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Abstract To many in our community the study of nuclesr Physics is a mentd exercise that
strengthens the mind, and helps to accumulate the appropriste number of points for a BSc degree.  In
redity many of the fundamenta concepts of Physics, and nuclear physics in particular, have led to
significant improvements in the community. (ref. MRI, CAT, PET, radiation therapy, nuclear power).
This paper addresses the use of neutron capture in the identification of dements in smdl amounts.
Applications have sgnificant import in environmental areas (ref. heavy metad detection, Ni-Cd battery
recycling) and community hedth (ref. Drug detection). Here we address the problems of nitrogen
detection in medicd applications (protein measurement) and explosives detection (parcel bombs and

landmines)

1 Introduction
One of the dangers of modern society

is an increesing posshility of high-profile
individuds and egtablishments being
sabotaged by terrorigts or other enemies, usng
explosves packaged in pacds o gndl
atides of mal. Common scanning methods
used in security Stuaions are not effective in
goecificaly  detecting  explosives. Metd
detectors for example respond to metds only,
which may or may not be an indicaion of an
explosve device The device decribed here
is desgned to detect the presence of the
explosve itdf. It is sendtive, specific and
completdy objective.

2 Theory
In this section we will discuss

The physics of rediative neutron capture
The detection of the grays

Practical problemsin gpplication

Design of the units

Other gpplications

2.1 Neutron reactions

The interaction of neutrons with nude leads
to a compound nucdeus. As with our generd
discussion of CN we noted that

st=ssc+sr
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If we were to irradiate a nucleus with a
beam of neutrons and assumed that the
nucleus was “totdly absorbing” , we might
expect the reaction cross section sr to be

given by

s;=pR?
In redity, because the neutron has an
interaction range the actud theory gives

s =p(R+1)?

The redity is that the totd cross section is
do egud to twice this vaue and this
results from the fact that there is of course
diffraction around the “black sphere’. So
thet on this Smple modd:

St= S+ 5= 2p(RHAY



This modd assumes perfect absaption. In
fact the probability of getting into the nudeus
depends on the reflection a the boundary of
the nuclear potentid. In optics it is the same
problem as reflection of light a the interface
between air and glass.

The solution is done in section 2.3 of Krane
and the resullting reaction cross section is.
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s, =p(R+%) K+K)E

K =+/2m(E - V)/hZandk = +/2mE / h?

As the neutron energy gets lower, E<<Vo,

7&: k-1>> R and k<<K
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This is known as the 1/v rule for neutron cross
ctions
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The object of thermd neutron ectivetion is to
observe ether an induced radioactivity (such
a cgpture on indium as in the pat 1 lab), or
grays following the capture of a neutron. The
grays following the cgpture of the neutron
and the formaion of the compound nudeus

ae characterigic of that nucleus, and ther
idertification can lead to identification of
the presence of a paticular dement in an
unknown sample. Hence our interest in the
technique for identifying nitrogen in protein
or in explogves.
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Since we want the maximum sengtivity, we
want to have the largest possble neutron
capture cross section.  Hence since sr vaies
as 1iv, we want to capture very low energy
neutrons.

The redity is that dl rdativey convenient
sources of neutrons give neutrons of high
energy.

2.2 Some sour ces of neutrons

2.2.1 nuclear reactions

reaction En  Reaction Q characteristics

d(d,3He)n EdQ 3.3 MeV needs accelerator
ford

d(T,4He)n Ed-Q 17.6MeV needs accelerator
for d

9Be(a,n)12C Ed-Q 5.7 MeV needs accelerator
ford

2.2.2 Radioactive sources

Mos <df-contained neutron sources are
based on the reaction:
Be(a nC.



Note that a compound nudeus of 3C is
fomed and one of the decay channds is
neutron emission. The sources can be made
sf-contained since the Q of the reaction is
only 57 MeV, ad sverd heavy radioactive
nude emit a-paticdes with sufficent energy
to initiste the reaction. For example ?*Ra,
21.Op0’ 241Am ]

Encapsulated Neutron Source
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12C* + 4.43-MeV gray

226Ra
210Po
241Am

The radioactive nudide Thus we have sources
where Be and the radioactive nuclide ae
inimately mixed together and seded in a vid.
(why?). These sources (you used a source of
Am-Bein pat 3) have two characteristics.

the neutron spectrum isamess
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Fig. 1. Specirum of seutrons from Ame-u-Be source.

Ref. M. N. Thompson and J. M. Taylor. Nwlear Instruments
and Methods 65 , 305 (1965)

they dl give a dgnificant gray flux, snce
the 12C that results is left in an excited Sate,
predominantly the 13 excited dae a 443
MeV. Hence in pat 3 you used the Am-Be
source as asource of high-energy grays.

2.2.3 Spontaneous-fission sour ces

Certan heavy nude ae inherently ungable
againg fisson. One such is 2°Cf. For this
source there are no high-energy grays, but
agan the neutronenergy Spectrum IS
continuous.

3 Neutron Moderation

Whichever source is chosen to use the
energy of the neutrons is high, and hence the
neutron-cagpture cross section is smdl. It is
usud to reduce the neutron energy by a
process caled neutron moderation.

Remember that neutrons, unlike protons, do
na lose enegy by ionization, hence ther
range in maiter is very long. The actud
digance travelled before losing ther energy
or beng ceptured is of order cm. As
neutrons travel through mater they interact
with nude. Some of these reections leed to
CN formation, and subsequent emisson of
reection products ~ However one of the
dominant reection mechanisms is dadic
scattering.  In this process the neutron loses
kinetic energy, and eventudly is dowed
down until it is in thema equilibrium with
the themad KE of the patices in the
medium.

The energy Es. of a neutron of a neutron
with initid energy E, after scettering off a
target nucleus of mass A isgiven by:

E' A*+1+2Acosq
E (A+1)?

The maximum energy loss occurs for a
head-on cdllison (q=180)




A- 1
A+1

Notice that for collison with a free proton
(A=1), the neutron loses dl its energy, <0 if an
efficdent moderator is needed hydrogen is a
good choice. Free protons are found in weter,
and dl hydrocarbons.

E(

E'min=

The average energy log in a cdligon is
quantified by the average logarithmic energy
decrement which issmply related to E/E’

x=[logE/E’]av and depends only on A

A-1
A+l

It is of course directly related to the average
number of collisons a neutron makes before
reaching thermd equilibrium

The moderating properties of certan materias
areligedintable1

Table 12.1 Moderating Properties of Various Nuclei
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moderating materid, provided of course thet
we can get a reasonable dendty of nucle.
Teking the dendty of scatering centres into

account gives the following data  The
measure of the effectiveness in dowing
down the neutrons is the “dowing-down
power”

As dways life is not smple  Although
hydrogen is the best moderator, it has a
tremendous appetite for neutrons. We know
this snce we have studied the deuteron.

pn-> d+2.23 MeV.

So dthough water quickly thermdises the
neutrons, more of them are absorbed, 0 the
flux of themd neutrons is less. Heavy
water, which has the H atoms replaced by
2H (deuteron), has had its gppetite daked,
and the cgpture cross section for thermd
neutrons is vey smdl. The ovedl
efficdency measure is indicaed by the
Moderaing raio, which is the ratio of the
dowingdown power (S) to the effective
capture cross section. The table shows that
heavy waer becomes the mogt suitable
choice asamoderator.

The next table expresses these properties in
tems of the path lengths of an average
neutron. The moderation length T is the
digance travdled by a neutron before
reeching therma energy. The diffuson
length L is the average digance travelled
before cgpture, and the migraion length M
is the vector digance travedled before

capture.
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4 gray Detection

gray detection relies on aomic ionization
processes where eectrons are produced, and
it is the enegy of these dectrons tha is



measured as an inddcation of the detection of
the gray. Those who have done the Nuclear
Lab. Will know thet the Photo-electric effect,
Compton scatering, and & high energies e-¢'
production are the processes.

The energy of the capture gray determines the
gze of the daector, and the required
resolution determines whether  efficient and
cheap Nal detectors, (such as used in the Part
3 ld) o highrelution, inefficent and
expengve olid-state detectors are used.
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Further details of this will be published in a
separate paper.

4.1 Spectrum from neutron captureon N
Neutron cpature by the nudeus N leads to

emisson of a gray of energy 10.83 MeV. To
detect this efficiertly a large Nal detector is
reauired. However because of the high
background, which is due to neutron cgpture
oin the surroundings, and the detector itsdf,
we arelimited to a3 inch x 3 inch detector.

A typica spectrum is shown in the next figure
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The spectrum of grays from a sample of nitrogen
containing materid. The 10.8-MeV gray indicaing the
presence of nitrogen is indicated. Note the vertica
scalesrelevant to the different regions of the spectrum

Severd points should be noted with regard
to this spectrum:

Evidence of the relevant gray can be
clearly seen a the maximum energy region
of the spectrum.

The number of grays is extremey small,
only being evident when the spectrum is
megnified by many orders of magnitude. As
such, dthough providing evidence of the
presence of nitrogen, would in this form be
unsuitable for a fad, objective detection
device.

The vast mgority of the spectrum is due
to grays from other dements particulaly
from neutron cgpture on hydrogen (223
MeV). This tends to obscure the reevant
10.8MeV gray.

The response of the detector to the 10.8
MeV gray lies on a smooth background that
contans the same order-df-magnitude of
counts as the nitrogen gray. This smooth
undelying continuum  results  from  the
random overlgp of smdler pulses (pile-up),
and would lead to a lack of reproducibility if
this smple system were to be used.

5 Specific Applications

5.1 Total body protein system _
The firg @gpplicaion where we usad this
technique was to determine the proten
content of the human body. Protein is the
only compound in the body contaning
nitrogen, and so was very suitableto TNA.

In this case a 2°Cf fisson source was used
for the unit, and the water in the body was




the moderator.

5.2 SNUPA Par cel-bomb detector

Design of Unit

So far we have not discussed the didribution
of thermd neutrons if we have a source in a
moderator.

Ignoring capture, we know that in the Steady-
date condition, the numbe of neutrons
emitted/sec from the source equals the number
d neutrons diffusng past a sphere of radius
R/sec. So tha the thermd neutron flux, or the
number of neutrons pasing unit aealsec=
Q/(4oR2). (How would you measure this?)

This means that if you wanted to get the
maximum thermd ectivation of a sample it
should be placed next to the source. In the
pat 1 expt where indium is activated, this is
0. In the present aoplication this is
impossble, and the difficulties associated with
our projects will be discussed in this section.

Development of the Prototype

We subsequently developed from the proof-

d-principle  unit, a prototype, which is

The type, amount, and geometry of the
moderaing materid have been optimized to
improve the sengtivity.

Novd and innovaive dectronics has
been introduced to minimize the underlying
ple-up.  Thus the underlying background
under 108MeV gray has been virtudly
diminated.

This ple-up remova hes diminated the
need to record a spectrum, so that a Smple
sum of events in the 10.8-MeV region will
uffice.

The insengtivity to pile-up means that a
dronger neutron source can be used without
compromising the unit' s rdiaility.

. The use of severd gray detectors is now
possble with a consequent increese in
sngtivity.

5.3 Humanitarian applications
Anti-personnel landmine detector

desgned not only to be suitable for routine |

office use, but which has dgnificantly |

improved sensitivity and rdlicbility & a resit | & 38

of addressing the problems aisng from the [

obsarvations outlined above.

Figure 2 The SNUPA Prototype

The features of the SNUPA prototype include:

! The authors wish to acknowledge the interest and
paiience of the gudents dtending (and deeping
through) the class. They dso hope that the problems
st for esch lecture are being atempted, and that the
results in the find examination will truly reflect the
effort expended.



