
the background contribution from gammas scattered at high angles and later rescat-
tered toward the fiducial volume is negligible. The efficiency for steel sphere emission
increases by another ~80% with this algorithm.

This truncated Monte Carlo technique is used to calculate particle transmission
into the fiducial volume for materials beyond the buffer oil, including the phototubes,
the acrylic wall, and the steel sphere. Transmission for materials close to the fiducial




volume (e.g. the buffer and the ropes) are also calculated with the truncated Monte
Carlo for comparison with the full Monte Carlo calculation described above. The
deviation in the total rate of energy deposition in the scintillator introduced by the
truncation is typically less than 3%.

The modest systematic error introduced by the truncation imply that backscatter-
ing into the fiducial volume is a small effect. This speaks for the reliability of results
produced by the truncated Monte Carlo. Thus for sources requiring very long runs
to get reasonable statistics with a 1 m fiducial volume cut, e.g. the steel sphere, the
truncated Monte Carlo is used in place of the full simulation.

2.3 Particle Transmission III: Intermediate Amplification

The probability that a 1460 keV photon emitted from the steel sphere will produce
an energy deposit of 280-800 keV one meter inside the fiducial volume is on the order
of 107°. The truncated Monte Carlo speed is ~ 7 x 10~* seconds per event on a
600 MHz Pentium III. This amounts to a runtime of about one week to produce one
deposit in the solar energy range, with a 1 m fiducial volume cut, from *°K distributed
in the steel sphere. A simple estimation predicts a rate about 10® times smaller for “°K
distributed in the rock just outside the detector. Thus the speed of even the truncated
Monte Carlo is not sufficient to calculate the solar rates from the exterior detector with
current resources.

The Monte Carlo efficiency can be increased by amplifying the photon distribution
at intermediate surfaces in between the source and the detector. The photon distri-
bution is recorded at the intermediate radius r;,;, and the Monte Carlo is then rerun
starting from r;,; and with the parent photon distribution recorded in the first stage.
The signal is amplified by a factor of 1]\\7,9;1”, where Np;; is the number of photons which
reached 1;,,; in the first stage, and N, is the number of events generated in the second
stage.

The success of this algorithm depends on the assumption that just two parameters
are sufficient to predict the attenuation probability of a photon which passes the sphere
r = riyn- These are the energy (E) and the angle (f) between the momentum vector
and the radial position vector.

During the first run stage, E and 6 are placed in the appropriate bin in a two-
dimensional array for each photon which strikes the amplification sphere. Since the
intermediate projection surface and the interior detector both have nearly spherical
symmetry, the position distribution of photons at the surface may be neglected to a
good approximation. The E and # bins are somewhat wide (~60 keV and 0.08 in cos()
respectively), since the number of bins and the computation time goes as the square
of the number of intervals in the parameters. The wide energy bins may be justified
by the relatively weak dependence of cross section on energy over the relevant range.

The results of the amplification algorithm were compared with those from the Monte
Carlo at source distances accessible to both. For sources too far out for the Monte Carlo,
each amplified run was made with more than one number of amplification radii. If the
bin width were a substantial source of error, one would expect the results to vary with
the number of amplifications. Table 1 compares the rates predicted by the amplification




Material Radiation| Max. deviation | Max. deviation | Max. deviation
type in total rate in reactor rate in solar rate
Sphere at r = 700 cm 40K 3.1% 4.3% 2.3%
Acrylic wall B2Th 7.5% 13.8% 9.2%
Box of half-width 800 cm| “°K 5.2% 21.0% 6.1%
Steel sphere 40K 4.9% 20.7% 5.3%

Table 1: Relative difference between the amplification algorithm calculation and the
full simulation calculation, for several radiation sources.

with those predicted by the full Monte Carlo for several sources and radiation types.

The 800 cm box was chosen for its lack of spherical symmetry. The comparison
is limited by the statistical precision of the simulations, and the systematic difference
of the techniques may be yet smaller than the deviations reported. No significant
increase of the deviation with distance from the detector is found; this lends confidence
to extrapolating the amplification technique to the mine rocks.

To study the validity of the amplification approach, it is instructive to plot and
compare the energy distributions of photons which enter the scintillator as predicted by
the full Monte Carlo and with intermediate amplification. In Figure 2, this comparison
is made first for a sphere of radius 700 cm, and then for a box of half-width 800 cm,
each concentric with the scintillator sphere.

2.4 Particle Transmission IV: Analytic Estimation of Event
Rates

An alternative way to calculate the transmission probability for the most exterior
components of the detector is to develop an analytic calculation of photon attenuation
by KamLAND materials. For this approach, GEANT3 is used as an efficient manager
of the detector geometry and material parameters, rather than as a Monte Carlo.

A noninteracting particle with fixed energy FE is transported through the detector
in small steps, and photon interaction probabilities are calculated at each step. The
particle is generated with a direction inside a cone pointing towards the scintillator.
The probability that the ”"photon” falls in each of 75 energy bins from 0 to 3 MeV is
stored in an array. After each tracking step, the probabilities are adjusted to account
for Compton scattering, pair production, and photoelectric absorption. First, the
probability in each bin 7 is reduced by the attenuation factor e=2?(%)  where L is the
step length and o(E;) is the total interaction cross section times material density in
cm~!. Contributions are added to bins j with energy lower than E; to account for
rescattering by the Compton process:

A .
AE;
where 0¢omp is the Compton cross section. To account for the angular distribution
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Figure 2: Distribution of photon energies upon entry into the scintillator.

in the scattering, an angle cut was introduced. P, was set to zero for E values
corresponding to angles outside a cone leading into the detector. The cutoff angle was
assumed to be linear in azimuth between 6,,,, and 6,, The # cut eliminates tracks
that would need multiple scattering to reach the fiducial volume; it is assumed this
contribution is negligible.

Pair production contributes the probability,

P, +:2#(1—6L%), (2)

to the 0.511 MeV bin.  (x) is a solid angle factor and the factor of two gives the
photon multiplicity.

The calculation described suffers from a number of weaknesses. First it assumes
that all particles take straight line paths into the KamLAND fiducial volume. This
overestimates the contribution of low energy photons that are rescattered into the
detector. The calculation also assumes that photons not moving inside the cone into
the fiducial volume may be neglected, though the phase space for such trajectories
may be very large. Also, the calculation does not yet account for energy and position
resolution effects in the scintillator.

The advantage of the analytic method is the linear dependence of run time on
distance from the scintillator. The analytic code allows the user to approximate the
background contribution from any point inside the detector and nearly surrounding
rock within minutes. However no simple approximation was found to cure the devia-
tions in the energy dependence, which strongly affects the solar rate calculation. For



Material Region of I IT 11 v
interest Full MC Truncated MC | Amplification Analytic
Inner buffer oil solar 1.85 x 1073 | 1.76 x 103 N/A 1.62 x 1073
reactor | 3.44 x 1073 3.41 x 1073 4.08 x 1073
total 1.09 x 1072 | 1.03 x 1072 6.56 x 1073
Acrylic wall solar 6.60 x 107° 6.98 x 107 821 x 107% | 1.86 x 10~
reactor 410 x 107 415 x 107% | 5.10 x 107
total 3.29 x 10~ 3.60 x 10~ 3.52 x 10~
Steel sphere solar 3.05 x 10~ 3.05 x 10~ 1.12 x 10°°
reactor 1.49 x 10~ 1.42 x 10~ 2.41 x 10~
total 3.05 x 10~ 3.056 x 10~ 2.09 x 106
Rocks solar 6.17 x 107" [ 2.13 x 107
reactor 2.52 x 107" | 3.33 x 107!
total 2.69 x 1071 | 3.95 x 10710

Table 2: A comparison of photon transmission probabilities estimated from four meth-
ods. 1460 keV gamma rays from %°K are generated in the given materials. Their energy
deposition is analyzed in the reactor( E > 1MeV) and solar (280 E 800 keV) ranges.

this reason, the analytic calculation was used as an order-of-magnitude cross-check for
the results from previous methods.

2. Comparison of Calculation Methods

We assume that the direct Monte Carlo simulation of the experiment (Method I above)
provides the most accurate particle transmission numbers. It is necessary to justify that
the remaining three optimizations are effective and to quantify their relative accuracy.
A comparison of the rates predicted by the four different calculation methods for de-
tector components at various distances from the scintillator is shown in Table 2.

The truncated Monte Carlo agrees with the full Monte Carlo to within 5% in both
the solar and reactor energy windows. The accuracy of the amplification algorithm
depends heavily on the statistics in the intermediate runs, as demonstrated by the
small deviations in the 3-stage 700 cm sphere run in Table 1. With the statistics
obtainable in a run of 48 hours, amplified acceptances are accurate to within 30% for
the reactor range and to within 20% for solar energies. Analytic reactor predictions are
good to within a factor of two, and solar predictions to within an order of magnitude.

In the tables at the end of this report, full Monte Carlo results are reported for
the scintillator, balloon, ropes, inner and entire buffer liquid, and balloon chimney.
Truncated Monte Carlo results are presented for the acrylic wall, outer buffer liquid,
PMT’s, and steel sphere with a zero meter fiducial volume cut. The water, rocks, and
rates for acrylic, PMT’s, and steel with 0.5 and 1.0 m fiducial volume cuts required
the amplification algorithm.
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Figure 3: Distribution of deposited energy in the KamLAND scintillator, for 1460 keV
photons from the “°K decays in the ropes. The photons are required to have an average
position of energy deposition one meter into the scintillator.

2. Case tudy: Potassium in the alloon Ropes

A look at the factors contributing to a specific particle transmission calculation is
useful for understanding background suppression in the detector. The attenuation of
40 decay into the solar fiducial volume is an important example, due to the high
40 impurity in the ropes and balloon film. A 1460 keV photon from the ropes must
travel one meter into the liquid scintillator to reach the solar fiducial volume. The
attenuation length in the liquid is ~ 20 c¢m leading to a naive suppression of these
events by e~ : when the gamma branching fraction is also considered, ~ 0.01 % of *°K
reach the fiducial volume. This suppression factor agrees well with the MC predicted
attenuation of 2 x 10~ for the events in the reactor energy window reaching one meter
into the detector. For events in the solar energy window, the suppression is two orders-
of-magnitude greater, 1 x 107°.

For a rope gamma to be mistaken for a Be neutrino in the KamLAND analysis, the
1460 keV gamma must appear to deposit 280 to 800 keV of energy in the scintillator,
and the center of gravity of this deposition must be inside one meter of the scintillator.
We argue that the two simplest mechanisms for this to occur are suppressed. First,
a gamma from the ropes may travel one meter into the detector, deposit some of its
energy through a Compton scatter, and then travel one meter back out of the detector
without further interaction. Considering the attenuation length involved, this process
is suppressed, as long as the one meter fiducial volume cut is enforced by good position
resolution in event reconstruction.

A second mechanism allows the photon to deposit its full energy inside the detector
volume. Through energy smearing, the full energy photopeak may still contribute
events to the solar neutrino energy region. If KamLAND achieves 8% energy resolution



per MeV, this process would also be suppressed, as the photopeak would be about over
5 sigma from the solar window. Figure 3 shows the distribution of energy deposited
by 1460 keV gammas from the detector ropes.

Both simple mechanisms are improbable, and processes involving multiple scatter-
ing or a more complicated mixture of the described mechanisms may contribute to the
events seen. The ability of KamLAND to reject external radiation in the solar experi-
ment depends strongly on the final position and energy resolution of the detector.

e ¢ round te in

The principle results of this study are presented in Tables 5 to 10 at the end of this note.
The tables present a list of the major factors used in the background rate calculation.
The material masses are estimated from the geometric volume and material density.
The purities are taken from the latest radioassay results ( anuary 2001) [5]. The energy
distributions of gammas reaching the KamLAND scintillator are shown in Figures 4 to
7, for the three fiducial volume cuts.

For the radon concentrations, an estimate of the radon diffusion from 1869 PMTs
was made using the formalism in reference [6]. Each PMT conservatively emanates
170 mBq of radon, for a total radon of 320 Bq behind the acrylic wall. For a perfect
sphere of acrylic 3mm thick, the concentration of radon penetrating the inner buffer is
of order 107® Bq. The radon concentration will likely be greater due to imperfections
in the barrier and exposure in the chimney. The radon concentration inside the balloon
is dependent upon the inner buffer radon and is likewise difficult to predict. For this
reason, only the efficiencies are reported. They may be useful when more reliable
estimates of the radon contaminations are available. For the veto water, no detailed
information on its purity is available and 1 ppb U, Th, and K impurity concentration
is assumed.

The calculations for the reactor case may be directly compared with similar cal-
culations in the KamLAND-US proposal[4] and in S. Riley’s report[7]. The order of
magnitude of the background contributions from various detector components are gen-
erally found to be in good agreement between these works. The largest discrepancy is
in the rock rates. We predict a rate from 232Th in the rocks which differs from that
stated in the US-KamLAND proposal[4] by a factor of approximately 25. When nor-
malized to account for our different assumptions about the purity of the rock material,
the factor of 25 becomes a factor of 1000. Detailed study of the background rate from
the KamLAND scintillator impurity was also undertaken since this rate should be the
simplest for any code to estimate.

3.1 The ac round from the mine roc s surroundin the de
tector.
Since our calculation of the background rate from the rock surrounding KamLAND

involved complex techniques which could not be tested against standard Monte Carlo
results, we spent some time devising alternative cross-checks on these numbers. The



factor of 25 discrepancy provided further incentive to devise cross-checks for our rock
rate predictions.

The probability of transmission of a photon emitted in the rock
is a simpler number to conceptualize than that of transmission all the way to the scin-
tillator. Thus the rock-to-steel 232Th transmission probability was calculated using the
amplification algorithm. To better understand the physics underlying any discrepancies
which might arise in our cross-checks, we separately computed (a) the total fluence of
photons with energy >1 MeV and (b) the full energy transmission in 2.6 MeV photons,
corresponding to the fraction of 2.6 MeV photons traversing the distance from rock to
steel without interacting at all. The 232Th decay scheme is such that we can, for all
practical purposes, neglect all but the 2.6 MeV ~ rays in computing the transmission
above 1 MeV.

One independent estimate of the rock-to-steel transmission probabilities in photons
over 1 MeV and in 2.6 MeV (full energy peak) photons was obtained using the analytic
algorithm described in section IV. The only likely source of common error in the am-
plification and analytic algorithms is their identical assumptions about the geometry
of KamLAND.

A third estimate of the rock-to-steel full energy peak transmission was computed
by directly evaluating the integral of the transmission probability over a 1 m-thick rock
cylinder, of inner radius 950 cm, concentric with the fiducial volume:

oc t
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Here r is the horizontal distance into the rock, z is the height on the cylinder, 6 is the
angle between the direction of emission and the vector pointing toward the cylinder
axis, and is the azimuthal component of the angle of emission. d; denotes the distance
travelled in medium i, which is a non-trivial function of r and 6. ; is the attenuation
length of a 2.6 MeV photon in this medium, as calculated using GEANT 3. P = ——
represents the probability that the photon is emitted in the range [6,0 + df], and P,
P and P are defined similarly.

Once consistency in the rock-to-steel transmission rates was established, we decided
to perform one last cross-check by comparing rock-to-scintillator transmission rates
calculated using the amplification algorithm and analytic code. We also extended our
integral to include a buffer attenuation term and thus obtained an estimate of rock-to-
scintillator transmission in the full energy peak by direct calculation. The results of
these calculations are tabulated in Table 3.

The close agreement between the predictions of these three largely independent
calculation methods lends credence to the results. Another noteworthy feature of these
numbers is the ratio of ~10 between the > 1 MeV and full energy peak transmission
probabilities. This ratio indicates that an approximation to the rock transmission
obtained by neglecting the contribution from photons which have Compton scattered
at least once should underestimate the > 1 MeV transmission from the rocks by about
a factor of 10.
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Transmission Amplification | Analytic Direct

probability algorithm code integration
Rock to steel
> 1 MeV 8.9 x 10~ 8.3 x 10~ N/A

Rock to steel
full energy peak 2.2 x 10~ 2.5 x 100 | 2.3 x 107
Rock to scintillator

> 1 MeV 1.1 x 1078 1.4 x 1078 N/A
Rock to scintillator
full energy peak N/A 1.4 x 107% | 1.4 x 107°

Table 3: A comparison of different calculations of the transmission of 2*2Th rock radi-
ation.

3.2 The ac round from the am A D scintillator impu
rity.

The scintillator rates in Table 5 for the reactor experiment are nearly a factor of two
smaller than in Table 10 in the US-KamLAND proposal[4]. The difference was traced
to a difference in the corrections for the electron energy distribution in beta decay; the
work here used a more detailed model.

The scintillator rates in Table 10 for the solar experiment are a factor of four
smaller than the rates in Table 12 of the US-KamLAND proposal. We have verified
that both works calculate the same background from betas and gammas emitted in the
scintillator. So the discrepancy lies in the treatment of alphas. The estimates in the
proposal approximate the effect of the alpha quenching by reducing the alpha energy
a constant factor of 10. In this work, we use an implementation of Birk’s law in the
GEANTS3 simulation, and we use a much larger quenching constant of 15.2 cm/GeV|[2].
With the nearly 50% larger quench, a majority of the uranium, thorium, and radon
alpha events are rejected by the 280 keV energy cut for Be neutrinos.

We conclude that if the final scintillator has a large quenching factor, then a signifi-
cant fraction of alpha events may be rejected by energy cuts for solar neutrino analysis,
before pulse shape discrimination is applied.

3.3 The accidental coincidence ac round for reactor neu
trino studies.

The rate of accidental coincidences of detector radiation mimicking a reactor neutrino
event has been calculated. This is reported in Table 4. We assume a 540 sec analysis
window for the coincidence, and a neutron capture gamma window from 1.9 to 2.5 MeV
(20 for our energy resolution assumptions above). The nominal accidental rate in the
full detector with a 1 MeV positron cut is 317/day, two orders of magnitude larger than
the expected maximum reactor anti-neutrino rate of 2.2/day. When simple fiducial vol-
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Positron|Fiducial|Neutron|Positron-like| Neutron-like | Coincidence| Coincidences
Energy | Radius | Energy Rate Rate Rate with Position
Interval Interval in 540 sec | Correlation
(MeV) | (m) | (MeV) (Hz) (Hz) (day ) (day )
>1.0 6.5 1.9-2.5 7.1 0.96 317 1.1
6.0 1.9-2.5 1.6 0.25 19 0.09
5.5 1.9-2.5 0.79 0.074 2.6 0.016
>3.0 6.5 1.9-2.5 | 1.6x1072 0.96 6.9x107! 2.5%x1073
6.0 |1.9-2.5| 1.3x1072 0.25 1.5x107" | 6.9x107*
5.5 1.9-2.5 | 1.0x1072 0.074 3.7x1072 2.2x10™*

Table 4: A comparison of the reactor neutrino background rate of accidental coinci-
dences of detector radiation, for several analysis cuts. A nominal 107! g/g U/Th/*K
scintillator radiopurity is assumed.

ume cuts are placed on the signal, the background rate drops considerably. All external
background from gamma rays is eliminated for positron energies above 3 MeV, yielding
nearly zero background in this region, at the cost of significant signal reduction. In this
estimation, we do not try to model the effect of requiring position correlation between
the positron-like and neutron-like events. Naively, requiring position correlation would
reduce accidental background by the ratio of the correlation volume to the volume of
the active detector. A one meter cut gives a reduction of approximately 1/6.5% in the
whole detector. The approximate effect of position correlation is included in the last
column of Table 4.

3.4 The ac round for e solar neutrino studies.

With a 5.5 meter fiducial radius, the singles rate in the solar energy window is ex-
pected to be 480/day(+radon). No pulse shape discrimination is modeled, but a rate
of 340/day(+radon) is calculated if alpha particle production is removed. As noted
above, a significant fraction of alphas are already quenched below the analysis energy
threshold for the current estimate of the scintillator alpha response. Assuming a nom-
inal 1 Bq/m® radon concentration is achieved, the radon decays add another 160(74)
events per day total (without alphas).

Approximately half of the background comes from the scintillator impurity and half
comes from rescattered gammas from external materials. The scintillator is assumed to
have the improved purity of 1076 gram uranium or thorium per gram and 10~'® grams
potassium-40 per gram. If and when the scintillator purity reaches 10~" g/g uranium
and thorium, external phototube and rock radiation produce limiting backgrounds.

12



onc u ion

An evaluation of the KamLAND background rates from radioactivity in detector ma-
terials has been presented. The largest contributors to the singles rate background of
the reactor experiment with no fiducial volume cut are the mine rock, the phototubes,
and the balloon ropes and film. For the solar experiment, impurities in the scintillator
itself slightly dominate the analyzed rate, but external radiation is still significant.
The background is still comparable to the expected 280 events/day of Be solar neu-
trinos. We conclude that the solar experiment remains a viable physics objective for
KamLAND.

The calculations in this report may still be improved. For example, the events
were distinguished in position and energy according to their energy deposition in the
scintillator using Gaussian models of smearing. This is a reasonable approximation for
linear, isotropic scintillation and uniform light collection. A more detailed model of
the optical effects and event reconstruction may be needed to check that second order
light collection effects do not change these results. For example, do shadowing effects
of the ropes bias the position reconstruction of their own °K radiation An updated
geometry simulation, such as is now available in GEANT4, would also help. Once
KamLAND is taking data, cross-checks of energy distribution of external radiation, for
example with a thorium source placed in the chimney, would be helpful.

The result of this document is the detailed listing and justification of the radiation
transmission efficiencies into the fiducial volume. As knowledge of the detector condi-
tion improves, the expected background rates may be updated with these efficiencies.
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Figure 4: Energy distribution of radiation reaching the KamLAND scintillator, for a
6.5 meter fiducial volume.
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Figure 5: Energy distribution of radiation reaching the KamLAND scintillator, for a
6.0 meter fiducial volume. A scintillator radiopurity of 107'® g/g uranium/thorium
and 107'® g/g potassium-40 is assumed.
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Figure 7: Energy distribution of radiation from radon in the KamLAND scintillator
(6.5 meter fiducial volume) normalized to 1 Bq of radon. A scintillator radiopurity of
1071 g/g uranium/thorium and 10 *® g/g potassium-40 is assumed.
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Material Mass Isotope | Purity |Activity| 7 Transmission Rate
(kg) (107 g/g)| (Bq) |(fract. acceptance|  (Hz)
per parent decay )
Scintillator 89 x 10 K 10~ 2.2 30x 107" 68 x 107!
287 10~ 0.11 12 x10° 13x 107!
22T 10~ 0.04 15 x 10° 54 x 1072
22Rn 89 x 1071
Balloon Film 100 K 1.0 25 50 x 102 13 x10°
28U 0.018 | 0.022 36 x 1071 80 x 1073
232Th 0.014 | 0.0057 30x10°! 17x10°3
Balloon Ropes 80 10K 1.0 20 39x1072 79 x 107"
287 0.4 0.4 23x 107! 92x 1072
232Th 0.8 0.26 21x 107! 53x 1072
Buffer Oil 15x10% | %K 10~ 3.7 19x10°° 69x 103
287 10~ 0.18 11x102 20x 1073
232Th 10~ 0.06 13 %102 77x1074
Inner Buffer 222Rn 17x%x10°2
Outer Buffer 222Rn 320 17x10" 54 x 103
Acrylic Barrier 2920 K 0.008 5.9 40x107° 24 x 10~
28y 0.008 0.29 52 x 10~ 15x 10
232Th 0.05 0.59 20x 1074 12x10°*
Phototubes 7200 0K 80 15x 10 11x10°© 16x 107!
28y 480 M3 x104 16x10- 69 x 1071
232Th 470 14 x 104 77x10 10 x 10°
Steel Sphere 13x10 40K 0.2 6500 16x 10 11x10°3
28U 0.7 1100 40x 1078 44x10°3
232Th 0.7 370 17 x 10" 63x1073
0Co 60mBq/kg 7700 10x 1078 77x1073
Ball. Chimney 1400 K 0.2 71 61x 1071 43 %1072
287 0.7 12 39x 1073 47 x 1072
232Th 0.7 4 50 x 1073 20 x 1072
Co R6mBq/kg 36 82x 1073 30x10°!
Veto Water 26 x 10° WK 1 66 x 10 82x10°° 54 x 103
28y 1 32x 104 25x10° 81x103
232Th 1 11x104 12x10°¢ 13 x 102
22Rn 23 x 10~
Rock 87 x 106 | %K 1500 [33x109 21x10 M 69 x 102
287 1600 [17x10% 13x107° 22 x 1071
232Th 3800 [14x108 11x10"8 14 x10°
| Total Singles Rate] | | | | | 7.1 x 10° |

Table 5: Background rates in a 0.89 kton (6.5 m radius) KamLAND fiducial volume
for the energy window E> 1 MeV.
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Material Mass Isotope | Purity |Activity| v Transmission Rate
(kg) (107° g/g)| (Bq) |(fract. acceptance  (Hz)
per decay )
Scintillator 89 x 10 K 10~ 2.2 28 x 1071 65x 107"
287 10~ 0.11 99 x 107! 11x10°t
22T 10~ 0.04 12 x10° 43 %1072
222Rn 71x 1071
Balloon Filmn 100 K 1.0 25 25x%x 1073 64x 10 2
287 0.018 0.022 16x 1072 36x107*
232Th 0.014 | 0.0057 19 x 102 11x10*
Balloon Ropes 80 10K 1.0 20 24x1073 50 x 1072
287 0.4 0.4 16 x 1072 62x 1073
232Th 0.8 0.3 18 x 1072 48 %1073
Buffer Oil 15x 108 %K 10~ 3.7 16x10* 59 x 107
287 10~ 0.18 11x10°8 20x 1074
232Th 10~ 0.06 17x1073 10x10*
Inner Buffer 222Rn 16x 103
Outer Buffer 222Rn 320 24x 1076 77x10°%
Acrylic Barrier 2920 K 0.008 5.9 51x 10 30x10°°
28y 0.008 0.29 87 x 1076 25x 1076
232Th 0.05 0.59 33x 10~ 20x 10~
Phototubes 7200 0K 80 15x 10 14x 10~ 21x10°2
287 480 M3 x104 26x10°° 11x10°¢t
232Th 470 [14x104 14x10 19x10°t
Steel Sphere 13x10 40K 0.2 6500 24x10°8 16x10°*
28y 0.7 1100 77Tx 10" 72x107%
232Th 0.7 370 46 x 1078 17x1073
0Co 60mBq/kg 7700 15x10” 11x1073
Ball. Chimney 1400 K 0.2 71 84 x 10~ 39x 1073
28U 0.7 12 56 x 1074 49 %1073
232Th 0.7 4 92x 107 26x 1073
0Co PR6mBq/kg 36 69x10* 25x 1072
Veto Water 25x 108 | %K 1 66 x 10 12x 1079 79x 101
28U 1 32x104 42x10°8 14x10°3
232Th 1 11x104 22x10 24x10°3
22Rn 38x 1078
Rock 87 x 106 | %K 1500 [33x10% 30x10*2 10x 10?2
B8y 1600 [17x10% 22x10°10 38x 1072
232Th 3800 [14x10% 19x107? 26x 107"
| Total Singles Rate] | | | | | 1.6 x 10° |

Table 6: Background rates in a 0.70 kton (6.0 m radius) KamLAND fiducial volume
for the energy window E > 1 MeV.
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Material Mass Isotope | Purity |Activity| v Transmission Rate
(kg) (107 g/g)| (Bq) |(fract. acceptance (Hz)
per parent decay )

Scintillator 89 x 10 0K 10~ 2.2 2.6x1071 5.9x1071
28y 10~ 0.11 77 %1071 85x 1072
232Th 10~ 0.04 95 x 1071 35x 1072
222Rn 57 x 1071

Balloon Film 100 0K 1.0 25 20x10°*% 50x10°°
28y 0.018 0.022 14x1073 32x 10
232Th 0.014 | 0.0057 25x%x 1078 14x10"

Balloon Ropes 80 10K 1.0 20 19x107* 38x1073
28y 0.4 0.40 14x1073 54 x107*
232Th 0.8 0.26 24 %1073 61x10*

Buffer Oil 15x10% | %K 10~ 3.7 13x 10 50 % 10~
B8y 10~ 0.18 11x10* 20x 10
232Th 10~ 0.06 23x107* 14 %10

Inner Buffer 222Rn 12x10*

Outer Buffer 222Rn 320 36x10 11x10*

Acrylic Barrier 2920 K 0.008 5.9 28 x 1078 16 x 10~
BU 0.008 0.29 90 x 10~ 26 x 10
232Th 0.05 0.59 31x10°¢ 19x 1076

Phototubes 7200 0K 80 [15x10 42x107° 61x10°*
B8y 480 43x104 22x10" 92x 1073
232Th 470 [14x104 78x10" 10x 1072

Steel Sphere 13x10 40K 0.2 6500 23 %1079 15%x 10
28y 0.7 1100 84 x10°8 93x 10
22Th 0.7 370 46 x 10" 17x107*
0Co |60mBq/kg| 7700 13x1078 97x 10"

Ball. Chimney 1400 K 0.2 71 42x10°° 30x107*
B8y 0.7 12 37 x 10" 45x%x10~*
232Th 0.7 4 79 x 10" 31x107*
Co [R6mBq/Kg 36 48 %10 17x1073

Veto Water 25x 108 | %K 1 66 x 10 12x10°10 82 x 10~
#8U 1 32x 104 53x107° 17x10°*
232Th 1 11x104 34x10°8 36x10°4
22Rn 52 x 107

Rock 87x 10| %K 1500 [33x10°9 26x10°13 87 x10*
BU 1600 [17x10% 29x10~" 50x 1073
22T 3800 [14x10% 29x10°1° 40x 1072

| Total Singles Rate] | | 7.9 x 107!

Table 7: Background rates in a 0.54 kton (5.5 m radius) KamLAND fiducial volume
for the energy window E > 1 MeV.
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Material Mass Isotope | Purity |Activity| ~ Transmission Rate
(kg) (10~ g/g) (Bq) [(fract. acceptance (Hz)
per parent decay )

Scintillator 89 x 10 0K 10~° 10.00022 1.0 x 10° 2.3 x 107*
238U 10~ 0.0011 | 2.6(1.6) x 10° | 2.9(1.8) x 1073
232Th 10™ 0.0004 | 3.8(1.1) x 10° | 1.4(0.4) x 1073
?22Rn 2.5(1.2) x 10°

Balloon Film 100 40K 1.00 25 1.3 x 1071 3.3 x 10°
287 0.018 | 0.0022 8.0 x 1071 1.8 x 1072
22T 0.014 | 0.0057 7.9 x 1071 46 x 1073

Balloon Ropes 80 40K 1.0 20 1.4 x 102 2.8 x 1071
238U 0.4 0.4 4.0 x 107! 1.6 x 1071
232Th 0.8 0.3 41 x 107! 1.1 x 1071

Buffer Oil 15x10% | %K 10~ 3.7 2.5 x 1073 9.3 x 1073
287 10~ 0.18 2.2 x 1072 4.0 x 1073
232 10~ 0.06 2.5 x 1072 1.5 x 1073

Inner Buffer 222Rn 2.6 x 1072

Outer Buffer 22Rn 320 1.6 x 10~ 5.3 x 1073

Acrylic Barrier 2920 0K 0.008 5.9 7.1 x 107° 4.3 x 10~
28U 0.008 0.29 5.4 x 10~ 1.6 x 10~
232Th 0.05 0.59 1.1 x 10~ 6.5 x 10~

Phototubes 7200 40K 80 [15x10 1.8 x 107 2.7 x 1071
287 480 43 x104 1.5 x 10 6.5 x 107!
232Th 470 14 x 104 3.7 x 10 5.1 x 1071

Steel Sphere 13x10 40K 0.2 6500 3.0 x 10~ 2.0 x 1073
287 0.7 1100 2.4 x 1076 2.7 x 1073
232Th 0.7 370 9.8 x 10°¢ 3.7 x 1073
0Co 60mBq/kg 7700 3.4 x 107° 2.6 x 1072

Balloon Chimney | 1400 K 0.2 71 5.0 x 107 3.5 x 1072
BU 0.7 12 6.4 x 1073 7.8 x 1072
232Th 0.7 4 7.8 x 1073 3.1 x 1072
0Co R6mBq/kg 36 9.3 x 1073 3.4 x 107!

Veto Water 25 x10%| %K 1 66 x 10 1.8 x 1078 1.2 x 1072
287 1 32x 104 2.2 x 10 7.1 x 1073
232Th 1 11x104 7.0 x 10" 7.4 x 1073
222Rn 2.0 x 10~

Rock 87 x 106 | %K 1500 [33x109 5.0 x 10 1.7 x 1071
28y 1600 [17x104 1.1 x 107° 1.9 x 1071
232Th 3800 [14x108 5.5 x107° 7.4 x 1071

‘ Total Singles Rate‘ ‘ ‘ ‘ 6.9 x 10°

Table 8: Background rates in a 0.89 kton (6.5 meter radius) KamLAND fiducial volume
for the energy window 280 E 800 keV. For the scintillator, the numbers in parentheses
are calculated without alpha particles.
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Material Mass Isotope | Purity |Activity| ~ Transmission Rate
(kg) (10~ g/g) (Bq) [(fract. acceptance (Hz)
per parent decay )
Scintillator 89 x 10 0K 10~° 10.00022 9.6 x 1071 2.2 x 107*
238U 10~ 0.0011 | 2.5(1.3) x 10° | 2.8(1.4) x 1073
232Th 10™ 0.0004 | 3.0(0.8) x 10° | 1.1(0.3) x 1073
22Rn 2.0(0.95) x 10°
Balloon Film 100 40K 1.0 25 8.8 x 10~ 2.2 x 1073
287 0.018 | 0.0022 7.7 x 1073 1.7 x 107*
22T 0.014 |0.00057 7.5 x 1073 4.3 x 10~
Balloon Ropes 80 40K 1.0 20 1.2 x 107* 2.4 x 1073
238U 0.4 0.4 7.5 x 1073 2.9 x 1073
232Th 0.8 0.3 7.1 x 1073 1.9 x 1073
Buffer Oil 15x10% | %K 10~ 3.7 2.8 x 10~ 1.0 x 1074
287 10~ 0.18 5.3 x 10~* 9.6 x 10~
232Th 10~ 0.06 5.5 x 107* 3.3 x 10~
Inner Buffer 222Rn 7.1 x 1074
Outer Buffer 22Rn 320 5.3 x 10~ 1.7 x 107*
Acrylic Barrier 2920 0K 0.008 5.9 1.5 x 10~ 8.9 x 10~
28U 0.008 0.29 1.6 x 1076 46 x 10~
232Th 0.05 0.59 2.5 x 1076 1.5 x 1076
Phototubes 7200 40K 80 [15x10 2.7 x 1078 41 x 1073
287 480 |43 x104 3.5 x 10 1.5 x 1072
232Th 470 14 x 104 5.6 x 10~ 7.8 x 1073
Steel Sphere 13x10 40K 0.2 6500 1.4 x 1078 8.9 x 10~
287 0.7 1100 1.2 x 10~ 1.4 x 1074
232Th 0.7 370 3.2 x 10~ 1.2 x 10°*
0Co 60mBq/kg 7700 1.4 x 10™ 1.1 x 1073
Balloon Chimney | 1400 1K 0.2 71 1.5 x 10~ 1.1 x 1073
28y 0.7 12 1.9 x 107 2.3 x 1078
232Th 0.7 4 2.4 x 1074 9.5 x 1074
0Co R6mBq/kg 36 2.7 x 107* 1.0 x 1072
Veto Water 25 x10%| %K 1 66x10| 6.7 x 10719 4.4 x 107*
287 1 32x 104 7.7 x 107° 2.5 x 1074
232Th 1 11x104 22x10°8 2.4 x 1074
222Rn 70x 107
Rock 87x 108 | %K 1500 [33x10°% 3.3 x 10712 1.1 x 102
28y 1600 [17x10% 6.4 x 107! 1.1 x 1072
232Th 3800 [14x108 1.7 x 10710 2.3 x 1072
| Total Singles Rat] | | | | | 1.0x 107"

Table 9: Background rates in a 0.70 kton (6.0 meter radius) KamLAND fiducial volume
for the energy window 280 E 800 keV. For the scintillator, the numbers in parentheses
are calculated without alpha particles.
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Material Mass Isotope | Purity |Activity| v Transmission Rate
(kg) (10~ g/g) (Bq) [(fract. acceptance (Hz)
per decay )

Scintillator 89 x 10 0K 10~° 10.00022] 9.0 x 107! 2.0 x 107*
238U 10~ 0.0011 | 1.9(0.98) x 10° | 2.0(1.1) x 1073
232Th 10™ 0.0004 | 2.3(0.65) x 10° | 8.4(2.4) x 10~*
222Rn 1.6(0.75) x 10°

Balloon Film 100 40K 1.0 25 1.2 x 1076 3.1x 10~
281 0.018 | 0.0022 1.5 x 107 3.4 x 1076
232Th 0.014 ]0.00057| 1.7 x 107* 9.4 x 10~

Balloon Ropes 80 40K 1.0 20 1.8 x 10°° 3.6 x 10~
238U 0.4 0.4 1.6 x 107 6.5 x 10~
232Th 0.8 0.3 1.8 x 107 46 x 10~

Buffer Oil 15x10% | %K 10~ 3.7 9.0 x 10~ 3.4 x 10°6
287 10~ 0.18 1.2 x 10~ 2.1 x 10°¢
232Th 10~ 0.06 1.2 x 10~ 7.0 x 10~

Inner Buffer 222Rn 1.6 x 10~

Outer Buffer 22Rn 320 2.9 x 1078 9.2 x 1078

Acrylic Barrier 2920 0K 0.008 5.9 4.9 x 107° 2.9 x 1078
28U 0.008 0.29 5.3 x 1078 1.5 x 1078
232Th 0.05 0.59 7.4 x 10°8 4.4 x 10~8

Phototubes 7200 40K 80 [15x10| 8.0 x 10710 1.2 x 107*
287 480 M3 x 104 9.7 x 107 42 x 10~*
232Th 470 [14x 104 1.5 x 1078 2.0 x 10~*

Steel Sphere 13x10 40K 0.2 6500 48 x 10710 3.1 x 107
287 0.7 1100 3.6 x 107 4.0 x 1076
232Th 0.7 370 1.0 x 1078 3.8 x 1076
%0Co |60mBq/kg 7700 4.8 x 107 3.7 x 10~

Balloon Chimney | 1400 1K 0.2 71 2.8 x 10~ 2.0 x 10~
28y 0.7 12 5.0 x 1076 6.1 x 10~
232Th 0.7 4 5.4 x 107 2.1 x 10~
0Co R6mBq/kg 36 7.0 x 1075 2.5 x 107*

Veto Water 25 x10%| %K 1 66x10| 2.0 x 107" 1.4 x 10~
287 1 32 x 104 2.6 x 10719 8.3 x 1076
232Th 1 11x104 6.8 x 1010 7.2 x 1076
222Rn 22 x 10710

Rock 87x 108 | %K 1500 33 x10% 7.8 x 10 26 x 10714
28y 1600 [17x 104 9.1 x 107!3 1.6 x 10~
232Th 3800 [14x108 5.1 x 1072 6.9 x 1074

‘ Total Singles Rate‘

| 5.5(4.0) x 1073

Table 10: Background rates in a 0.54 kton (5.5 meter radius) KamLAND fiducial
volume for the energy window 280 E 800 keV. For the scintillator, the numbers in
parentheses are calculated without alpha particles.
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