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FAR-FIELD FAST-NEUTRON ENERGY SPECTRA
‘FROM AN UNSHIELDED FISSION REACTOR

by

1?. C. B~d, (2. P. Estes, and C. R. Mannon

ABSTRACT

!Ib a large extent, radiation exposure, radiation measurements,
and radiation protection factors depend upon the assignment of
doses to the survivors of the nuclear bombings of Hiroshima and
Nagasaki. Fbr neutrons, the problem of correlating dose with flu-
ence inevitably leads to questions about air-over-ground transport
calculations, which have been tested primarily against benchmark
measurements using the reactor at the Army Pulse Radiation Fa-
cility at Aberdeen Proving Ground, Maryland. At the ranges of
1000–2000 m that are most relevant for the Hiroshima survivors, the
agreement between the calculated and measured integral dose values
is generally within 107o, but comparisons of the differential values
differ by as much as 4070. Using a new type of neutron spectrometer,
we report measured neutron energy spectra from 0.5 to 10 MeV at
distances of 1080 m and 1620 m, with results that generally confirm
those of other experiments. Based on studies of transmission “win-
dows” through nitrogen/oxygen mixtures and the effect of scattering
from the ground near the detector, calculations that take into ac-
count the detector surroundings and use ENDF/B-VI cross sections
are able to obtain agreement within 2070 at almost all energies.

1. INTRODUCTION: N13UTRON DOSIMETRY

Hiroshima Studies. The basis for much of radiation dosimetry is the epidemiological
Studies of the survivors of the nuclear detonations at Hiroshima and Nagssaki. These
studies provide the necessary empirical correlations between range, shielding factors, and
biolo@cal effects .1 For estimating exposure in other situations, these correlations must
be expressed as the dose at each location in terms of radiation types, intensities, and
energies-that is, the spectra of penetrating gamma rays and neutrons. For neutrons,
the on-site data consist of two types of activation measurements obtained after the fact.
Although most of the neutron dose is produced at high energies, activation products from
fast neutrons are short-lived; accordingly, fast-neutron measurements exist only at short
ranges, where there are few survivors .2 On the other hand, the activation products at larger
ranges have longer half-lives, but they are generally the result of neutron capture at thermal

23 Thus, deriving useful estimates of theenergies, where there is little biological effect. I
neutron dose received by the survivors requires the use of radiation-transport calculations
that connect the fast-neutron data at short range with the thermal-neutron data at long
r~ge, in the process providing neutron spectra and hence estimated doses at all ranges.
ICIpractice, such calculations originate from source spectra provided by weapons-design
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codes and tested against subsequent mesnrements on realistic mockups.4 Unfortunately,
however, this approach has been unable to provide a consistent reproduction of the various
activation measurements.s

Benchmark Studies. Because air-over-ground radiation transport is a critical link
in all the studies, several attempts have been made to provide independent benchmarks of
the calculations under conditions similar to those at Hmoshima and Nagasaki.l In partic-
ular, measurements and calculations have been made of the neutron fluence observed at
ranges of 100-2000 m from the unshielded reactor at the Army Pulse Radiation Fscility
(APRF) at Aberdeen Proving Ground in Aberdeen, Maryland,G which should provide an
environment simbr to that at Hkoshima. As part of this program, this report presenti
high-resolution measurements of neutron spectra from 0.5 to 10 MeV for two of the longest
distances available, 1080 m and 1620 m. Spectral data at these ranges provide a valu-
able benchmark for the transport codes that are used for determining the radiation dose
directly or for calculating the scattering of neutrons to lower energies, as required for in-
terpreting the activation data at Hiroshima and Nagasaki. We therefore include in our
analyses representative comparisons with other measurements and calculations.

Neutron Spectroscopy. The key to our measurements is an instrument originally
developed at Los Ahunos National Laboratory (LANL) to provide fast-neutron spectra
in the energy range from 1 to 20 MeV.7–9 The technology is based on a special type of
boron-loaded plastic scintillator that provides a unique signature for fast neutrons that have
deposited all their energy in the detector. This approach has several potential advantages
over the techniques previously used for spectral measurements. (1) Neutron events are
identified unambiguously, with all nonneutron backgrounds completely eliminated; (2) a
built-in calibration function helps to ensure the reliability of the measurements; and (3) the
energies of the incident neutrons can be determined with good resolution (2040Yo) and a
minimum of processing. In addition, (4) the multielement segmentation of the detector
provides some information about the direction of the incident flux. The prototype detector
used for the present measurements is currently being reengineered into a portable version
(the Field Neutron Spectrometer, or FNS) to allow such spectral data to be obtained
routinely.

Contents. Section 2 uses examples from laboratory calibrations to explain the neutron
detector’s operation; readers already familiar with the instrument from earlier studies7~8
may choose to skim over this explanation. Section 3 describes the data obtained specifically
for the APRF dosimetry study and comparea the results with other measurements, including
integral doses. Section 4 uses calculations to establish the systematic behavior of the long-
range transport problem, and Sec. 5 presents a summary and conclusions.

2. DETECTOR PRINCIPLES

Berated-Plastic Neutron Spectrometers. The traditional methods for making
spectral measurements of neutron fluxes in the 1- to 10-MeV range use either neutron scat-

y:%h ‘orgtic ‘Cintiuator
*0*11or neutron capture in moderated detectors of different

. In either case the measurements must be unfolded to recover the energy distribu-
tion of the incident neutrons. To provide an alternative, LANL developed a new type of
fast-neutron spectrometer 13 based on the boron-loaded plastic scintillator BC454 made by
Bicron Corporation of Newbury, Ohio. Because the active element is a solid plastic, such
a detector is inherently rugged and can be readily operated over the wide temperature
ranges typical of field operations. Its capabilities have previously been exploited in several
applications, 81*4~15and a suitable instrument, the bsdup unit for the Army Background
Experiment (ABE), was available for this project. This detector is large enough to provide
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a reasonable counting rate, and much of its hardware and software was readily adaptable
for field use. k shown in Fig. 2.1, the instrument head consists of four BC454 scintillator
rods with photomultiplier tubes at each end, m well ss the electronics needed for high-
voltage (HV) power supplies and preamplifiers. The four side-by-side scintillator elements
are also able to provide some indication of the direction of the incident neutron flux.16~17
Thus, the detector actually provides two types of neutron information, spectroscopy and
directionality. (Readers already familiar with the operation of the instrument may choose
to skip to Sec. 3.)

Time-Difference Spectrum. The detector’s first important feature, the selection of
fsst neutrons, relies on an identifying sequence of two scintillator pulses, usually labelled ss
the S1 and S’2pulses.13 The first pulse is produced by elsstic scattering of the incident neu-
tron from the protons in the (CH). plastic material; the second comes from the subsequent
capture of the moderated neutron by the boron added to the scintillator. Specific criteria
are used to isolate these neutron scatter-and-capture events from other backgrounds. One
feature is derived from the characteristic time interval between the two pulses. A clock in
the electronics measures this time difference; for neutron-capture events, the distribution of
these differences T should have an approximately exponential shape IV(T) cx exp (–T/T}g
Given the amount of boron in our scintillator, the time constant r should be about 2 ps. ‘9
Figure 2.2 shows a logarithmic time spectrum messmred with a laboratory 252Cf source
located 2 m to the side of the detector and facing one pair of rods. The solid histogrsm
(“Raw Data”) shows the =cumulated counts at each time difference 2’. The dashed and
dotted lines identify the two major components of the spectrum, labelled “Random Bkgnd”

Fig. 2.1. Cutaway view of the neutron spectrometer. Four scintillator
rods, each with two photomultiplier tubes, provide energy spectra and an
indication of the direction of the incident neutrons. Most of the electronics
is contained in a separate package (not shown).
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Fig. 2.2. Analysis of a time-difference spectrum measured with a laboratory
X2 Cf ~urce placed 2 m from the detector. Most of the countsin the raw
data are caused either by neutron recoil-and-capture events (the 2.3-ps line)
or by random coincidence-s (the constant level). The time windows are used
to select two specific sets of events for further processing.

and “2.3-w Decay.” At the longest times, about five or so time constants, further neutron
capture is very unlikely, and the count rate is dominated by an almost constant background
of random coincidences, that is, first and second pulses that are produced by uncorrelated
neutrons or gamma rays. Subtracting this constant rate from the raw data gives a corrected
result ( “Subtd Data” ) that agrees well with the expected 2.3-ps capture rate, especially for
the first few time constants. The sdditionzd events in the subtracted data at intermedi-
ate times are possibly caused by scattering between the different scintillator rods. This
subtraction demonstrates a-major signature of fast-neutron capture in the detector, the
exponential time dependence of the corrected count rate.

Light-Output Distributions. Further analysis of the data focuses on events with
second (S2) pulses that fall in two particular regions of the time-difference spectrum in
Fig. 2.2. In the ‘late” window, the observed coincidences are almost entirely from random
background; in the “early” window, the added coincidences closely follow the expected
time signature for neutron-capture events. The lightioutput spectra for events in these two
windows are shown in Fig. 2.3% each has been averaged over all four rods and plotted
on a scale calibrated in keVe~, meaning “keV electron equivalent .“ This light-output scale
is needed because scintillatora saturate and become nonlinear at the large energy densities
of slower or heavier particles+ including recoil protons at low energies. Because energetic
electrons are the lesst-ionizing particles-and their response is therefore the most linear—
the light output for other particles is conventionally expressed in unita of electron energy,
hence keV,e. This scale is usually established by messuring Compton electron spectra for
gamma rays at different energies. In our csse, the reaction products from the boron-capture
reaction provide an internal calibration for the instrument, ss discussed next.
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Fig. 2.3a. Unsubtracted light-output spectra for events with second (S2)
pukes in the early and late time windows indicated in Fig. 2.2.

Second-Pulse Capture Spectra. ‘I’he S2 spectra in Fig. 2.3a provide another cri-
terion for neutron detection. The nearly featureless spectrum for the late window (dashed
line) is composed of a variety of backgrounds (gamma rays, low-energy neutrons, and es-
caping fast neutrons); usually, no single type of radiation is identifiable. Subtracting this
background horn the spectrum for the early window gives the result shown in Fig. 2.3b,
which has a very specific form. The 1°B(n,a)7Li capture reaction usually produces a 1.5-
MeV alpha particle, a 0.8-MeV 7Li ion, and a 478-keV gamma ray from the decay of the
fist excited state of 7Li to its ground state. The energies of the recoiling alpha and 7Li
particles are always absorbed, but the resulting light output is only 93 keV.. because of the
saturation in the energy-t-light conversion. If the 478-keV gamma ray undergoes Compton
scattering before escaping, it can deposit as much as 311 keV of additional energy. Counts
in the peak correspond to detection of only the recoil alpha and 7Li ions with complete es-
cape of the gamma ray, smd the long shoulder results from adding as much as 311 keV from
the Compton electron. Thus, the Compton edge should be shifted to appear at (311 + 93
= 404) keVee. This definite spectral shape not only gives another key criterion for neutron
selection, it also provides a two-point internal calibration for the detector’s light-output
scale, the second important feature of boron-loaded scintillators.

Background Response. A different laboratory experiment demonstrates the detec-
tor’s rejection of events not caused by incident fast neutrons. Figure 2.4a showa the
time-difference spectrum measured at LANL with the calibration sources removed. In this
case the random background is almost identical with the raw dat~ any curve assigned
to the 2.3-w capture rate is lower by about an order of magnitude. Figure 2.4b shows
the resulting S2 distributions for the early and late windows; as expected from the time
spectrum, they are almost identical. Their subtraction (not shown) leaves a small but clear
capture peak with a hint of a Compton edge. Our conclusion is that the room background
is mostly gamma rays, but there is a small component of fast neutrona produced by cosmic-
ray interactions. All backgrounds not from fast neutrons-that is, gamma rays, low-energy
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Fig. 2.3b. Correctedsecond-pulse(S2) spectrumresultingfrom the sub-
tractionof the two spectra in Fig. 2.3a. The spectrum has a definite structure
that is characteristic of the 10B(n,cz)7~l reaction.

neutrons, and cosmic rays—me eliminated by the subtraction of accidental coincidences.
The remaining neutron background is estimated to be only about 0.003 n.cm-2.s–l. Thus,
the detector is capable of providing extremely low background measurements of the fast-
neutron count rate, an important issue for the APRF tests at long ranges.

Energy Measurements. The instrument’s third and most important feature is its
capabili~ for determining the energy of each incident neutron, at least over the range of
energies most important for fission sources, roughly 0.5–10 MeV.7’g Because obtaining the
S2 capture signature ensures that the neutron hss slowed down and lost essentially all ita
energy, the light output from the first scintillator pulse (S1) must be related to the incident
neutron energy. Two conversions are required. We first shift the observed light-output value
to account for the nonlinear saturation in the energy-t-light conversion in the scintillator,
which changes the electron-energy scale to one for neutron energy in MeV.7:9 Because this
“effective” energy-t-light conversion includes multiple scattering in the scintillator, we use
a composite function7 instead of a standard singh+scattering parameterization.ls Next, this
spectrum is incremented according to the energy-dependent neutron-detection efficiency,
which results in an absolute flux distribution dlV/d17 ss a function of neutron energy. For
the analyses in this report, results using both meesured7 and calculated efficiency functions
sre included.

S1 Difference Spectra. The conversions for saturation and efficiency are appropriate
only if all eventa in the spectrum are truly associated with absorbed neutrons. As with
the S2 spectra, nonneutron contributions are removed by subtracting the S1 spectrum for
events whose S2 pulses fall in the late window from the S1 spectrum for events with S2
pulses in the early window. Figure 2.5a shows the two unsubtracted S1 spectra, plotted
es counts versus energy; these spectra use only the two rods facing the neutron source. The
late window contains only accidental coincidences; the early window contains both true and
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accidental coincidences. The most conspicuous feature in the accidental spectrum is the
broad peak near 0.8 MeV, which is the converted analog of the 93-keV,. capture peak in
the S2 spectrum. The subtracted result, which can now be legitimately plotted as neutron
flux versus neutron energy, is given in Fig. 2.5b. Shown normalized to the data are two
252Cf distributions based on Maxwell and Watt functions,lg which are equivalent for our
purposes. The comparison shows the detector’s minimum cutoff energy of about 0.5 MeV,
which results from saturation in the scintillator’s energy-twlight conversion; lower-energy
proton recoils produce light-output pulses below the detector’s electronic threshold, which
is set at 40-50 keV.e. Otherwise, the subtracted S1 spectrum appears to follow the 252Cf
distribution rather well, although there seems to be a consistent deviation at the highest
energies. We will return to this comparison in the next section.

Directionality. Just as the boron added to the BC454 scintillator provides the de-
tector’s unique energy-measurement capability, its multielement segmentation provides an
unusual ability to indicate the average direction of the incident neutron flux. Aa discussed
in previous reports on multielement neutron detectors, 16,17,Z0attenuation across the de-

tector and differences in solid angle result in differences in the count rates for individual
rods. For simplicity, the characteristics of the directional flux and the resulting detector
response can be described using the formalism of polarized radiation fields and detector
analyzing powers. Briefly, a completely directional field would have a polarization P = 1.0;
a completely random one would have P = 0.0. Similarly, a perfect detector would have
an analyzing power A = 1.0, and a completely insensitive one would have A = 0.0. Taken
together, a measurement of the polarization P using a detector with analyzing power A
yields a count-rate asymmetry P x A. In our case, thisasymmetry is calculated from the
difference between the count rates for elements on opposite sides of the detector.17 For
example, in the calibrations the source was placed in front of the detector, with two rods
facing the source and two on the rear side. In this arrangement the front/back ratio between
the count ratea was about 4:1. In contrast, for the reactor runs at APRF, this ratio was
only 1.5–1.8 to 1, which immediately indicates a much more isotropic angular distribution,
that is, a lower polarization. This discussion-in terms of both polarization magnitudes
and directions—introduces the detector’s fourth important feature, directional capability,
which will be discussed in detail in Sec. 3 using the APRF measurements.

Discussion. This section hss explained at some length the important aspects of the
unique neutron instrument used for these measurements. The first feature is the use of
a specific signature that selects only fast neutrons and eliminates all other background
sources. This selectivity relies on a simple recoil-and-capture mechanism that leads to an
exponential time-difference spectrum and a characteristic second-pulse capture distribution,
which in turn provides an internal pulse-height calibration, the detector’s second important
feature. The enforcement of these selection criteria leads to the subtraction of measurements
for true and accidental coincidences, which is important for the detector’s third feature, the
direct production of the energy distribution of the incident neutrona without any unfolding.
Finally, the fourth feature of the detector, its segmentation, can be used to indicate the
magnitude and direction of the polarization in the incident neutron flux, which will be useful
in interpreting the measurements at APRF. All four features have been discussed in terms
of measurements with a laboratory 252Cf source, which provide the basis for calibrating the
magnitude and shape of the detector response, as discussed in the next section.
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3. APRF CALIBRATIONS AND MEASUREMENTS

Introduction. The APRF dosimetry study consists of two parts, reliability tests and
reactor spectra. As discussed in the previous section, the detector providea several features
that help to ensure the integrity of the data, and reference measurements using 252Cfsources
provide valuable end-t-end checks under conditions similar to the reactor measurements.
This systematic approach will be emphasized in the discussion presented here.

252Cf Calibrations. The value of the 252Cf source tests is illustrated by the continued
analysis of the measurements in Fig. 2.5b. Figure 3. la repeata the 2-m results and shows
additional data at a l-m separation, divided by 4 to correct for the difference in solid angle.
To test the reliability of the data analysis, we used several difIerent approaches, all of which
should give consistent results. One choice is the use of either measured efficiencies or
calculated values that have been modified by a high-energy tail correctioq8 both options
are supported by previous analyses.9 Another choice is the usc of spectra from all fom
rods, both front and back, or from only the two rods that face the source. Because of the
partial attenuation of the neutron flux as it passea throu h the detector, the two-rod choice

1’$1$but using four rods increases theprovides a slightly better signal-to-background ratio,
detector’s overall efficiency by about 30%.9 As hoped, all four combinations give almost
identical results, so the values in the figure are an average with uncertainties that include
the deviations between the different analyses.

0.35

0.30

0.00

1 1

“l\’’’’’’_””-

Room Scattering
w source

- $-

1

No
,.,”b

1. y$ \
o 2–m Measurements

*4

\

. l-m (+4)

‘*::g Q — Unmllided

: ;\ ‘1

~ Distribution

Q
(AbsoluteScale

●

*m Separation)

s

— L
Q+

I

‘%;
‘“+.,,,. I ,_

- .—— -

–0.05 I
I I , I , I I I I I , I , I

012345678 910

Neutron Energy (MeV)
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The 252Cf distribution is calculated for a 2-m separation using the calibrated
source strength.21
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Room Scattering. The comparison between the two measurements in Fig. 3.la, par-
ticularly regsrding the increase in the scaled count rate with increasing distance, suggests
a problem with room-return backgrounds. This suggestion is strongly supported by the
comparison with the expected 252Cf distribution, which is normalized to give an energy-
integrated flux of 0.48 n-cm –z .s–1 at a 2-m separation, based on the calibrated source
strength of ’24x105 n.s–l (+2Yo) .21 Ideally, one could eliminate the room-scattering effect
by subtracting two measurements, one made with a thick “shadow bar” placed between
the source and detector.22 Because this arrangement is physically awkward for a large
detector, we have used an alternate approach of comparing measurements with computer
simulations. In Fig. 3. lb we show the l-m and 2-m measurements along with Monte Carlo
calculations using the LANL Monte Carlo N-Particle (MCNP) radiation-transport code.23
It is immediately apparent that the measurements are in excellent agreement with the csJ-
culated MCNP fluxes at both separations-that is, the apparent discrepancy in Fig. 3.la
is simply a matter of neglecting the room-scattered neutrons, which produce the 5070 dif-
ference between the measurements and the uncollided flux. Other calculations indicate
that the size of this contribution is largely determined by the floor return, and the definite
structure near 2 MeV is a room/air crosstalk effect that appears only with the inclusion of
air scattering. The enlarged view at high energies shows that the good agreement between
the measurements ad calculations extends to energies of at least 10 MeV. In short, with
the recognition of the 50% contribution from room scattering, the measurements and cal-
culations are entirely consistent. This comparison establishes the absolute normalization
used for all the APRF messurements, which we csn assume to be accurate to within about
20% from 0.5 to 1.0 MeV, 10% from 1 to 4 MeV, and about 30-50% from 4 to 10 MeV.
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Fig. 3.lb. Neutronenergyspectrafor X2Cf sourcesat distancesof z m
and 1 m, comparedwithMonteCarlocalculationsthat includetheeffectof
room-scatteredneutrons.The agreementat both distantesis excellent.
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Indoor 252Cf Calibration. Upon arriving at APRF, we repeated the >m measure
ments made indoors at LANL, this time using an APRF 252Cfsource. In these tests neither
the time-difference spectrum, the S2 capture spectrum, nor the S1 energy spectrum showed
any systematic differences from the calibrations at LANL. The measured ratio of 4.8 be-
tween the APRF and LANL measurements agrees within 15% with the ratio of 4.2 between
the reported source strengths of 1x 10° n-s–l (APRF) and 0.24x106 n“s–l (LANL). Given
the likelihood of dtierences in the room scattering at the two locations, this agreement is
quite reasonable.

Field Calibrations. The largest distance used at APRF was 1620 m from the reactor.
Whh the reactor off, the singles background rate was a factor of about 4.5 lower than
the rate measured indoors at LANL, and the subtracted S2 spectrum, which includes only
fast neutrons, wss lower by about 30%. The singles difference is probably an effect of
the indoor/outdoor ratio of gammwray fluxes, and the smaller fast-neutron flux may be
associated with different cosmic-ray backgrounds at the two altitudes. The detector wss
also checked by measuring a spectrum for the LANL 252Cf source (shipped to APRF). This
calibration happened to be made with the source 2 m from a corner rod, not a detector face,
which allowed a test of the four-rod and one-rod efficiencies developed in Ref. 9, again with
excellent agreement. Figure 3.lc shows the comparison between the 252Cf calibration
and MCNP calculations that include the effect of air and ground scattering. The two
curves are for dry soil sad soil with 25% by weight of added water, the value estimated for
APR.F.24 Other calculations using water contents between 10% and 40% show a systematic
variation, with the best agreement obtained for values between 20% and 30Y0. The indoor
calibrations with the APRF 252Cf source were our first measurements made at APRF, and
the field calibrations with the LANL source were the lsst. These two calibrations bracket
the reactor data in time, thereby providing an effective guarantee of the mesmrements’
reliability.
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Fig. 3.lc. Neutron energy spectrum for a zs~cf source at a distance of 2 m

compared with Monte Carlo calculations that include scattering from soil
with different water contents. The agreement is excellent for the calculations
with a 25% water content, the estimated APRF value.

12



Measurement Scenarios. The first reactor data were taken for the 1080-m location
at a height of 155 cm above the top of a small hill, whose crest was about 12 m above
the surrounding area. With the reactor located about 14 m above ground level, the line
of sight to the source passed just below the level of the tree line. (For plan and elevation
layouts of the site, see the diagrams in Ref. 25.) Because of a high detector counting rate
apparently associated with low-energy neutrons, the reactor power level was reduced to
1 kW to allow a single 576-s run. Even at this lower power level, the count rates still cause
some concern about the detector’s dead-time correction. In contrast, for the following
4416-s measurement at 1620 m, there were no dead-time difficulties even with the reactor
running at the usual 8-kW level. Figure 3.2 shows the resulting 1620-m time-difference
spectra. Althou h the random background is now much higher than for the calibrations

5with the LANL 52Cf source (Fig. 2.2), the rates are still lower by about 30% than those
for the successful calibrations with the APRF source. Figure 3.3 shows the subtracted
S2 spectrum for this distance, wwch confirms the neutron identification and the accuracies
of the accidental subtraction and gain calibration. In psxticular, the comparison with the
subtracted spectrum for the LANL 252Cf source (Fig. 2.3b) shows that both shapes are
exactly the same.

0

, 8 I I 1

Time-Difference Spectra
APRF 1620m

5 10 15

Time Difference T @s)

20 25

Fig. 3.2. Tree-difference spectra for the 1620-m APRF measurements with
the reactor operating at 8 kW. ‘The behavior is qualitatively the same aa for
the calibration run with the 252Cf source (Fig. 2.2).
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Fig. &3. SubtractedS2 spectrumfor the 8-kW reactor run at the APRF
1620-m position, compared with that for the 252Cf calibration run.

The 1080-m Energy Distributions. & with the source calibrations, the reac-
tor measurements were converted to neutron fluxes using both measured7 and calculated
corrections. Because the detector’s directionality indicated a relatively small difference
between the count rates for the four rods (discussed below), only four-rod values for the ef-
ficiency were used. Figure 3.4a shows the resulting 1080-m energy spectrum as a function
of differential energy (cZ/dE), using either the iidl detector resolution (he) or rebinning the
results (coarse) to improve the statistics. (The coarse-resolution data for both the 1080-m
and 1620-m distances are included in Appendix A.) The data are normalized using the
reactor power in kW (1.0 kW at 1080 m), the measurement time in hours (576 s = 0,16 h),
and the flight path in meters (1080 m). The number of source neutrons per kWh wss
taken as 1.28x1017 (Ref. 6). The error bars show the statistical uncertainties only, not the
estimated systematic errors.

Comparison with Other Data. Figure 3.4b plots the BC454 coarse-resolution
data along with measurements that represent the two other important spectroscopic tech-
niques, recoil-scintillator (NE213) data6~26from the Defence Research Establishment, Ot-
tawa (DREO), and three separate measurements with a set of polyethylene-moderated
neutron-capture detectors (a “Multisphere” spectrometer) .27We stress that the Multisphere
results presented here are from a preliminary analysis of the first of tww sets of measure-
ments made by the Environmental Measurements Laboratory (EML) of the Department of
Energy (DOE). (The preliminary spectral unfolding used old detector response functions
calculated from now-obsolete cross sections, and EML is currently reanalyzing all its data
using new response functions.) The variation in distance from 1070 to 1080 m for the dif-
ferent measurements should have little effect, especially with each measurement normalized
by the square of the distance 1?. In general, the agreement between the techniques is quite
good, apparently consistent within the &30% value implied by the corresponding spectral
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Figs. 3.4a,b. Neutron energy spectra for the 1080-m APRF measurements.
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part b compares the rebinned data with results from two other measurement
techniques.
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comparisons in Ref. 6. To allow closer inspection, in Fig. 3.4c we replot the measurements
in terms of differential lethargy (that is, d/dlnE = lM/cZE), which gives an energy-weighted
differential flux that is more appropriate for display on a logarithmic energy scale. Again,
the present results are in excellent agreement with the similar scintillator results from
Ref. 26, both in magnitude and structure. (The low DREO data point at 0.5 MeV is prob-
ably a threshold effect.) Near 2 MeV, the agreement with the preliminary Multisphere data
provides an independent check on our overall normalization. At energies below 1 MeV, the
BC454 data sre prone to threshold effects; at higher energies, the preliminary Multisphere
data are systematically 30–50% higher than the two scintillator measurements, Thken ss
a whole, however, the combined data set appears to establish the reactor flux to within
&20% accuracy.

The 1620-m Reactor Spectra. At the reduced count ratea of the 1620-m location,
two sets of measurements were made at 8 kW for a total duration of 1.23 h. Figure 3.5a
shows the full-resolution and rebmed data, along with three sets of preliminary Multisphere
results. (The differences between the Multisphere spectra are probably caused by rapidly
changing weather conditions over the duration of those messurements.27) Figure 3.5b
again replots the measurements in dfierential-lethargy form to allow closer inspection,
The comparison between the two experimental techniques shows ahnost the same pattern
as at the shorter distance, with the preliminary Multisphere results generally 20–50% higher
than the present data.
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Differential Dose Dependence. For comparison with other APRF data, it is useful
to relate our energy spectra to integral dose mewmrements. The first step is to convert the
differential-lethargy spectra (Figs. 3.4c snd 3.5b) into differential dose values using energy-
dependent fluencet~dose functions. 24 This form of display makes it easy to visualize the
contribution of different energies to the integral dose. Figures 3.6a,b show the 1080-m
and 1620-m results corresponding to the flux spectra in Figs. 3.4c and 3.5b. As expected,
the Multisphere data are larger by as much ss a fsctor of 2 at higher energies. The real
point in the figures, however, is the rapid falloff in the differential dose at lower energies.
Although our measurements cover only a small portion of the logarithmic energy range,
this portion accounts for a sizable fraction of the total dose.

Integral Doses. To arrive at a value for the energy-integrated dose, it is necessary to
estimate the contribution from the psrt of the spectrum below 0.5 MeV. Although the dose
functions in Figs. 3.6a,b decrease rapidly toward low energies, there sxe many decades of
response that must be included in the integral. One approach follows the prescription in-
troduced by Kazi et al., who sssumed a low-energy differential-energy flux varying as l/E,
which results in a copstant differential-lethargy spectrum, ss is generally observed. Adding
such an extension to our fast-neutron spectrum allows us to dhnate the total dose, with
the result that about 50% appears to be associated with energies below 0.5 MeV. Altern&
tively, we can simply add our high-energy dose to the integrated low-energy Multisphere
data. If we use the first approach, our spectra extrapolate to estimated total dosw (xRa)
of 18.2+ 0.7 cGy.kWh-l xm2 at 1080 m and 1.04+0.04 cGy.kWh-l xm2 at 1620 m. The al-
ternative approach of using the low-energy Multisphere integrals gives corresponding values
of 14.9 and 0.83 cGykWh-l xm2. If we discount the preliminary Multisphere data at high
energies, we can expect integral doses of 16.5 and 0.9 cGykWh-l xm2 at the 1080-m and
1620-m distances, with an apparent variation of about +10%. These values are completely
consistent with the recent Rem-meter measurements reported by Heimbach et al. ,25 which
give 17.0 and 0.87 cGy.kWh-l xm2 at the 1080-m and 1600-m distances.
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Directionality. We close this seetion with a discussion of the additional information
about the long-range APRF neutron field revealed by the use of our multielement detector.
We fist return to the 252Cf calibrations made at LANL and at the 1620-m location at
APRF. Figure 3.7 illustrates these measurements schematically, with the horizontal axis
of the four-rod detector viewed end-on. The l-m and 2-m calibrations at LANL were made
with the source facing a pair of rods (at 0°), but the calibration at the 1620-m location was
made with the source placed 2 m diagonally downward from a corner rod; the combined
results therefore provide a check on our calculations about the detector’s directionality. In
the figure, the open circles show the actual source locations, the directions of the vectors
show the angles observed at the detector, and the lengths of the vectors are the observed
polarization magnitudes. The calculations are shown as dashed vectors; the measurements
use solid vectors and arc lengths that indicate the statistical uncertainty. At LANL, the
indicated source directions (with statistical uncertainties) are tJ = –4 + 1° at 1 m and
i?= –2 + 2° at 2 m, with the negative values indicating a slightly downward offset, a possi-

, ble result of floor scattering. Previous angular studies of our unshielded four-rod detector
suggest that the systematic angle accuracies are of the order of +5° (Ref. 17). The corre-
sponding values from simple MCNP calculations are O= –4° at 1 m and O= –6° at 2 m,
in fair agreement. Accordingly, the APRF calibration should show a downward rotation of
–45°: the measured value is 6 = –51 + 4°, the calculated one is –41°, again in reasonable
agreement. For the estimated polarizations, the measured value for the source calibrat-
ions is P = 0.93+ 0.10; the calculated value is 1.0. For the reactor runs (assuming the
same detector analyzing power as for the calibrations, that is, a similar energy spectrum),
the measured polarizations at both distances are consistent with P = 0.36+ 0.04, with an
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Fig. 3.7. Layoutfor directionsobservedusingthe four-roddetectorwith
its axishorizontal.Vectorsindicatemeasuredandcalculatedanglesasseen
fromthedetector;opencirclesindicatethe actualdirections.
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apparent source angle oriented upwsrd toward the reactor at about 6 = 35 + 5° above the
horizon. The calculated values are P = 0.40+0.02 and O= 37+2°, in very good agreement.
These results are consistent with a picture in which skyshine, not direct transmission, is
the dominant radiation source at large ranges.

Discussion. Four observations stand out in the APRF preparations and field measure
ments. First, the source calibrations, both at LANL and at APRF, ensure the reliability
of the data in the 0.5- to 10-MeV range, at lesst within the detector’s 10-30% normalizw
tion uncertainty and 20-40% energy resolution. Within the collective uncertainties for the
reactor data, at both distances there is fair-to-excellent agreement among spectral mea-
surements obtained using dtierent techniques. Second, although there may be concerns
about the 30–5070 discrepancies with the preliminary Multisphere data at high energies,
the overall extrapolation to integral doses still gives estimates that exe consistent within
10% with recent Rem-meter me~urements. Third, the reactor spectra are nonexponential
in shape and include clear evidence of sir/ground scattering. Fourth, the multielement
analysis indicates that about 30-40’% of the incident flux is incident downward at an angle
of about 35°, in agreement with simple calculations. This result strongly suggests a picture
in which slqmhine combines with direct transmission to produce a complex radiation field
at large ranges. These last two points will be pursued further in the next section.
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4. COMPARISON WITH CALCULATIONS

Overview. We now examine some of the systematic behavior associated with fast-
neutron transport at long ranges, which leads to our presentation of representative cal-
culations for comparison with the measured spectra. We begin by relating the observed
energy structure to features in the nitrogen and oxygen cross sections, and we conclude by
demonstrating the generally satisfactory agreement obtainable between the measurements
and full-scale calculations.

Direct ‘Ihnsmission. Because the neutrons must pass through a nitrogen/oxygen
mixture, structure in the total cross section for either element can have a profound effect on
the transmitted spectrum. Specifically, O~Y if there exist overlapping cross-s~tion minima
(transmission maxima) for both elements can source neutrons reach the target directly. To
indicate such transmission %vindows” qualitatively, in Fig. 4.1 we show calculated 1000-m
transmissions for both nitrogen (dotted curve) and air (80% nitrogen, 20% oxygen; solid
curve). Only where the nitrogen and o~gen cross sections overlap is there a window, such
as at 2.3–2.9 MeV, at 4.8–5.1 MeV, and from 6 to 10 MeV. At 0.95 MeV, however, the
peak in the nitrogen transmission does not coincide with one for ~gen, so there is no
net transmission. In addition, the dashed histogram shows an MCNP result resealed horn
a calculation at 1080 m for the direct (uncollided) transmission; the agreement with the
simple cross-section calculation is satisfactory.
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Fig. 4.1. Comparisonbetweentransmissionsobtainedfrom simplecross-
sectioncalculationsand uncollidedMCNP transport. No solid anglesare
included.
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Total lhnsmissions. The director uncollided transmissions in Fig. 4.1 are of limited
relevance in a deep-penetration problem such ss the one studied in this report. A more
useful quantity is the probability that a neutron that starts horn the source at a given energy
will reach the detector at any energy above the 0.5-MeV detector cutoff. Figures 4.2a,b
show these total transmission functions for both distances, along with the corresponding
direct transmission obtained from the uncollided MCNP tally. It is clear that the scattered
contribution is much larger than the direct fluence and that the structure becomw more
pronounced as the distance increases. This structure is largely wsshed out in the total
transmission, however, because this quantity integrates over all energies at the detector.
Comparison with our spectral measurements requires a transmission calculation that relates
the energies at the source to those eventually observed at the detector, ss discussed next.

Differential Source-to-Detector Thnsmissions. To correlate particular regions of
the source and detector spectra, we can project out the energy spectrum at the detector
from each of the source-energy bins shown in Figs. 4.2a,b. To simplifi the results, we have
expressed the detector contributions on the fractional basis shown in Figs. 4.3a,b. Here,
the x-sxis gives the energy observed at the detector, and the ~-axis shows the cumulative
frsction of the detector spectrum that originated from particular portions of the source
spectrum, as indicated by the range labels in each band. As appropriate for the roughly
exponential source spectrum, the source energy bins increase logarithmically; the percentage
that esch bin represents in the total source spectrum is given by the small italicized numbers.
At the 1080-m distance (Fig. 4.3a), most (w60%) of the neutrons detected at 3 MeV come
from the less than 4% of the source spectrum above 4 MeV. Simikwly, only about 16% of the
0.5-MeV neutrons come from the 66% of the source neutrons in the lowest O- to 1.3-MeV
source band; the remtig 84% are downscattered from higher energies. b fact, because
of the transmission window near 4.8 MeV, the 3-MeV neutrons are three times as likely to
have come from the 4 to 6-MeV portion of the source spectrum ss from the 3- to 4MeV
section, despite the equivalent source integrals. At 1620 m, this ratio increases to almost
9:1. This behavior emphasizes the relative importance of both transmission windows and
the high-energy part of the source spectrum for detected neutrons at all energies.
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Ground-Return Calculations. Bssed on the above svstematics and the calculations
in Sec. 3 for the calibration measurements, we c’

r

expect ;hat the neutron spectra at the
detector will be very sensitive to sssumptiona a out ground scattering and air transport.
By themselves, the transmissions as low M 10 7 would make a Monte Carlo calculation
challenging; adding another factor of about 10-~ for the detector soiid angle incresses the
difhculty, especially if representative s r the region around the detector is r~
quired. Two calculational options h o focus separately on the air-transport
and ground-scattering issues. To illustrat . 4.4a,b show MCNP4A calculations at
the 1080-m (part a) and 1620-m (part b) dist es; the error bars on the BC454 data now
include the estimated uncertainties from evious section. The two curves compaxe
the results for a “ring-detector” tally versus a ‘DXTRAN” sphere. As indicated by the
legend, the ring detector (“Open Field” ) should 1“” “ e the influence of local scattering,
while the DXTIWN approach (“Ground Ret ‘) includes its effect. All calculations use

7

ENDF/B-V cross sections for air transport, and all are averaged over the expected detec-
tor resolution of 2540%.9 (An input tie for th 1080-m ring-detector case is included in
Appendix B.) The results demonstrate that t~ energy structure suggested by the mea-
surements is certainly real, and the difference be een the two curves emphasizes the effect

r
of ground scattering on the low-energy part of th spectra. Because the direct transmission
drops as the distance incresses, the differences a e larger in the 1620-m spectrum. In both

Tcsses, however, the size of the effect introduces ew uncertainties in the calculations, espe-

1

cially because of unique features associated wit the two mesmrement sites: the 1080-m
position is atop a small hill, and the 1620-m posit on is in an open field dotted with concrete
slabs.

Cross-Section Variations. Alternativel~, we can minimize the ground effect by
using a ring-detector geometry and instead foc

t

on air transport by switching between
the ENDF/B-V and ENDF/B-VI cross-section evaluations. These results are shown in
Figs. 4.5a,b for the two distances. The effect

T

the change in cross sections is predomi-
nately at high energies, which makes its effect co elementary to that for the ground return,
which emphssizea lower energies. For bokh effe ts, the impact ia greatest at the 1620-m
distance. Thus, it can be expected that introdu ing the ground effects and the ENDF/B-

1

VI cross sections together can significantly reduc the calculated spectra at all energies, as
shown by the solid curves in Figs. 4.6a,b. (The original, unbroadened MCNP4A outputs
from these runs are included in Appendix C.} For comparison, also shown are similar
calculations performed by Science Applications ~ternational Corporation (SAIC), using
the DORT, tw~dimensional discreteordinates de, also with ENDF/B-VI cross sections.

1
(A detailed description of these calculations, whi were provided by Dean Kaul of SAIC,28
is included in Appendix D.) The agreement be ween the various mesm.rements and cal-
culations is quite striking, particularly for energi(% above 2 MeV.
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the MCNP4A and DORT codes, both including ground scattering and using
END F/B-VI cross sections. Part a ie for 1080 m; part b is for 1620 m.
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Analysis Summary. The results in this section provide some insight into the behavior
of neutron transport at long ranges. Although the effect is diminished by air and ground
scattering, the energy-dependent structure in the nitrogen and ~gen cross sections hss a
strong influence on the observed spectrum, especially as the direct flux decreases at larger
distances. Also significant is the realization that the energy spectrum at the detector is not
simply proportional to the original source distribution. In particular, low-energy neutrons
from the source, no matter how n~erow, me SimPIYnot tr~ported to the detector;
most of the observed low-energy spectrum is instead associated with higher-energy neu-
trons that have downscattered in energy, apparently after traveling large distances through
a few transmission windows. These air-transport issues combine with the ground-return
effects seen in the calibrations to explain the structure in the energy spectra observed at the
detector location. The MCNP calculations shown here illustrate this behavior by varying
the amount of scattering from the ground near the detector and switching between different
cross-section evaluations. The results are similar to those obtained by SAIC calculations
using a discret~ordinates approach, which also accounts for ground return near the de-
tector. The final collection of measurements and calculations is summarized es differential
dose spectra in Fig. 4.7, which shows the 1080-m and 1600-m data sets normalized by the
ratio of the integral dose values. (For the preliminary Multisphere data, only the extreme
values are shown.) Both the measurements and the calculations have the same behavior,
with a gradual hardening of the spectra with increasing range. Overall, the agreement
between different determinations of the fast-neutron spectra is very satisfactory.

8 I I
NY7O-1OSOm Dose Spectra

7- 0 LANLSUS4
o DREONE213

..---- EKLMultlsphere
i%? OWIlmlnuy) .Y\.K’080m”mm :“
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Fig. 4.7. Differentialneutron-dosedistributionsat 1070-1080m and 1588-
1620m, showingboth measurementsand calculations.The 1600-mvalues
havebeenresealedby a factorof 18.3.
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5. SUMMARY

Boron-Loaded Neutron Spectrometers. Much of this report (Sec. 2) discusses
the operation of the unique neutron detector used in these measurements. The diagnostics
provided by the exponential dependence of the capture times and the characteristic light-
output spectrum for the capture pulse ensure that only fast neutrons are included in the
final energy spectra. Also of importance for the present work is the internal light-output
calibration provided by the standard shape of the second-pulse spectrum, which establishes
the neutron energy scale. Finally, the normalization for the measurements, which dependa
on the demonstrated connection between the source calibrations and the reactor measure-
ments, is supported by the agreement between analyses using either measured or calculated
efficiencies and between the results for on~rod, two-rod, and four-rod summations over the
multielement detector.

Directional Measurements. A unique featureof the detector is its capability for
determiningthe average directionof the incidentneutron flux by using ratios of count
ratesin difIerentelements.This option wss demonstrated by using source calibrations with
two detector orientations that were rotated by 45°. In the reactor results, this directional
capability yielded measured polarizations of 0.36+0.04 and apparent source angles of 35+4°
above the horizon. Within the uncertainties, these observationa can be reproduced by simple
MCNP calculations. This insight helps in visualizing the radiation field at the detector in
terms of the relative amounts of direct and skyshine contributions.

Room, Air, and Ground Scattering. Centralto our understandingof the measured
spectra ia the relative importance of the direct and scattered fluxes as seen in the 252Cf
source calibrations. First, floor or ground scattering must be included to obtain the correct
absolute calibration of the instrument. Second, the consistent agreement between measure-
ments and calculations, both indoor and outdoor md at l-m md 2-m separations, lends
strong support to the reliability of both the measurements and the Monte Carlo calculations
used throughout our analyses.

Far-Field Fast-Neutron Measurements and Calculations. The agreementbe-
tween the calibrationsand calculationsleads to the centralmeasurementsin the present
work, fast-neutronreactorspectraat distancesof 1080 m and 1620 m. At the shorterdis-
tance, the presentBC454 scintillatorresultsare in excellentagreementwith earlierNE213,
proton-recoildata. At both distancesthe reportedmagnitudesare supported to within
about 30-5070 by the preliminaryMultispheredata. When the differentdata sets aretaken
together, there is consensuswithinabout +2070 for the fast-neutronspectrumfrom 0.5 to
10 MeV. In addition, reasonable extensions to lower energies provide integral doses that
also agree with recent measurements.

Long-Range Air-over-Ground !hansport. Our final section examines in some
detail the behaviorof fast-neutrontransportat large ranges. The analysesrevealthe im-
portanceof cross-sectionwindowsin explainingthe observedenergyspectra,the dominance
of scattered over direct contributions,and the large leverageassociatedwith source neu-
trons at the higheatenergies. These considerationsprefacethe comparisonsbetween the
measurementsand transport calculations,whichillustratethe effectsof dfierent assump-
tions about groundscatteringnear the the detectorand changesin the crosssectionsused
for air transport. Above 2 MeV, the measurementsare reproducedwithin their uncertain-
ties; below this energy,variationsbetweendifferentcalculationsof the groundreturnlimit
the agreementto about 2070.

Conclusions. Our goal in this workwas to providea set of fast-neutronspectralmea
surementsat largedistancesfromthe APRF reactor,whichcouldthen providea benchmark
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for neutron-transport calculations of the effect of the air-over-ground interface on long-
Yange neutron dosimetry at Hiroshima and Nagasaki. Our results demonstrate both the
agreement between the difFerent experimental techniques and between the resulting mea-
surements and state-of-thwwt transport calculations, at least when care is taken with local
scattering effects and when the most recent cross-section evaluations are included. This
agreement testifies to the accuracies of the calculational models and the technology of the
neutron spectrometer, which is expected to provide new capabilities for field measurements
of neutron sources.
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1080 m

Energies (MeV) Flux lhctional
Mean Upper (n.MeV-l.cm-2.k~-1) x R2 Error

0.45 0.50 O.325OE+1O 0.034
0.55 0.64 O.2822E+1O 0.044
0.70 0.80 O.2229E+1O 0.041
0.91 1.01 O.157OE+1O 0.043
1.15 1.27 O.1311E+1O 0.039
1.50 1.60 0.9617E+09 0.046
1.90 2.02 0.8161E+09 0.061
2.26 2.54 0.6939E+09 0.083
2.72 3.19 0.5036E+09 0.073
3.42 4.02 0.2028E+09 0.146
4.34 5.06 0.140833+09 0.186
5.44 6.37 0.7130E+08 0.309
6.82 8.02 0.2779E+08 0.637
8.55 10.1 0.1402E+08 1.033

1620 m

Energies (MeV) Flux Fractional
Mean Upper ‘(nMeV-l .crn-2-kWh-1) x RZ Error

0.45 0.50 0.1694E+09 0.026
0.55 0.64 0.1442E+09 0.031
0.70 0.80 0.1262E+09 0.025
0.90 1.01 0.8623E+08 0.031
1.15 1.27 0.6992E+08 0.030
1.45 1.60 0.5408E+08 0.038
1.79 2.02 0.4726E+08 0.041
2.26 2.54 0.4042E+08 0.045
2.87 3.19 0.2241E+08 0.065
3.59 4.02 0.7919E+07 0.154
4.55 5.06 0.6908E+07 0.153
5.75 6.37 0.3170E+07 0.274
7.20 8.02 0.1275E+07 0.600
8.93 10.1 0.1372E+07 0.517

11.53 12.4 0.1945E+07 3.639
13.50 15.7 0.4997E+06 1.666
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Appendix B. MCNP Input File, 1080 m

The cell and surface cards lay out a cylindrically symmetric geometry with the air region
composed of hemispheres with increasing radii (surfaces 1-9) split into three conical slices
(surfaces 15-16). The ring detector at 1080 m is located in the lowest conical slice, between
the 1000-m and 1200-m radii at surfaces 5 and 6. The soil region consists of concentric
rings at the depths specified by surfaces 10-14, which extend down to a depth of 24 cm.
The air (material 1) has a density of 1.23 mg/cm3 end is 78.78% nitrogen, 20.21% oxygen,
and 1.0170 hydrogen (by number), which corresponds to about 0.6% water (by weight).
The ground has a density of 1.9 g/cm3 and is about 20% water by weight.

mlla WI dd .95 1000

c

c

c

c

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
c
c

~6
27
28
29
30
31
32
33
34
35
36
37
38
39

convert ed to mcnpv4a 8/1/94, added large outer cell

cell cards for air

1 -1.23 e-3 -1 10

1 -1.23e-3 1 -2 10 16

1 -1.23 e-3 1 -2 10 15 -16

1 -1 .23e-3 1 -2 10 -15

1 -1.23 e-3 2 -3 10 16

1 -1.23e-3 2 -3 10 15 -16

1 -1.23 e-3 2 -3 10 -15

1 -1.23e-3 3 -4 10 16

1 -1.23 e-3 3 -4 10 15 -16

1 -1.23 e-3 3 -4 10 -15

1 -1.23 e-3 4 -5 10 16

1 -1.23e-3 4 -5 10 15 -16

1 -1.23e-3 4 -5 10 -15

1 -1.23 e-3 5 -6 10 16

1 -1.23e-3 5 -6 10 15 -16

1 -1.23e-3 5 -6 10 -15

1 -1.23e-3 6 -7 10 16

1 -l,23e-3 6 -7 10 15 -16

1 -1.23e-3 6 -7 10 -16

1 -1.23e-3 7 -8 10 16

1 -1.23e-3 7 -8 10 15 -16

1 -1.23e-3 7 -8 10 -15

1 -1.23e-3 8 -9 10 16

1 -1.23e-3 8 -9 10 15 -16

1 -1.23e-3 8 -9 10 -15

cell cards for ground

2 -1.9 -1 11 -lo
2 -1.9 -1 12 -11

2 -1.9 -1 13 -12

2 -1.9 -1 14 -13

2-1.9 1 -2 11 -10

2 -1.9 1 -2 12 -11

2 -1.9 1 -2 13 -12

2 -1.9 1 -2 14-13

2 -1.9 2 -3 11 -lo
2 -1.9 2 -3 12 -11

2 -1.9 2 -3 13 -12

2 -1.9 2 -3 14-13

2 -1.9 3 -4 11 -lo
2 -1.9 3 -4 12 -11
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40
41
42
43
44
45
46
47
48
49
50
51
62
63
54
55
56
57
58
59
60
61
62
63

c
c
c
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
99

2 -1.9 3 -4 13 -12

2 -1.9 3 -4 14-13

2 -1.9 4 -5 11 -lo
2 -1.94 -s 12 -11
2 -1.94-5 13 -12
2 -1.94-5 14-13
2 -1.9 5 -6 11 -10
2 -1.9 5 -6 12 -11
2 -1.9 5 -6 13 -12
2 -1.9 5 -6 14-13
2-1.9 6 -7 11 -10
2 -1.9 6 -7 12 -11
2-1.9 6 -7 13-12
2 -1.9 6 -7 14-13
2-1.9 7 -8 11 -10
2 -1.97-8 12 -11
2-1.9 7 -8 13-12
2-1.9 7-8 14-13
2 -1.9 8 -9 11 -10
2 -1.9 8 -9 12 -11
2 -1.9 8 -9 13 -12
2 -1.9 8 -9 14-13
1 -1.23e-3 9 -99 14 $outside air,
o 99:-14

surface cards

so 20000
so 40000
SO 60000
SO 80000
so 100000
so 120000
so 140000
SO 160000
SO 180000
pz o
PZ -6.
pz -12
PZ -18

PZ -24
kz o .33333 1
kz031
so 500000

node n

imp:n 32 64 32 16 128 32 8 256 32 4 512 32 2
1028 32 1 512 32 1 256 32 1 128 32 1
64 32 16 8 128 64 32 16 256 128 64 32
512 256 128 64 1024 512 256 128 2048 1024 512 256
1024 512 256 128 512 256 128 64 256 128 64 32
32 0 $outside

c
c source cards
c
sdef pos=O O 1400 cel=l vgt=l erg=dl
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sil 1.013e-4 5.829e-4 1.234e-3 3.355e-3 1.033e-2 2.188e-2 2.479e-2
5.248e-2 I.1lle-1 .1576 .6502 1.108 1.827 2.307 2.385 3.012

4.066 4.7244.965 6.376 7.408 8.187 9.048 10 11.05 12.21

12.84 13.84 14.19 14.92 16.9

Spl O 1.e-5 3.e-5 1.6e-4 8.9e-4 2.54e-3 6.7e-4 8.91e-3

2.483e-2 2.46e-2 .2581 .2376 .175 7.637e-2 1.058e-2

6.184e-2 5.892e-2 2.068e-2 5.47e-3 2.059e-2 6.19e-3 2.63e-3

1.59e-3 9.8e-4 4.5e-4

1. e-5

sbl O 100 97 94 91 88 85
67 64 61 58 55

c
c detector cards

;Sz:n 155 108000 155

2.3e-4 7.e-5 6.e-5 2.e-5 2.e-5

82 79 76 73 70
52 49 56 43 40 37 34 31 28 25 22 19 16 13

fc5

c

dd

eO

c

c

c

ml

m2

c

c

c

neutron flux at 1080 meters

.95 1000

.01585 .02512 .03981 .06310 .10

.1585 .2512 .3981 .6310 1.0

1.2 1.4 1.6 1.8
2.2 2.42.6 2.8
3.2 3.43.6 3.8
4.2 4.4 4.6 4.8

5.5 6 6.5 7
10.5 11 11.5 12
15.5 16 16.5 17

2.0
3.0
4.0
5.0
7.5 8 8.5 9 9.5 10

12.5 13 13.5 14 14.5 15

17.5 18 18.5 19 19.5 20

material cards

7014.50 .7878 8016.50 .2021 1001.50 .0101 $rh=74,byrd weather

1001 3.01-2 8016 5.32-2 11023 2.60-4 $aprd grid, dry, rho=-1.9
13027 1.30-3 14000 1.90-2 26000 3.50-4 $aprd grid, dry, rho=-1.9

thermal cards

cut:n 1.e+123 .010 -.5 -.25

ezgn -15 20

~hYs:u20 j

print

apc 300QO0
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Appendix C. MCNP Output, DXTRAN and ENDF/B-VI

1080 m

Midpoint
Energies (MeV)

0.13
0.20
0.32
0.51
0.82
1.10
1.30
1.50
1.70
1.90
2.10
2.30
2.50
2.70
2.90
3.10
3.30
3.50
3.70
3,90
4.10
4.30
4.50
4.70
4.90
5.25
5.75
6.25
6.75
7.25
7.75
8.25
8.75
9.25
9.75

10.30
10.80
11.30
11.80
12.30
12.80
13.30
13.80
14.30
14.80
15.30
15.80
16.30
16.80

Flux
(n.MeV-l.cm-2.kWh-1) x RZ

O.175E+1O
O.212E+1O
O.213E+1O
O.247E+1O
O.266E+1O
O.219E+1O
O.181E+1O
O.153E+1O
O.153E+1O
O.151E+1O
O.2O4E+1O
O.2O7E+1O
O.157E+1O
O.145E+1O
0.857)3+09
0.484E+09
0.315E+09
0.289E+09
0.326E+09
0.413E+09
0.361E+09
0.307E+09
0.429E+09
O.1O9E+1O
O.115E+1O
0.490E+09
0.344E+09
0.300E+09
0.279E+09
O.1O3E+O9
0.676E+08
0.971E+08
0.739E+08
0.447E+08
0.257E+08
O.1O4E+O8
0.959E+07
0.645E+07
0.455E+07
0.283E+07
O.21OE+O7
0.160E+07
0.118E+07
0.499E+06
0.223E+06
0.200E+06
0.141E+06
0.114E+06
0.822E+05

Ikactional
Error
0.083
0.084
0.071
0.053
0.038
0.108
0.057
0.059
0.057
0.044
0.040
0.033
0.028
0.030
0.039
0.043
0.060
0.085
0.080
0.070
0.062
0.058
0.047
0.027
0.024
0.043
0.050
0.043
0.033
0.046
0.046
0.043
0.055
0.047
0.057
0.063
0.059
0.092
0.088
0.097
0.109
0.111
0.131
0.179
0.252
0.315
0.333
0.345
0.580
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1620 m

Midpoint
Energies (MeV)

0.13
0.20
0.32
0.51
0.82
1.10
1.30
1.50
1.70
1.90
2.10
2.30
2.50
2.70
2.90
3.10
3.30
3.50
3.70
3.90
4.10
4.30
4.50
4.70
4.90
5.25
5.75
6.25
6.75
7.25
7.75
8.25
8.75
9.25
9.75

10.30
10.80
11.30
11.80
12.30
12.80
13.30
13.80
14.30
14.80
15.30
15.80
16.30
16.80

Flux
(n.MeV-l.cnl-2.kWh-’) x R2

O.1O4E+O9
0.121E+09
0.113E+09
0.143E+09
0.129E+09
0.944E+08
0.899E+08
0.820E+08
0.756E+08
0.111E+09
0.116E+09
0.134E+09
0.975E+08
0.831E+08
0.452E+08
0.309E+08
0.202E+08
(3195E+og
0.212E+08
0.295E+08
0.2!96E+08
0.336E+08
0.413E+09
O.1O4E+O9
O.1O5E+O9
0.349E+08
0.249E+08
0.236E+08
0.217E+08
0.561E+07
0.528E+07
0.660E+07
O.51OE+O7
0.280E+07
0.147E+07
0.558E+06
0.477E+06
0.292E+06
0.223E+06
0.131E+06
0.712E+05
0.506E+05
0.417E+05
0.313E+05
0.114E+05
0.442E+04
0.436E+04
O.1O6E+O4
O.1O8E+O4

Ihctional
Error
0.119
0.089
0.070
0.077
0.039
0.071
0.066
0.067
0.075
0.080
0.071
0.040
0.042
0.033
0.058
0.068
0.084
0.092
0.092
0.096
0.078
0.128
0.089
0.044
0.036
0.059
0.057
0.048
0.036
0.050
0.086
0.040
0.061
0.047
0.047
0.078
0.067
0.063
0.118
0.117
0.157
0.082
0.129
0.134
0.136
0.210
0.257
0.490
0.677
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Appendix D. DORT Calculations

Calculations of neutron and gammwray fluences about the APRF reactor were per-
formed by Science Applications International Corporation, using the DORT twAimension-
al discreteordinates code, which is part of the DOS discret~ordinate.s system (Ref. Dl).
The cross sections used in the calculation were taken primarily from the VITAMIN-B6 fine-
group (energy interval) cross-section set, consisting of 199 neutron groups in approximately
equal lethar~ intervals iiom 10-4 eV to 20 MeV, including 30 groups with upscatter be-
low approximately 5 eV, and 42 gamma-ray groups from 0.01 to 20 MeV (Ref. D2). The
source wss taken from a 1990 revision of the SAIC 1989 calculation of energy- and angle
differential leakage of neutrons and gamma rays from the APRF reactor (Ref. D3). The
primary effect of that revision was to change the emission rate from 1.26x1017 n“kWh-X
to 1.295x1017 n.kwh-l.

The DORT calculations were performed in cylindrical (r-z) geometry, using an S8 augu-
lar quadrature, expanded from 48 angles to 240 angles by subdividing each angle into 5, all

oin the polar direction. This quadrature virtually eliminates the propensity of radiation to
move preferentially along quadrature directions, that is, so-cslled ray effects. ‘TIM calcula-
tions used a Legenche scattering order of 3. The geometry represented in the calculations
consisted of 1500 m of air over 1 m of ground, represented in 102 axial mesh intervals,
extending to a radius of 2900 m, represented in 123 radial mesh intervals. The primary
mesh dimension was 25 m. The air constituents included nitrogen, oxygen, and argon, plus
moisture at l% of total density, which was 1.233 mg/cm3. The ground contained moisture
at 3070 of dry densi~. The total ground density was 1.7 g/cm3.
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