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LIST OF CHANGES

According with the referee recommendations, the following changes were made
(they are underlined in the attached new version of the manuscript)

Referee comment: The results can be considered as a proof of principle,
but some comments on the applicability of the technique to detect water
in a diffused state, as in many situations of interest, would have been
useful.

Answer: The following paragraph was added to Section IV: Conclusion.

In general cases of practical interest, related for instance, to different amounts
and/or concentrations of the prospected substance, or different geometrical
configurations, or even different substances, adequated calibrations must be
conducted to discriminate between specific situations. It is also suitable to
mention that due to the scattered nature of the prospection neutrons, the
presented method admits side-on substance interrogation, i.e., the interrogated
substance does not need to be placed in the plasma focus-to-detector line of
sight. This fact can be conveniently used to widen the applicability field of the
discussed technique.

Referee comment: The abstract is far too long and should be re-written
thoroughly.

Answer: The abstract was re-written and shortened (please see the amended
version of the manuscript)
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Abstract

A compact plasma focus operated in deuterium which produces 2 10° neutrons per pulse, has

been used as a radiation source for water detection by neutron scattering. The detecting system

is composed by two silver activation sensors operated simultaneously on every shot. These

detectors have quite different responses depending on whether the incoming neutrons are

energetic or thermalised. Energetic neutrons come from the plasma focus itself, whereas those

thermalized come, scattered, from the substance to be detected. The comparison between the

readouts of each detector allows to reveal the presence of the blanket. The shot to shot variation

of the plasma focus neutron yield does not preclude the detection. In practice shots with yields

belonging to the 2 10” — 2 108 range, can be conveniently used. The obtained results indicate

that the method is able to detect water contents of few percents in volume placed about 8.5 cm

away from the plasma focus chamber. The presented method admits side-on as well as

directional detection.




I. INTRODUCTION

Among other non-conventional applications [1], neutrons produced by DD reactions can be
used as probe radiation to detect the presence of hydrogenated substances, water, for instance
[2, 3]. Conceptudly, the detection mechanism is similar to that of echography: a pulse of
energetic neutrons (2.45MeV) is sent to the region of interest, and then, using an adequated
sensor, the medium response is registered, which consist in the dispersion (and thermalisation)
of the incident neutrons.

Due to the high effective cross section of hydrogen for neutron dispersion, as compared with
the rest of the elements, the experimental analysis of what happens to a neutronic flux used as
probe radiation, gives valuable information to reveal the presence of hydrogenated substances.
Application examples are: soil humidity studies [2], water content in oil, and detection of
hidden dangerous substances.

Recently, the feasibility of water detection using a small Plasma Focus as a pulsed neutron
source was demonstrated [3, 4]. Two silver activation detectors [5] were used: one to register
the number of emitted neutrons, and the other one to detect the scattered neutrons. The
experimental set up is shown in figure 1. The comparison between both readouts allows to
determine whether the water is present or not.

In this paper, a directional detector of scattered neutrons is proposed and experimentally
tested. Its sensibility to different water quantitiesis also studied.

II. EXPERIMENTAL METHOD

A small 10.5 uF, 30 kV (4.7 kJ) Plasma Focus, called GN1, was used as neutron source. This
device is detailed elsewere [6, 7]. The optimum average neutron yield, ~ 10° n/shot, is attained
when operating at 3 — 4 mbar of deuterium. The measured neutron anisotropy for this device,
defined as the neutron flux ratio emitted in the electrode axis forward direction respect to the
flux emitted 90° appart is 1.4.

Both neutron detectors have 4 Geiger tubes Victoreen 1B85, polarized at 800 V, each of them
covered by a 0.3 mm thick silver foil. Silver has a resonance peak for neutron capture, with a
beta decay, at 5€V. The reference detector is a 28 x 34 x 14 cm® box containing paraffin to
moderate fast neutrons. The scattered neutron detector does not contain paraffin for it to be
sensitive to neutrons scattered by the substance and, at the same time, to be insensitive to the

direct Plasma Focus neutron radiation. The reference detector has a background of 66 + 8



counts in atime interval of 20 sec, whereas the scattered neutrons detector reads 60 + 8 counts

in the same conditions.

LINA 4 detector

Directionality in scattered neutrons detection requires shielding against neutrons moderated in
the Plasma Focus sourroundings. Laboratory walls, floor and other structures, appart from the

Plasma Focus itself, specially its capacitor bank, are sources of unwanted thermalized neutrons.

The °B has a high cross section for thermal neutrons capture. Therefore a substance
containing a high proportions of boron, placed as a shield arround the Geigers, can be used to
diminish the neutron flux coming from undesired directions. A common substance rich in boron
is the sodium tetraborate (NaxB4O7) usually known as borax. In figure 2 a drawing of LINA 4
detector using borax powder is shown. It consists of a metallic box containing the four Geigers
attached to one of its faces. The rest of the box is filled with borax. There are about 5 cm of
borax sourrounding the Geigers except on one side, which acts as a collecting window. The
borax thickness used is about 5 times the free mean path of 5 eV neutronsin this substance.

To verify the detector’ s directionality awater wall was used as scattering substance, as shown
in figure 1. The LINA 4 detector was placed 35 cm away from the chamber and at 8.5 cm from
the 33.6 dm? water wall. Two extreme orientations were tested: one (A) with the window facing
the water wall, and the other one (B) with the window oriented in the oposite direction. In this
last orientation, the window can collect neutrons coming from the capacitor bank, which
contains substantial amounts of plastic and insulating oil.

The readouts of both detectors were registered for each orientation with and without the
water wall. Between 10 and 15 shots were performed for each one of the four resulting
configurations. The obtained results are shown in figure 3, where the LINA 4 counts are ploted
against those from the reference detector. According to its calibration, a readout of 1000 counts
from the reference detector correspond to atotal of 10° emitted neutrons.

Firstly, cases A-1 and A-0 (corresponding to the orientation A with and without water,
respectively) can be distinguished, where a substantial difference in slopes is evident
(0.348 £ 0.013 and 0.0856 + 0.0078). The uncertainty bands correspond to 95 % confidence
interval. Since the measured data exhibits errors of the same order of magnitude in both
coordinates, the method of reference [8] was used to obtain the slopes and their uncertainties.

Secondly, when the orientation is B, the presence of water does not produce significative
difference on the LINA 4 response (slopes are 0.162 + 0.010 and 0.143 + 0.013 for the cases
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with and without water, respectively). This illustrates the low sensitivity of LINA 4 detector to
neutrons not coming through its window.

Additionally, since the slopes corresponding to cases B are significantly higher than those of
cases A, it can be concluded that the capacitor bank has a sensible effect on the moderated
neutrons field in the Plasma Focus head sourroundings. Therefore, the borax shielding

effectively contributes to the detection efficiency.

III. APLICATION AND SENSIBILITY

As an application example of water detection and to illustrate the method sensibility, a
configuration like that of figure 1 was set up, where the water was implemented using 56 plastic
bottles of 600 cm® in volume and 7 cm in diameter (see figure 4).

Filling either al or some of them, different water concentrations can be obtained.

Four configurations were considered, one with all bottles empty, and the other three, filling
56, 32 y 16 of them (see the sketch of figure 5). LINA 4 detector was placed in orientation A.
The obtained results are ploted in figure 5.

It is observed that the method permits to distinguish between configurations, since the
corresponding slopes of the linear fits are different (0.348 £ 0.013, 0.2838 + 0.0092,
0.208 + 0.011 and 0.162 + 0.011).

According to these results, the minimum detectable water volume is ~ 16 filled bottles, that
is, ~9.6dm®, for the geometric configuration depicted in figure5. Since the considered
distribution of water in volume is discrete, the relationship between the water volume and the
corresponding slope is not expected to be simple. Nevertheless, a calibration conducted to

distinguish between different situations, is always possible.

IV. CONCLUSION

In the hydrogenated substances detection by neutron scattering framework, a scattered
neutrons detector that uses borax to block neutrons coming from unwanted directions was
proposed and experimentally checked.

From the obtained results, it can be seen that ~ 1 x 10® (~ 1000 counts on the reference
detector) is, in practice, the lowest number of neutrons per shot needed to detect water
quantities of about 10 dm® in configurations like those considered in this communication. For a

|ess intense neutron source, more sensitive neutron detectors must be used.



In general cases of practica interest, related for instance, to different amounts and/or
concentrations of the prospected substance, or different geometrical configurations, or even
different substances; adequated calibrations must be conducted to discriminate between specific
Situations. It is also suitable to mention that due to the scattered nature of the prospection
neutrons, the presented method admits side-on substance interrogation, i.e., the interrogated
substance does not need to be placed in the plasma focus-to-detector line of sight. This fact can

be conveniently used to widen the applicability field of the discussed technique.
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Figure 1. Basic set up for water detection by neutron
scattering. Dimensions are in cm.
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Figure 2. Drawing of the scattered neutrons detector LINA 4.
Borax encasing allows for detection directionality. Dimensions

are in mm.
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Figure 3. Plot of detected scattered neutrons versus emitted ones, with and without water present, for
orientations A and B of LINA 4 detector. Dashed lines correspond to 95 % confidence bands.



Water set up of 56 bottles in a
8 x 7 arrangement

60 cm
4 cm Reference

detector
Soerr! ',,,'
~ srtt! * 1sem
60 cm

S o
v fn'”nm

65 cm

8 5 Cl
Plasma

Focus
LINA 4

Figure 4. Experimental set up used to study the sensibility to different water quantities.
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Figure 5. Experimental results of detected scattered neutrons versus emitted ones for the

configurations depicted on the right.
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