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This Invention describes a remmeter that is based on the use of an assembly comprising two or more different-sized hydrogenous

moderators, each hydrogenous moderator incorporating a

hydrogenous spectroscopic fast neutron detector and a thermal

neutron detector In order to provide more accurate neutron dosimetry across a wide range of neutron energies (thermal neutrons

to =15 MeV) In a form factor that is lighter than convention

al remmeters. The new remmeter utllizes the principle of spectral

dosimetry, where the energy or energy distribution of the incident neutrons Is first measured and then this energy information
(along with the measured fluence) Is used to establish the dosimetric quantity using the various fluence-to-dose conversion curves

(e.9. H*(10) (IC

RP(1997)), NCRP-38(1971)). Using the method of spectral dosimetry, the large variation in response In these

curves as a function of neutron energy (especially over the region 1 keV to 1 MeV) Is largely mitigated through the use of the
energy and fluence information, and the appropriate fluence-to-dose conversion curve to calculate the dose.
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ABSTRACT

This invention describes a remmeter that is based on the use of an assembly comprising
two or more different-sized hydrogenous moderators, each hydrogenous moderator incorporating
a hydrogenous spectroscopic fast ncutron detector and a thermal neutron detector in order to
provide more accurate neutron dosimetry across a wide range of neutron energies (thermal
neutrons to >15 MeV) in a form factor that is lighter than conventional remmeters. The new
remmeter utilizes the principle of spectral dosimetry, where the energy or energy distribution of
the incident neutrons is first measured and then this energy information (along with the measured
fluence) is used to establish the dosimetric quantity using the various fluence-to-dose conversion
curves (c.g. H*(10) ICRP(1997)), NCRP-38(1971)). Using the method of spectral dosimetry,
the large variation in response in these curves as a function of neutron energy (especially over
the region 1 keV to 1 MeV) is largely mitigated through the use of the energy and fluence

- information, and the appropriate fluence-to-dose conversion curve to calculate the dose.
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AN ACCURATE LIGHT-WEIGHT BROAD-ENERGY NEUTRON REMMETER
' AND USE THEREOF

KField of the Invention

The present invention relates to a neutron remmeter for measuring the intensity of a

neutron field produced by radioactive materials or machines that produce neutron radiation.

Background of the Invention

The most common meters for measurement of neutron dose (remmeters) are based on

neutron moderators, with a thermal neutron detector in the center. Bramblett et al (1960)
initiated this design when they proposed that a 12-inch diameter polyethylene sphere having a
5Lil(Eu) thermal neutron detector at its center provides a reasonable approximation to the dose-
equivalent curve for neutrons (ICRP(1969)) from thermal to approximately 20 MeV. The dosc-
equivalent response of such a detector, calculated using GEANT4, a modem Monte Carlo
simulation code (Agostinelli et al (2003)), shows that such a remmeter still over-responds by

over a factor of 3 at around 10~ MeV and increasingly under-responds above 10 MeV.

Over the years, many variants of this moderator design were produced by other groups
(Nachtigall (1962), Leake (1966); Hankins (1967)). Such remmeters are currently commercially

available from several vendors (Canberra, Ludlum, Berthold, Tech-Associates, Owen Scientific),

with the °Lil(Eu) detectors often replaced by small *He gas counters to improve gamma
discrimination. Other moderator designs have replaced the spherical moderator by a cylindrical
moderator (Anderson and Braun (1964); Widell and Svansson (1973); Hankins (1978)), which
sacrifices isotropic detection performance. The major problem with the use of a larger

moderator is that the remmeter is too heavy (>135 kg) for ease of use in many operational

scenarios.

There has always been a desire for a lighter remmeter. Manufacturers have produced

remmeters using smaller moderators, but the physics of neutron moderation is such that dose-
l



CA 02901709 2015-08-27

equivalent accuracy is sacrificed. For example, when one considers the dose-equivalent response
of an 8” - diameter and a 5”- diameter polyethylene sphere, it can be seen that the over-response
of the 8” sphere at 1 keV is about 15 and over 50 for the 5” sphere, with correspondingly poorer
performances above 10 MeV. It is generally recognized that moderators smaller than about 8
would be too inaccurate for practical neutron dosimetry over a broad energy range.

Unfortunately, a remmeter based on even an 8 moderator is still too heavy (> 5 kg) for

convenient operational use.

Our company produced a light (4.1 kg) neutron remmeter over 10 years ago (Ing et al
(2007)), bascd on spectral dosimetry. Our Microspec Spectroscopic Neutron Probe (MSNP) was
intended for extremely accurate neutron dosimetry for use by specialists, but not for direct
competition with conventional remmeters, because it was not sufficiently robust for many field
uses. This probe uses a hydrogenous liquid scintillator with neutron/gamma discrimination
capability (commonly used for ncutron spectroscopy in laboratories) as the detector for fast (>0.8
McV) ncutrons and a He gas counter, embedded in a thick '°B shell of special design, as the
 detector for thermal and intermediate encrgy (<0.8 MeV) neutrons. The '°B shell was designed
so that the *I1e counter would have a dose-equivalent response that closely mimics the dose-

equivalent curve over this energy rcgion. Tests done by ourselves and others (Devine et al

(2002)) confirm the high dosimetric accuracy of this product.

There have been developments of light remmeters by other groups (Olsher et ai, (2004),
Mourges et al (1984)) and products by various manufacturers (Canberra, Ludlum, Health Physics
[nstruments). However, these are for more restricted or specialized radiation fields and do not

perform well as general purpose remmeters for a variety of operational neutron fields.

The recent development of a plastic scintillator (Zaitseva et al (2012)) that has
neutron/gamma discrimination propertics comparable to that of the traditional hydrogenous
liquid scintillator (BC 501A) to permit the electronic separation of neutron and gamma-ray
signals, provides a basic technology for the development of a general purpose light remmeter
along the lines of our MSNP. The new plastic scintillator overcomes the major operational

weaknesses of the previous liquid scintillator by allowing its use below freezing temperatures
2
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and eliminating the issue of failure of the liquid seal. The use of the new scintillator enables the

development of the long-sought light-weight remmeter.

However, the use of the new plastic scintillator only enables the measurement and
dosimetry of fast neutrons of ~ 0.8 MeV and above. In the MSNP, the thick special B shell
with the embedded *He counter performs the dosimetry of thermal and intermediate cnergy
neutrons (~ 0.025 eV to 0.8 MeV). While this same approach could be used with the new plastic

scintillator, it is not ideal because of the high costs of both '°B and *He and the limited global

supply of the latter.

According to one embodiment of the invention, therc is provided an alternative and
technically-superior approach to the dosimetry of neutrons in the thermal to intermediate energy
region. It uscs the properties of two different size moderators (whose combined weight 1s much

less than a single large moderator) to determine the energy (or distribution of energies) of the

neutrons in this energy region.

Summary of the invention

This invention describes a remmeter that is based on the use of an assembly comprising
two or more different-sized hydrogenous moderators, each hydrogenous moderator incorporating
a hydrogenous spectroscopic fast neutron detector and a thermal neutron detector in order to
provide more accurate neutron dosimetry across a wide range of neutron energies (thermal
neutrons to >15 MeV) in a form factor that is lightcr than conventional remmeters. The new
remmecter utilizes the principle of spectral dosimetry, where the energy or energy distribution of
the incident neutrons is first measured and then this energy information (along with the measured
tluence) is used to establish the dosimetric quantity using the various fluence-to-dose conversion
curves (e.g. H*(10) (ICRP(1997)), NCRP-38(1971)). Using the method of spcctral dosimetry,
the large variation in response in these curves as a function of neutron energy (espccially over
the region 1 keV to 1 MeV) is largely mitigated through the use of the energy and fluence

information, and the appropriate fluence-to-dose conversion curve to calculate the dose.
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The desire for minimum weight for the remmeter also requircs minimizing the signal-
processing electronics in the system. This invention proposes a technique that enables readout of

both fast and thermal neutron dose information using a common photodetector and electronics.

The thermal neutron detector could be a scintillator read by a first photodetector which is
also used for reading the hydrogenous spectroscopic fast neutron detector or by a second
photodetector. Alternatively, the thermal neutron detector could be a gas counter and further
comprises pulse-counting electronics for reading the thermal neutron detector. In another
alternative, the thermal neutron detector could be a solid-state detector and further comprises

pulse-counting electronics for reading the thermal neutron detector.

The ratios of thermal responses from the hydrogenous moderators are used to provide

accurate dosimetry for low-energy neutrons and intcrmediate-energy neutrons.

The sizes of the moderators and detectors are choscn to enable both low dose rate and
high dose rate detection capabilities. The moderator sizes are optimized, such that the
cumulative weight of the assembly is less than the weight of a conventional assembly having
only a single large hydrogenous moderator, while being capable of providing comparable or

better neutron dosimetry accuracy and sensitivity.

The thermal necutron detector is optimally positioned inside the hydrogenous
spectroscopic fast neutron detector, which in turn is optimally positioned inside the hydrogenous

moderator, to achieve optimum isotropic dose response.

The dosimetric accuracy of each assembly is improved through the addition of a layer of
neutron-absorbing matcrial within the hydrogenous moderator to reduce the number of cxcess

thermal ncutrons produced within the hydrogenous moderator that reach the thermal ncutron

detector relative to the number of intermediate-energy neutrons. In onc embodiment the layer of

neutron-absorbing material includes Cd foul.
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The hydrogenous spectroscopic fast neutron detector and thermal neutron detector are
scintillators having different pulse shapes to allow electronic separation of fast-neutron, thermal-

neutron and gamma ray events.

The thermal neutron sensitivity is derived from a coating of thermal-neutron-sensitive
material applied to the surface of the fast-neutron scintillator, including but not limited to Li-6 or

B-10-loaded ZnS paint or other scintillating paint.

The thermal neutron sensitivity 1s provided by a thermal-neutron-sensitive scintillator,

including but not limited to Li-6 iodide, Li-6 glass, Cesium Lithium Yttrium Chloride (CLYC),

or other elpasolite compounds.

The hydrogenous spectroscopic fast neutron detector is doped with a thermal-neutron-
sensitive material to provide both fast and thermal neutron signals separable by pulse-shape-

discriminating techniques.

Signals from both the fast and thermal neutron scintillators are viewed by a single
photodetector and neutron/gamma pulse-shape-discrimination techniques are used to distinguish

the signals from the two scintillators embedded within a single hydrogenous moderator.

The photodetector could be a photomultiplier.

Brief Description of the Drawings

Embodiments of the invention will now be described with reference to the accompanying

drawings 1n which:

FIG. 1 is a graph showing the response per unit dose equivalent versus neutron energy for

spherical moderators of various sizes;
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FIG. 2 is a graph showing the responses of 2” and 5” diameter spheres of polyethylene

with thermal neutron detectors at their centers using the Monte Carlo simulation code

GEANT4 with Thermal Scattering Model;

FIG. 3 is a graph showing the ratio of responses from 5 to 2" spherical moderators;
FIG. 4 is a graph showing the ambient dose equivalent per unit of fluence (H*(10));

FIG. 5 is a diagram of the concept of neutron probe based on two moderators;

FIG. 6 shows the signals from the fast and thermal neutron detectors (in this case, plastic

scintillator and a CLYC detector, respectively) viewed by a single photomultiplier;

FIG. 7 shows the signals from a detector arrangement wherein a plastic scintillator is
used for fast neutron detection and the thermal neutron detection is provided by a thin
layer of ZnS (°LI) painted on the outer surface of the plastic scintillator (excluding the

surface used for photomultiplier attachment);

FIG. 8 is a graph showing the neutron spectrum from a *’PuBe neutron source, measurcd
using a hydrogenous fast neutron detector (in this case, a liquid scintillator) with pulse-

shape discrimination;

FIG. 9 is a graph showing the accuracy of dosc-equivalent over the neutron energy range

thermal to 1 MeV using a two-moderator approach.

Detailed Description

The recent development of a plastic scintillator (Zaitseva et al (2012)) that has

neutron/gamma discrimination properties comparable to that of the traditional hydrogenous

liquid scintillator (BC 501A) to permit the elcctronic separation of neutron and gamma-ray
6
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signals, provides a basic technology for the dévelopment of a general purpose hight remmeter
along the lines of our Microspec Spectroscopic Neutron Pfobe (MSNP). The new plastic

scintillator overcomes the major operational weaknesses of the previous liquid scintillator by
allowing its use below freezing temperatures and eliminating the issue of failure of the liquid
seal. The use of the new plastic scintillator ecnables the development of the long-sought light-

welght remmeter.

However, the use of the new plastic scintillator only enables the measurement and
dosimetry of fast neutrons of ~ 0.8 MeV ahd above and, on its own, does not provide accurate
dosimetry for thermal and intermediate energy neutrons. In the MSNP, the thick special B
shell with the embedded *He counter performs the dosimetry of thermal and intermediate energy
neutrons (~ 0.025 eV to 0.8 MeV). While this same approach could be used with the new plastic
scintillator, it is not ideal because of the high costs of both '°B and He and the limited global

supply of the latter.

This invention employs an alternative and technically-superior approach to the dosimetry
of neutrons in the thermal to intermediate energy region. It uscs the properties of two diffcrent

sized moderators (whose combined weight is much less than a single large moderator) to

determine the energy (or distribution of energies) of the neutrons in this energy region.

Fig. 1 shows the response per unit dose-equivalent versus neutron energy for
conventional remmeters using spherical moderators of various sizes (data taken from
Awschalom and Sanna (1985)). The upper pancl shows the response of a 12 sphere; the middle
panel presents the response for an 8” sphere; and the lower panel shows the response for a 5™
sphere. An ideal dose response equals 1 across the energics shown. In a conventional neutron
remmeter, as the size of the moderator decreases, the accuracy of the dose response becomes
increasingly poor, with a 5” moderator system over-responding by approximately 50 times at

around 0.001 MeVand under-responding above 10 MeV.
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Fig. 2 shows the responses of 2” and 5” diameter polyethylene moderators with thermal
neutron detectors in their centers. The two response functions with neutron energy are very

different and this difference can be exploited to achieve accurate dosimetry.

Fig. 3 shows the ratio of the response of the 5” moderator to that of the 2”” moderator.
This curve indicates that the ratio of responses can uniquely identify the energy of the neutrons
over the thermal and intermediate energy region. For a distribution of neutrons, the ratio will

provide an average energy of the distribution which is well suited for accurate dosimetry of

practical radiation fields.

This invention describes a remmeter that is based on the use of one or more hydrogenous
moderators each incorporating a hydrogenous spectroscopic fast neutron detector and a thermal
neutron detector. The remmeter utilizes the principle of spectral dosimetry, where the encrgy or
energy distribution of the incident neutrons is first measured and then this energy information
(along with the measured flucnce) is used to establish the dosimetric quantity using the various
fluence-to-dose conversion curves (e.g. H*(10), NCRP-38). This contrasts with trying to design
a remmeter whose intrinsic response is similar to one of these curves. This has been proven to
be very difficult to achieve because of the intrinsic properties of moderators; the main difficulty
arises from the large variation in the fluence-to-dose conversion factors, especially over the
range 1 keV to 1 MeV, where the variation exceeds a factor of 30 (Fig. 4). Using the method ot
spectral dosimetry, this large variation in response is largely mitigated through the use of the
energy and fluence information, and the appropriate fluence-to-dose conversion curve to

calculate the dose.

The desire for minimum weight for the remmeter also requires minimizing the signal-

processing electronics in the system. This invention proposes a technique that enables readout of

both fast and thermal neutron dose information using a common photodctector and electronics.

Fig. 5 illustrates the principle where the thermal neutron detector is located inside, or is a
coating on the surface of, the new plastic scintillator; and the plastic scintillator 1s, 1n turn,

embedded within the 27 or 57 diameter moderator. Each of the two sub-assemblies now
R
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produces two sets of spectral/dosimetric data: signals from the plastic scintillator from gamma

rays and neutrons, and signals from the thermal neutron detector from gamma rays and neutrons.

Fig. 5 also illustrates the concept of neutron remmeter, using two moderator assemblies.
CLYC is used as the thermal neutron detcctor at the center and 1s embedded within a
hydrogenous fast neutron detector (i.e. plastic scintillator), which in turn is surrounded by a 5”
diameter x 5 high cylindrical moderator (left) and by a 2” diameter x 2” high cylindrical
moderator (right). A single photomultiplier (PMT) detects the signals from both the plastic

scintillator and the CLYC scintillator for each detector/moderator assembly.

Fig. 6 shows these two pairs of signals when a thermal ncutron detector called CLLYC 1s
used as the center detector. This figure is a conventional display for neutron/gamma
discrimination of signals. The particular type of signal (gamma, fast neutron, thermal neutron) is
selected using mathematical boundaries to circumscribe the signals of intcrest. In this case, the
fast neutron signals (from hydrogen recoil) from the plastic and the thermal neutron signals
(from thermal neutron capture in °Li) are the signals of interest. Here, the fast neutron signals
from the plastic provide the information for measuring the neutron spcctrum for fast neutrons,
while the signals from the thermal neutrons provide the response to thermal and intermediate
energy neutrons. Both sets of information arc provided by using a singlc photodetector (e.g. a
photomultiplier). By using this photo-detection scheme, one gets the fast neutron responses and
the thermal + intermediate energy responses for the two moderators assemblies by using only 2
electronic processing systems despite the fact that 4 types of signals are produced by the

remmeicr.

Fig. 7 shows the neutron/gamma discrimination display where the outer surfacc of the
new plastic scintillator is coated with a thin layer of ZnS(°Li) paint for thermal neutron detection
and both scintillators (plastic and ZnS paint) are viewed by a single photomultiplier tube. Since
the ZnS paint is intrinsically not very transparent, the light from thermal neutron capture 1n °Liis
degraded and does not appear as a well-defined spot in this plot. On the other hand, because the
paint layer is less than 1mm thick, its gamma response in negligible. Here again, the hydrogen-

recoil signals from the new plastic and the °Li capturc reaction signal from thermal neutrons are
9
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casily separable using electronics means. These detection assemblies can be embedded within
the two moderators as a different embodiment of the proposed remmeter. In fact, any thermal
neutron detector (including but not limited to ®Li-glass, °Lil, '’B-glass) that has a different

fluorescence decay time from the plastic scintillator and can be physically embedded in the

plastic scintillator can be used 1n the envisaged remmeter.

The accuracy of spectral dosimetry is completely dependent on the accuracy of
measuring the neutron spectrum, since the subsequent conversion to dose is governed by curves
whose accuracy is assumed to have negligible error. For fast neutrons, where the spectrum 1s
measured using hydrogen recoil, this approach provides the most accurate technique for spectral
measurements of neutron fields. Fig. 8 shows a neutron spectrum using a liquid scintillator
(preceding the advent of the plastic scintillator) for a **”’PuBe neutron source. The double curve
provides an estimate of the fluence accuracy for spectral dosimetry. Expert groups (Devine et al
(2002)) have demonstrated that the fast neutron dosimetric response of the MSNP is accurate to

within 5%.

To assess the dosimetric accuracy of using two different sized moderators, we have done
Monte Carlo simulations of monoenergetic neutrons impinging the two moderators and used
their relative count-rate to derive the neutron energies for computing the dose for such

monoenergetic neutrons. Fig, 9 shows the accuracy of the dose-equivalent using such an

approach. The maximum deviation of £15% is a vast improvement over the accuracy of

remmeters based on the use of large moderators.

The scope of the claims should not be limited by the preferred embodiments set forth 1n

the examples, but should be given the broadest interpretation consistent with the description as a

whole.

10
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CLAIMS

The embodiments of the invention in which an exclusive property or privilege is claimed are

defined as follows:

I. A detection system providing neutron dosimetry across a wide range of neutron energies,

from thermal neutron energies to neutron energies in excess of 15 MeV, comprising:

an assembly comprising two or more different-sized hydrogenous moderators;

each hydrogenous moderator comprising
(1) a hydrogenous spectroscopic fast neutron detector;
(11) a thermal neutron detector; and
(11) a first photodetector for reading the hydrogenous spectroscopic fast

neutron detector.

2. The detection system according to Claim 1 where the thermal neutron detector is a

scintillator read by said first photodetector.

3. The detection system according to Claim 1 where the thermal neutron detector is a
scintillator, said detection system further comprising a second photodetector for reading said

thermal neturon detector.

4. The detection system according to Claim 1 where the thermal neutron detector is a gas
counter, said detection system further comprising pulse-counting electronics for reading said

thermal neutron detector.

5. The detection system according to Claim 1 where the thermal neutron detector is a solid-
state detector, said detection system further comprising pulse-counting electronics for

reading said thermal neutron detector.

i3



CA 02901709 2015-08-27

6. The detection system according to any one of Claims 1 to 5 wherein the ratios of thermal
responses from said hydrogenous moderators are used to provide accurate dosimetry for low-

energy neutrons and intermediate-energy neutrons.

7. The detection system according to Claim 1 wherein the sizes of the moderators and

detectors are chosen to enable both low dose rate and high dose rate detection capabilities.

8. The detection system according to any one of Claims 1 to 5 wherein the moderator sizes

are optimized, such that the cumulative weight of the assembly is less than the weight of a
conventional assembly having only a single hydrogenous moderator, while being capable of

providing comparable or better neutron dosimetry accuracy and sensitivity.

9. The detection system according to Claim 1 wherein said thermal neutron detector is
optimally positioned inside the hydrogenous spectroscopic fast neutron detector, which in
turn 1s optimally positioned inside the hydrogenous moderator, to achieve optimum isotropic

dose response.

10. The detection system according to Claim 1 wherein the dosimetric accuracy of cach
assembly 1s improved through the addition of a layer of neutron-absorbing material within
the moderator to reduce the number of excess thermal neutrons produced within the
hydrogenous moderator that reach the thermal neutron detector relative to the number of

intermediate-energy neutrons.

11. The detection system according to Claim 10 wherein the layer of neutron-absorbing

matenal includes Cd foul.

12. The detection system according to Claim 1 wherein the hydrogenous spectroscopic fast
neutron detector and thermal neutron detectors are scintillators having different pulse shapes

to allow electronic separation of fast-neutron, thermal-neutron and gamma ray events.

14
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13. The detection system according to Claim 12 wherein the thermal sensitivity is derived

from a coating of thermal-neutron-sensitive material applied to the surface of the fast-neutron

scintillator.

14. The detection system according to Claim 13 wherein the coating of thermal-neutron-

sensitive material includes Li-6 loaded ZnS paint.

15. The detection system according to Claim 13 wherein the coating of thermal-neutron-

sensitive material includes B-10-loaded ZnS paint.

16. The detection system according to Claim 13 wherein the coating of thermal-neutron-

sensitive material includes scintillating paint.

17. The detection system according to Claim 12 wherein the thermal neutron sensitivity 1s

provided by a thermal-neutron-sensitive scintillator which includes Li-6 1odide.

18. The detection system according to Claim 12 wherein the thermal neutron sensitivity 1s

provided by a thermal-neutron-sensitive scintillator which includes Li-6 glass.

19. The detection system according to Claim 12 wherein the thermal neutron sensitivity 1s

provided by a thermal-neutron-sensitive scintillator which includes CLYC.

20. The detection system according to Claim 12 wherein the thermal neutron sensitivity is

provided by a thermal-neutron-sensitive scintillator which includes elpasolite compounds.

21. The detection system according to Claim 12 wherein the hydrogehous spectroscopic fast
neutron detector is doped with a thermal-neutron-sensitive material to provide both fast and

thermal neutron signals separable by pulse-shape-discriminating techniques.

22. The detection system according to Claim 12 wherein signals from both the fast and

thermal neutron scintillators are viewed by a single photodetector and neutron/gamma pulse-
15



CA 02901709 2015-08-27

shape-discrimination techniques are used to distinguish the signals from the two scintillators

embedded within a single hydrogenous moderator.

16. The detection system of Claim 15 wherein the photodetector is a photomultiplier.

16
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Fig. 1 Response per unit dose-equivalent versus neutron energy for conventional remmeters

using spherical moderators of various sizes (data taken from Awschalom and Sanna (1985)).

B e
o

Dose Response
= 3
»
S
#»

- 2
do
-
1N

10" 10 10
Energy (MeV)

o
=d
o
-
o

-t
N
»

Dose Response
o

0 o | e e b0 Joud, ord] Yol 3o p 3

10° 10° 10" 10” 10° 10

Dose Response
4

10 10 10 10" 10’ 10’
Energy (MeV)



CA 02901709 2015-08-27

L0+340'F 00+d0 )

: 4

..........

asuodsay .. 2——

4444444444444444

....................................

(lepoiy Duuageds feuusyl Yim ¢1 Nv3o buisn pajejnofe))
S13)uUa) i) Je $10]1339)3( UONNIN [euIdy] Im s31aydg 10jeiapoly aUdAYIaAI0H JO sasuodsoy

(A2)) ADI1ou3

-

,
b
b
k

0301

POTYPL)

-

“ 4 .

. < .

. 4

< . *

® . . .

. :

oot LI ) CE . e Ll S . . . . 3 . . . . .s B R R L . N D ess o A .o . .
; . . :
. . 3

: ” ) .
t- T A A v . v v ol o KSR PP =00 T TR A YOV - SO AERR AR TP P AN S IR, AT BRANSAAA

H . ‘ .
. . o ) »
: : : R

K : .

: .

: . .

. 3 .

LN .

'-l .

h .

e S -- - * e s .. . .. .. - o .- v o s’ .

O30 L G0-301 O90-d0F L

Aadk

PP N S T —

040}

(;W2) 8oauan|4jsuocnoeey g

¢ 81



CA 02901709 2015-08-27

(A°1) Abisu3

b0+30 1 00+40'L L0301 ¢O-401 t0 40 ¢ 1200 (U GO-d0 | 9030 ¢ 0401
. S [ S S S — m w N — Xt = ¢ |

ALAAMLAMRRRRAMGED NP A A, G 0,8 o o R
'
~er

-

.......................................................................................................................................................................

.........................................................................................................................................................

.....................................................................................................................................

.........................................................................................................................................................................................................................................................................

00+40 1

o

oljey

VIV RV Y VYV VT T T TV VTR Y

e e
m .
; w

S S - —— Y S Y e S e -

N AW A VAL S A MY A A A WO WA Y T W YOSV VY YV T T T Y

AT e A ST M R AMCAAE N, M. A 30 A A
}
|
|

- N
L
:
g
|
i
:
:
i
<
§
|
|
i

o
-
+
Lil
<
-«

Y({.t.,w)),\.(..)..i. A A A

-

L
d
A F
h
~
.
~
~
~
<
A ..... oo . . cees bn + sess semsessssss sessses ssses see
"
b :
4 .
k :
p .
.
>
>
3 7 E
...................................................... Mm.-. e 4 RS . b - . h
>
k 4 b
. y
. y
] : .
k ¢ .
............... $ . cmsssss cemess ssses o 9 b . ¥ —
3 > :
> N
> K}
L I 3 4
.
. >
............................ B ST 4 .. ¥ _ .
i . :
............................................................... . . .
] 1
b
....................................................................................................................................................... R p ue o
b 3
F SO e St B e e BB A ARIEAR L LRGN R b ® b e e e A W e e e AR AL N P NN Y CONN L s R I A=W Vapinmiteg gt L A e Vrevr===ssssbrir==ra=srtrr=r== RN irra-uavs » AR .ur... .......... N VLR R e e e e, e R R R T

. - . . . . S et . = e . . o
-
B R L I e e N e I L R L T L R R N N e b R R L R b e L + F

Jojeiapoyy [eduaydsg g 01 .G Jo Isuodsay Jo oney

€ 81



CA 02901709 2015-08-27

Ol

?‘.“.‘fﬂm(r(m"ﬂ?im(mﬂ?(#f({(ww!ﬁmv'--' vV v
. . .

m‘.........;.i..,m.r.-'c.?m.'
4 .
4
.
§
-
.

T

?

T

(AQIA) >9qu
0T 01 01

N! vl 0.’

»»r.(-,v..n-.z.-le. S L R R e e R T e e - e s T R R L A Ead bttt bl ] -l.o(az-.-(gt;.'(..\}d’.b’.ot.aws...t-giigs}a\g(ﬁl{ --- WY 8 TR YT

I
0

b bondon B

-
=

. T

— 0T

i

|
-
-

(WO bs Agd) J0JoB4 UOISIaAUOD 9S0(J-0)-aduan|

(S

p)
s

SRS T

((01).H) 30U

VW ANV iy i YA Y Y

N|4 M_o JHun me Em_mzscu owoo EmﬁE(,

01

p oI



CA 02901709 2015-08-27

J03)2@ UOLINSN

ST X WS'TO
uono933(q UoNNSN Ise{

10§ JOIR|IUPS J1se|d

:O.N& -

~9QqnL Jal|dR|NwoIoyd _~aqny Jandpinwooyd

.07
JOJeIS PO
[EILIPUIIAD

.0°S
J0)BINPO |EDUPUINAD

Wwp X Wwpg
101919Q uonnNdN
[eULIDYL DATD "

ST X WS'TO 3
uono33aQg UONNIN Ise4 7

10} 103R||QUIIS J13Se)d - —.0'SP

'SOI[QUIASSE JOIRISPOW OM]) SUISN ‘IJUWIUAI UOHNAU Jo 3daouo) ¢ 81y



CA 02901709 2015-08-27

adeys

s
.t A
oy
D
o

.........
...................

1adnnuwoloyd [3UIS © AQ PaMIIA 1019312P D AT Y} WOIJ pue SIOR[[IIUIdS d1ise[d Y] WOIl S[eusdiS 9 Sy



CA 02901709 2015-08-27

ASlaug]

sewweon

i
%
A

Ny o M

SUOJINAN jewayl ¥ .

R AN

Moo A NN N

noAk A

(uawydeye Jardnmuoloyd

JOJ doeJInS BUIPN[OXd) d9eJINS INNO s)t uo pajured (]7,)SUZ JO IaAe[ Uy} B WOIJ pue Joje[[1UIds onse[d e WoIJ S[euslS [ "SI



CA 02901709 2015-08-27

(A°PW) ADJoUD uonNanN
002 08l O3St oyl O¢Cl 00l og 09 o't

O
o
o

T 00

), "
W
N, -
/f..f.f.!. }*
{?&1‘0“““\..

Ol

Q
N
AN /(7LD U) edusn|4

o3
R N

ot

o
(($861) 1 32 BuJ woy uae)
BYep) uoneUIWLIOSIp adeys-osind Yim I0je[[UIdS PmbI] € Suisn paInseawr “@0Inos UoNnau agnd, . & wolj wnnoads uonnaN § “aiyg



CA 02901709 2015-08-27

(A2A) AD1au3

01 0T 0T 0T Ot

.9.5%‘:5)13%{2 LY AV A AN AL D A Al e A N M R N b b B a4 e N i ot s S enmaies oo s are peinman s Ao e PR— AT AT Y Arh A A .
w...:”_ T BAS A ﬁ LIER R YT QAN 200 He I A

- e - . . .
. . . % . . . i " . : ‘ . ' . - . = . - . . * -
3 : o : - . .
< . ' g - . . . . . X .
- . . - - - - . . o on
3 * % : Y - : . . - ' ' . " L : . - - . - : -- . . D .
Puide s o . .. - - . . - . N N TR . ce e . ' . e 8 et . - - o .. -, e ' . . . . . - .. . Loy, . ." . . wind
.o . - . . . . . . . . . . .
. ' . r - . X .
p - . . - . . . . s . . . . .
b : : - - . . . G- . e ) o
- . - . o . ' ' . . - . . . . . '
' ) B . : . : . - . L T . ! . . . - . . ) :
. . = . . - * - * . - - -I . . . . . - . . N
N : . . - . . : ' . . . o . .
. . : . . . : . . . - . ) ? . . . - . ) v ) . . . : . . ' ' ’

B bl b e 4t b gt

. L4 . - . . . . : - e o
. . . . . . . ' . . . . . oo o . . . . .
N o -‘ . N . . . . - .
. - . . K - 3 .
. - : . - . . . v ~ . . . v . . . . " . -
. . . ’ : . % . i . . :
AR . 4o, R . e ) o 2 .. v " T TR A ¢ - . . v - . ' < = . = e “a T T ¢ . e o .- e e e e o . ox .. .- .ot S LI S . m e D - . L L L - S, - . . . B o :
o . . - - - . - . . . . . - " . o o
. . , . . . . & . = . . . ) . “ o o B
. . - o S - - - - . .
. - . . e . o . . -
- . N - - . . . . N - v . - . : . - ) . - . .

& 1

»
&

¢
ﬁ

&

&

B

&

o

B

B

&«
&

i

|

as5u0dsay as0(] aAlERY

ol e ol AL v, 3wy it ‘f‘ 4

S . s -

mamwujuuu-h“q..

n.\ - N ) g . -
W AN A i :mmpwﬂk.m

PS\W))’..{«.H. .\i....).{.h. (.\S)W e .m. AR AT, <. m : m . . e - |.W %%?Ag%br\ asqrg%.fzah.?i

SUOJINSN o:wBo:m ocoS_ 10} wyjiobpy mc.w: owcoawmm mwon_

ARIA | 01 [BUIDY} 23Ukl A3I9Ud UOINAU 3} I2A0 Ydroidde 10jeIdpOW-7 3} Suisn Jud[BAINDI-3S0p JO AoBINIIY 6 “SI



Concept of neutron remmeter, using two moderator assemblies.

(255.0"%\ ~Plastic Scintillator for
N /" Fast Neutron Detection a @2.0"
| 91.5" X 1.57 .5 _~Plastic Scintlllator for
| (.~ Fast Neutron Detection
| -~ CLYC Thermal v BLS"X 1S
? | Neutron Detector J |
B4mm X 4mm gl ———CLYC Thermal

Cylindrical Modulator e Neutron Detector
5.0° Y Z4mm X 4mm
Cylindrical
y Moderator
2.0"

Photomultiplier Tube—" Photomultiplier Tube -~
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