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Abstract

The characteristics of neutron interactions and their detection were studied using
two AmBe neutron generators in a water moderator and both a BF3 and *He propor-
tional counter. The optimum operating conditions of the BF3 counter were found
as 1710V and 3us for the operating voltage and shaping time respectively. The
characteristic features of a spectrum from the °B(n,a)7Li reaction in the boron
triflouride detector were illustrated and the efficiency of the system estimated to be
0.35740.001 counts per thermal neutron per cm?. Neutron flux measurements as a
function of position in the water tank were recorded and the cadmium ratio curve
was shown to increase with distance from the detector. The *He counter was shown
to have a greater efficiency for detecting thermal neutrons than a BF3 counter at

0.846+0.001 counts per thermal neutron per cm?.
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1 Introduction

Ionising radiation generally occurs in the form of electromagnetic photons such as - and
X-rays or fast charged particles such as a-particles, electrons and positrons ([-particles).
Another form of radiation is the uncharged neutron particle. Although neutrons cannot
ionise matter directly, they can cause nuclear reactions or suffer neutron capture with
atomic nuclei, resulting in the production of heavy charged particles or high energy ~-
rays. The neutron interaction plays a fundamental role in the study of nuclear physics,
since their lack of charge means that unlike charged particles, neutrons can penetrate
the nucleus and initiate nuclear reactions at low energies without having to overcome the
Coulomb barrier [1]. However, the lack of Coulomb interaction presents some experimental

problems for energy selection, neutron beam production and detection.

The basis for neutron detection is the secondary, indirect effects caused by a neutron
dose to matter that result in ionisation events. Beams of neutrons are generated from a
variety of nuclear reactions, each producing a range of neutron energies, then generally
a target material is used to undergo nuclear reactions with the neutrons. The charged

particles produced by these reactions are detected using conventional methods.

This experiment uses an americium/beryllium (AmBe) neutron generator in a water
tank to produce neutrons in the energy range 0-11MeV, a boron triflouride (BF3) and a
helium-3 (3He) proportional counter to investigate the characteristic features of neutron
reactions and their detection. The ability of both detectors to measure fast and thermal

neutrons is studied.



2 Background Theory

Beams of neutrons for study in the lab can be produced from a number of nuclear reactions
[2]. A typical neutron source is the AmBe generator. This comprises a high activity
("GBq) ?'Am a-emitter mixed with a beryllium powder placed in a sealed can. **'!Am
has a half-life of 433 years [3] and emits a number of a-particles in the range 5.389-
5.546MeV (with the most dominant decay branch producing 5.486MeV a-particles 86%
of the time) [4]. Neutrons are then produced through the reaction of these a-particles with
the stable isotope of beryllium, “Be (equation 1), which has a relatively loosely bound

neutron, and therefore a positive Q-value and large cross section.

‘He +°Be —'2 C +n Q=57MeV (1)

The long half-life of the 24! Am source results in a constant rate of neutron production with
an output of 10° neutrons per second for an activity of 18.5GBq [5] and an energy range
of 0-11MeV. The neutrons produced are not monoenergetic for a number of reasons.
Firstly, a number of a-particle energies are produced by the 2*'!Am source, which will
collide with surrounding materials, slowing them down and inceasing the energy range.
The conservation of momentum and energy also play a role, since neutrons are emitted
isotropically relative to the a-particles direction, which will produce a continuum of energy
posibilities. There is also a finite probability that the '2C is left in an excited state, so

the full energy of the reaction will not be given solely to the neutron.

Since neutrons are uncharged, they cannot be accelerated in the same way as charged
particles. It is therefore necessary to start with high energy neutrons, such as from
the Be(a,n) reaction, and reduce their energy through collisions with atoms of various
materials. This process is known as moderating and for typical AmBe sources this is done
by placing the source in a water tank. The energetic neutrons are therefore slowed down
to energies of the order ~0.025eV through multiple scattering events with the hydrogen in
the water molecules. Over the distance of a few cm, neutron capture reactions generally
occur to produce deuterium (?H) and v-rays. The moderated neutrons are classified by

their energies in the following way [1]:



Name Energy
Thermal ~0.025eV
Epithermal “1leV
Slow “1keV
Fast =100keV-10MeV

As a flux of neutrons travels through a material, its intensity will decrease as neutrons
are removed via nuclear reactions. For fast neutrons, many reactions are possible, but for

slow or thermal neutrons the primary cause of their removal from a beam is capture.

Neutrons produce no direct ionisation events on interacting with matter, so the study
of neutron spectroscopy must rely on the detection of the charged particles produced
by secondary, indirect ionisations from nuclear reactions and neutron capture by atomic
nuclei. Nuclear reactions can directly produce heavy charged particles, whereas neutron
capture produces high energy ~-rays that subsequently generate fast recoil electrons that
can be detected. A widely used detector for neutron measurements is the BF3 proportional
counter. The chamber is filled with boron triflouride gas with a fine anode wire mounted in
a cylindrical cathode shell, and is operated at a sufficiently high voltage to cause internal
gas amplification, producing an output pulse directly proportional to the energy of the
charged particle created [6]. The neutron interacts with the 1°B in the gas in the following

ways:

YBin—TLita  Q=2792MeV (2)

UB4+n —"Li*+a Q =2.310MeV (3)

The resulting ions in each case share the available momentum, resulting in a continuum
of energies for each charged particle. The "Li is preferentially left in the excited state (94%
dominant), with the reaction to the ground state occuring 6% of the time. The "Li* ion
subsequently de-excites via the emission of a 447keV 7-ray. A good characteristic of this
kind of detector is therefore its excellent discrimination against 7-radiation. Another
characteristic is the BF3 counters efficiency as a function of neutron energy. At thermal

energies, the °B(n,«) reaction has a cross section of 3837 barns. This reduces to ~1 barn



as the particle approaches the fast neutron energy range, resulting in the detector having
a much higher sensitivity to thermal neutrons than fast ones. The relative sensitivity
of a detector to thermal and epithemal neutrons can be investigated from neutron flux
measurements with the counter and through a cadmium (*3Cd) sheath surrounding the
counter. Since cadmium has a high neutron absorption cross section for energies below
0.4eV, it is virtually opaque to thermal neutrons, but reasonably transparent to epithermal
neutrons. Measurements at various locations with and without the cadmium relative to
the neutron source can therefore show how the flux of epithermal neutrons vary as a

function of position.

The pulse height spectrum collected for any set of neutron interactions will have a
number of characteristic features [2]. In the case of the '0B(n,a) reation there will be
two full energy peaks due to the deposition of energy from the two reactions in equations
2 and 3. The relative intensities of these two peaks should provide an indication of the
branching ratio of the interactions. In most practical cases, the size of the detector tube
is comparible to the range of the a-particles and recoil lithium nucleus produced in the
reaction with boron. This means that some of the events will not deposit their full energy
in the gas due to collisions with the chamber wall. This is known as the wall effect and
results in a continuum of partial energy depositions in the detector. Also present are
two energy steps due to the loss of the a-particle or “Li ion in the counter wall. Since
the incoming neutrons have energies in the thermal range, they carry no appreciable
momentum, therefore the two reaction products must travel in opposite directions. If one
of the ions travels towards the chamber wall, resulting in a partial deposition of energy
in the gas, the other must travel away from it, and is therefore likely to deposit its full
energy in the gas. It is expected that wall losses are seen for only one reaction product
at a time, where the combined energy deposition distribution off all events where one

reaction product strikes a wall is simply the sum of the energy deposition for each event.

Another widely used neutron detector is the 3He proportional counter, which is based

on the reaction:

*He+n —"'"H+*H Q =0.756MeV (4)



This reaction is initiated by neutrons with energy F,,, where the total energy released in

the interaction, Er, is equal to:

Er = E, + 0.756 MeV (5)

This energy is shared between the proton, (*H) and the triton (3H), where the total energy
released for thermal neutrons is Epr=0.756MeV. The reaction cross section for the 3He
interaction is 5330 barns, reducing to 1 barn at 1MeV. This relationship reduces as a
function of 1/v, where v is the neutron velocity and is similar to the reactions involved in

the BF3 counter. *He counters are therefore also strongly sensitive to thermal neutrons.

The efficiency, ¢, of any detector to measure neutrons can be calculated from the count
rate of a source, C;, number of neutrons emitted by the source, N, and the source to
detector distance, r (equation 6). However, this is simply an estimate since it neglects the
effects of neutron absorption in the moderator material and extended detector geometry.
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This experiment uses two AmBe neutron sources in a water tank, a BF5 and a *He pro-
portional counter connected to an oscilloscope and multi-channel analyser to investigate
some of the characteristics of neutron interactions and their detection [5]. The optimum
working conditions for the BF3 counter are found and the efficiency of each detector for
measuring thermal neutrons found. The *He counter is then used to study the evidence

for fast neutron interactions.

3 Experimental Procedure

3.1 Neutron detector characterisation

The BF;3 detector is placed over the most active AmBe source in the water tank. For an
amplifying shaping time of 4us, the high voltage (HV) power supply is slowly increased
in steps of 100V and the pulse height on the oscilloscope is measured in units of mV. At

1500V the HV is increased in steps of 20V up to 1900V and the timer and counter used



to measure the counts in a 10 second interval. The pulse height in 100V intervals is still
measured in this region, then graphs of count rate and pulse height as a functon of voltage

are plotted and the plateau region is used to find the operating voltage of the detector.

The charge collection time for the BF3 detector is investigated by recording the pulse
height and pulse width as a function of shaping time. Graphs of these are plotted and
and the optimum shaping time for the detector is the time at which the pulse amplitude

levels off.

Once the optimum working conditions for the detector have been set the multi-channel

analyser is used to collect a pulse height spectrum of the sources in the tank.

3.2 Neutron flux measurements

A region of interest is set over the main peak in the spectrum, and a series of readings
are taken using the trolley arrangement to record the neutron flux at various positions in
the tank. A plot of count rate as a function of position is made, and readings repeated
using a cadmium sheath over the detector to absorb the thermal neutrons. By comparing
the two sets of flux measurements it is possible to determine the relative sensitivity of a
BF3 proportional counter to thermal and fast neutrons. The efficiency of the detector can

then be calculated from equation 6.

3.3 Neutron Spectroscopy

The BF; detector is replaced by a *He gas proportional counter and set to its optimum
working conditions, with a voltage of 1100V and shaping time of 1.5us. A pulse height
spectrum is recorded and the efficiency of the detector found in the same way as for
the BF3 counter. The detector is placed directly over the AmBe source to minimise
the moderation of neutrons from source to detector and the response of the counter is
recorded. This is repeated with the Cadmium sheath in place in order to reduce the

impact of thermal neutrons. Evidence of fast neutron interactions can then be studied.



4 Results

4.1 Detector characterisation

Figures 1 and 2 show the pulse height from the oscilloscope and the count rate as a
function of high voltage (HV). The midpoint of the plateau region and therefore the
detector operating voltage in figure 2 was found to be 1710V.
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Figure 1: Oscilloscope pulse height as a fuction of HV
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Figure 2: Count rate as a function of HV



Figures 3 and 4 show the pulse amplitude and pulse width as a function of shaping time.
The point at which the amplitude levels off in figure 3 indicates the optimum operating

shaping time of 4us.
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Figure 3: Oscilloscope pulse height as a fuction of shaping time
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Figure 4: Pulse width as a function of shaping time

Figure 5 shows the pulse height spectrum obtained for a BF3 detector in the neutron tank

using the multi-channel analyser. The main features are labelled and discussed further in

section 5.
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Figure 5: Pulse height spectrum for a BF3 detector

4.2 Flux measurements

Figure 6 shows the neutron flux measurements as a function of position in the tank. The

positions of the two neutron sources and their activities [7] are indicated in Appendix A.
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Figure 6: Neutron flux measurements as a function of position in the water tank

The measurements in the tank were then repeated using a cadmium sheath over the

detector (Appendix B). Figure 7 shows the cadmium ratio curve, which was calculated

from the ratio of thermal neutrons (measurements without the cadmium minus counts
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with cadmium) to epithermal neutrons (cadmium measurements) as a function of distance
from the source. A position was chosen at the centre of the two sources and the distance

varied along the width of the tank.
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Figure 7: Cadmium ratio curve of thermal to epithermal neutrons

The efficiency of the BF3 detector was then estimated by taking a count rate over
the full energy spectrum directly over the most active source and using equation 6. This
count rate was 684845 counts per second and the activity of the source was calculated
to be 17.8GBq [7] leading to a value of approximately 9.65x 105 neutrons being produced
per second. The efficiency of the detector was therefore found to be 0.357£0.001 counts

per thermal neutron per cm?.

4.3 Spectroscopy

Figure 8 shows the spectrum obtained for the *He proportional counter. The main features
are labelled. A count rate over the full spectrum was recorded as 1624447 counts per
second in the same way as for the BF3 counter, which lead to a detection efficiency of

0.8464-0.001 counts per thermal neutron per cm?.
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Spectrum for a *He Detector
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Figure 8: Pulse height spectrum for a 3He detector

5 Conclusion

This experiment has demonstrated some of the main features of neutron interactions and
their detection. Firstly, the optimum operating conditions were found for a BF3 propor-
tional counter as shown in figures 1-4. Figure 1 illustrates a characteristic curve of a
proportional counter [1] from the oscilloscope pulse height as a function of HV, with a
recombination region up to “400V, saturation region between “400-900V, electron multi-
plication threshold at 900V and a proportional region from ~1500V. The recombination
region occurs where the electric field strength through the gas is not great enough to sep-
arate electron-ion pairs due to a radiation interaction in the chamber for long enough, so
they recombine. In the saturation region, the field strength is large enough for electron-
ion pairs from an ionisation event to be collected and are directly proportional to the flux
of radiation, whereas beyond the threshold for electron multiplication, the electric field
produces an avalanche of secondary electrons, where the output pulse is still proportional
to the input radiation energy. This is known as the proportional region and is where
the detector should be operated. Figure 2 shows the count rate as a function of HV for
the proportional region shown in figure 1, where the midpoint of the plateau indicates
the ideal operating voltage for the detector. This plateau extends for several hundred
volts, with only a shallow gradient, indicating that small variations in the voltage supply

within this region do not affect the detectors efficiency. The operating voltage was found
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to be 1710V. Figure 3 and 4 show the oscilloscope pulse height and width as a function of
shaping time. Both curves start to level off at “4us, which is an indication of the charge
collection time for the BF3 counter. This is the total time from the initial creation of the
electron-hole pair in the gas to the avalanche electron reaching the anode (typically of the

order us for most detectors).

Figure 5 illustrates the main features of the spectrum from the °B(n,a) reaction dis-
cussed in section 2. The count rate in each of the two energy peaks were recorded to
produce a 6.24-0.1% probability of a reaction to the ground state of "Li and a 93.840.1%
probability of a reaction to the excited state. An unexplainable feature of the figure is
that the full energy peak for the reaction to the excited lithium state appears as if there
are two peaks close together which are unresolved. This is not a feature of the reaction

mechanism, but a spurious response of the detector itself.

A survey of flux measurements in the water tank was carried out (figure 6), which
illustrated a falling count rate as a function of distance from the two AmBe sources. The
highest flux measurement was 7480+14 counts per second at a point close to the most
active source (Appendix A). The error in these measurements is not shown in the figure,
but a run time of 40 seconds was chosen so that the statistical error in the count rate
was of the order of 0.5%, which was comparible to the error in placement of the detector
of 0.3%. As the neutrons travel away from each source through the water, they will be
moderated until they are in thermal equilibrium with it, and since the detector is more
effective at measuring neutrons in the thermal range it would be expected that the count
rate increases with distance from the source. However, the inverse square law can also
be applied, which says that doubling the distance from a source will reduce the dose
received by a factor of 4. This effect is shown to be greater than the moderation effect.
Figure 7 represents the ratio of thermal to epithermal neutrons as a function of distance
through the tank via the cadmium ratio curve. This shows that as the distance from the
sources increased the ratio of thermal to epithermal neutrons also increased. This is to
be expected since the more energetic neutrons will be moderated as they travel through

the tank.
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An estimate for the efficiency of both the BF3 and *He detectors was found using
equation 6. Values of 0.35740.001 and 0.846+0.001 counts per thermal neutron per cm?
were obtained. This means that the 3He is much more sensitive to thermal neutrons than
the BF3 counter, where thermal neutrons are detected 84.6% of the time they are emitted.
These values are only estimates however, since in reality a range of neutrons are produced
by the AmBe source between 0-11MeV, but the counter is only sensitive to the lower
energy neutrons. Also, as they travel even small distances to the detector some neutrons

are moderated, adding to the count rate and therefore increasing the efficiency estimate.

Finally, a spectrum was collected using the *He detector (figure 8). The main features
are labelled and similar to those discussed in section 2, where the full energy peak corre-
sponds to the reaction in equation 4. A measurement was taken directly over the strongest
source and a count rate obtained over the full energy spectrum of 966747 counts per sec-
ond. A similar measurement was taken using the cadmium sheath to obtain a count rate of
40441 count per second. Since cadmium is opaque to thermal neutrons, only those above
the thermal range were detected, so the fact that there was still a count rate, although

much lower shows that higher energy neutrons were interacting and being detected.
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7 Appendix A: Neutron Source Information

The figure below shows an overhead view of the flux through the tank with the position

of the two neutron sources in the water tank labelled.

Flux Measurements
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Figure 9: AmBe generator position in the tank

Source A (S86RG) had an activity of 11.1GBq and source B (S125PH) had an activity
of 18.5GBq at the time of experiment on 07/11/05.
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8 Appendix B: Neutron Flux Through Cadmium

Figure 10 shows the neutron flux survey of the tank using a cadmium sheath placed over

the detector. Only those neutrons whose energy are above 0.4eV are therefore recorded.

Flux Measurements with Cadmium
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Figure 10: Survey of epithermal neutrons in the water tank
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