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PULSED-NEUTRON METHOD FOR DETECTION OF LAND MINES
James D. Gow, Richard C. Sinnott, Robert G. Smits

Radiation Léboratory, Department of Physics
University of California, Berkeley, California

.December 21, 1954
ABSTRACT

The detection of land mines by nuclear methods was suggested as
a possibility by scientists involved with design and development of special
weapons. This paper describes the project to investigate the quantitative
possibilities of some of these methods. . Two promising detection processes
evolved from the investigation: detection by delayed thermal neutrons and
detection by delayed-capture gamma rays.

A pulsed (d, d) neutron source is placed near a.large aluminum
box (18 by 18 by 24 inches) filled with soil or sand. As the neutrons enter

" the box they undergo collisions with the nuclei of the soil and are eventually

thermalized. : The thermalizing process is most efficiently done when the

fast neutrons from the source collide with hydrogen nuclei present in the

soil or sand. Because mines have a considerable hydrogen content, enhanced ,_
thermal neutron emission and (or) an increase in capture gamma rays emihat-
ing from the soil or sand in which a mine is present provides the possibility

of detecting mines. Obviously, if the hydrogen (water) content of the soil

or sand is equal to or greater than that of the mine, the detection process

fails. The water content of sand and dry soils are such that detection is
possible under conditions described in the report. ‘
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PULSED-NEUTRON METHOD FOR DETECTION OF LAND MINES
James D. Gow, Richard C. Sinnott, Robert G. Smits

-Radiation Laboratory, Department of Ph*_ysics
University of California, Berkeley, California

.December 21, 1954
INTRODUCTION

At the December 1952 meeting of consultants held at Stanford Re-
search Institute, it was suggested that development work be undertaken on
a method of land-mine detection based on the use of pulsed neutron sources.
Preliminary measurements were made at the University of California Ra-
diation Laboratory which showed that the method could give detection under
certain circumstances. These results were reported at the consultants’
meeting held at the Bureau of Standards in Washington in April 1953. 2 As
a result, a contract was arranged between the ERDL, Fort Belvoir, and
the AEC, to provide funds for further investigation of the method. It was
agreed that the work should consist of basic measurements of the magnitude
of the detection effects possible under various conditions of soil composition,
mine size, and depth. There was no intention yet of designing a field instru-
ment. The development work was aimed at providing the basic data neces-
sary to decide whether a field machine would be practical. The data were
also to provide sufficient information to permit some prediction as to the
probable performance of a field detector of given specifications. This report
states the results of the program. '

General Considerations

All methods for detection of buried objects have many features in
common. Some source of energy (sonic, radicfrequency, nuclear radiation,
etc.) radiates into the earth. Some suitable detector measures the signals
reradiated from the bulk of the earth under inspection. The success of such
a device is determined by the amount of alteration of the return signal caused -
by the presence of the buried object. In the general case the detector has
an output resulting from the combination of internal noise, external noise,
direct radiation from the source, and reflected radiation from the region
of soil under investigation.

"1f there is something that introduces delay between the radiation
incident on the material to be searched and the radiation returning to the
detector, advantages can be obtained from pulsing the source of radiation
and then making the detector sensitive after the source has been turned off.
Thus detection of direct radiation from the source may be avoided. If the
detector is switched off as soon as the delayed radiation has ended, it may
be switched on later into a different channel, which measures the internal
and external noise {''background'”). This permits a subtraction of these ef-
fects from the signal received from the material. . Detection consists basically

’ 2See series of reports issued by Stanford Research Institute on Nuclear
Methods of Mine Detection.

CONFIDENFIAL
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of measuring a change in the quality of the returned signal, caused by the
presence of an inhomogeneity in'the material onto which the signal is directed.

The irradiation of material with bursts of neutrons results in delayed
radiation. This delay is because of the slowing down and capture processes
for free neutrons in matter. If a short burst of high-energy neutrons (~3
Mev) is directed into a bulk of material, some neutrons are reflected near
the surface and escape. Others enter the material, where they make col-
lisions with the nuclei present. If the neutrons have energies larger than
the thermal energies of the nuclei, they lose energy in each collision. The
mean free path between collisions depends both on the nuclear composition:
of the material and on the energy of the neutron. In general, for energies
well above thermal, the neutron mean free path is of the order of a few inches.
The average fractional energy loss in a collision depends strongly upon the
mass of the struck nucleus, and is larger for light nuclei. In hydrogen it
is possible for a neutron to lose all its initial energy in a single head-on
collision. The average collision in hydrogen reduces the neutron energy
to 1/e of its initial value. The average energy loss for collisions with heavier
nuclei is much less. The neutrons that enter matter continue to lose energy
in such collisions until they reach thermal energies. In this process the
average neutron penetrates several mean free paths into the material. After
reaching thermal energies, the neutron continues to make nuclear collisions.

For each collision there is a finite probability that the neutron will
be captured and incorporated into the structure of the struck nucleus. When
-this happens one or more y-rays are emitted in the capture process. There
is also a finite chance that the neutron will be scattered back through the
surface, into the air. In this case the neutron is lost from the system, since
the mean free path in air is very long, owing to the low density. In any event,"
each neutron will either be captured or lost from the region of interest. Such
captures or losses are independent events. If we deal with a large number
of neutrons, and measure the number left in the irradiated material as a
function of time, we find that they disappear in an exponential manner. This
is because the probability of capture or loss is proportional to the number
of collisions and the total number of collisions (or losses) per unit time (after
thermalization) is proportional to the total number of neutrons:presént. "~ Thus
we have :

where - aN is the rate of disappearance of neutrons, \ is the number of col-
lisions per second per neutron times the probability that a capture or escape
will occur, and N is the number of neutrons contained in the material. The

number of neutrons remaining at any time t after the burst is given by

where N_ is the initial number of neutrons delivered to the material. It is

not important whether the capture rate or the population be measured, since.
each is proportional to the other. Because the mean free path and the capture
probabilities are functions of the kind of nuclei present, one finds some dif-
ference in the neutron disappearance rate as a function of the material.

"For most soils, however, the constants are such that very little change results
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in \. The inclusion of a small inhomogeneity in such matter does not appre-
ciably alter A\, because most of the neutrons do not chance to traverse it.
The quantity 1/\ gives the mean life of the neutrons in the material, since

.\ is the probability that they disappear per unit time. In general this mean

life turns out to be of the order of 100 to 300 microseconds. This "decay

time' provides the delay necessary to permit the use of pulsed sources.
The number of neutrons that thermalize in a givéh region during-

the initial slowing -down process depends sensitively on the amount of hydro-

~ gen present in the region. This is caused by two effects. One of these is

simply that the average energy loss per collision is much larger in hydro-
gen than for more massive nuclei. - The other is that the collision ''cross
section'' for hydrogen happe'né‘ to be considerably larger than that of most
nuclei in the medium- to low-energy range. In Fig. 2 this situation is il-
lustrated. Once thermalized, the neutrons diffuse only a short distance be-
fore they are captured. The thermal neutron density is increased around

a hydrogenous inclusion. One then finds that this increased density around
such an inclusion can be detected either by the increased number of capture
y-rays that come from the inclusion region, or by the increased ''leakage"
of thermal neutrons caused by the higher density of thermal neutrons around
the inclusion.

Clearly all neutrons that do not escape from the material are even-
tually captured in it. In the absence of a hydrogenous inclusion, however,
the neutrons thermalize and diffuse at greater depth. The resulting capture
y-rays, by the time they reach the counter, are attenuated by the increased
soil between the capture points and the detector.

Not only the y-rays, but also the slow neutrons that leak out are
attenuated by increased depth. A neutron thermalized close to the surface
has a better chance of being detected, as it makes fewer collisions on its
way back to the counter. But if they traverse enough material, all the neu- :
trons are thermalized, and in a deeply buried sample any change in distribution
caused by the inclusion of hydrogenous material is not apparent at the counter.
The return signal at either a y-ray counter-or a slow-neutron counter is
found to be larger if a hydrogenous inclusion is located near the source and
counter, provided the sample is close enough to the surface to affect the
neutron distribution. Further, the magnitude of the disturbance caused by
the inclusion is a function of the amount of hydrogen contained.

Since all practical high-explosive materials contain hydrogen, and

.any plastic case that may be used for mine packaging will probably contain

hydrogen, this effect offers a means for detecting the presence of such an
object.

In principle, one could calculate the return signals to be expected
from such a method of detection. . Calculations of the nature needed would,
however, be most difficult. Also many of the nuclear constants needed for
such calculations are imperfectly known. The practical questions as to the
magnitude of the effects seemed best settled empirically, since the neces-
sary experiments are readily done.

Two principal methods of detection of the return radiation were
explored in these experiments. One used a sodium iodide scintillation counter
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to detect gamma rays coming from the material as a result of neutron capture.
With such a counter, it is possible to measure the total number of gamma

rays and their distribution in energy. Since practical explosives contain
nitrogen, it was hoped that the presence of nitrogen might be detected. This
hope was based on the relatively unique spectrum of the capture y-rays in

that element. The amount of nitrogen involved in a buried mine is small

indeed compared to the total number of nuclei irradiated. In practice, so

few captures occur in the nitrogen that its high-energy y-rays are unobservable.

The second method of detection of return radiation used a BjpF'3
neutron counter of conventional design to measure the number of slow neutrons
diffusing out of the surface of the material after it had been impregnated
with a high-energy burst of neutrons.

For both detection methods only one factor was found to appreciably
influence the amount of radiation received by the counters after a neutron
burst. This was the presence or absence of hydrogen. As is seen in the
section giving the detailed experimental results, in all cases the presence
of hydrogen increases the amount of returned radiation. It appears to be
quite immaterial what the composition of the hydrogen-containing compound
is. The presence of water in soils interferes with this type of detector.

The detection ratios (ratio of returned radiation from soil containing a mine
to returned radiation from soil not containing a mine) fall steadily with in-
creasing water content. At something like 15 to 20% water (by weight) the
detection effects vanish into the general background. As long as the hydro-
gen content of the mine is appreciably different from that of its surroundings,
it is detectable. " For most situations involving sand, the mine will still con-
tain more hydrogen than the soil, since sand becomes saturated with water

at a content of about 3% weight. For soils of the adobe or loam type the water
content may vary between 10% and 40%. In this case the detector will operate
only at the lower water concentrations.

For a mine detector of this type tc be practical, two criteria must
be satisfied. First there must be an appreciable change in the returned sig-
nal caused by the presence of a mine. Second, the returned signal must
have a reasonable amplitude for practical values of source strength. A de-
tector that changed its output from 1 count/10 hours to 1 count/hour in the
detection process would have excellent signal/noise ratio but detection times
would be ridiculouslylong. When the statistical nature of the returned signal
is combined with the actual counting rates obtained, the detection times are
determined entirely by the necessity of accumulating sufficient counts to
make the statistical variations small in comparison to the changes caused
by the presence of the mine.
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EQUIPMENT AND PROCEDURES

Mock High. Explosive, MHE

For most of the experiments reported here the buried sample con-
sisted of an ''artificial’ high explosive. It was found that a mixture of car-
bon, in the form of graphite, and ammonium nitrate could be chosen that
closely simulates the average chemical composition of the common high ex-
plosives. The sample was compounded of 37% by weight of carbon, 63% by
- weight NHyNO;. This gives the following percentage atomic composition:
hydrogen 31.3, carbon 29.7, nitrogen 15. 6, and oxygen 23.4. This mixture
is henceforth referred to as MHE. The samples were sealed in small card-
board containers, which were waterproofed with tape and plastic spray.
This treatment was necessary to prevent the ammonium nitrate from absorb-
ing water from the air or soil..

For one set of experiments a 'special sample' was used. It was a
small mine case (M-14) filled with MHE. In order to demonstrate that the
method responds only to the presence of hydrogen, some other runs were
made using buried hydrocarbons, water and blocks of carbon, aluminum,
and’a dewar containing liquid nitrogen. Significant changes in the counting
rate of the detector counter relative to the source monitor were produced
only by the hydrogen-containing samples. The magnitude of the detection
effects was in all cases closely proportional to the amount of hydrogen in
the sample. : ‘

Exper ime_ntall Setup

For all experiments (both systems of detection) only one basic ge-
ometry was used. The neutron-producing target of the accelerator (see Ap-
pendix I} was placed in close proximity to a large aluminum box (24 by 18
by 18 in.). This box was filled with the type of soil under investigation.

The counter that was to detect the radiation returned from the soil was placed
to the side of the target. For gamma counting with the Nal counter, lead
shielding was placed between the target and the counter to reduce direct ac-
tivation of the counter by fast neutrons. For the thermal-neutron detection,
no such shielding was used.

The general procedure consisted of making measurements of the
total counts accumulated by the detector .counter during the irradiation of
the earth with a known number of fast neutrons. Such measurements were
made with the box containing only earth, or earth plus a measured amount
of MHE at the desired depth. In y-ray counting, an additional variable is
the spectral distribution of the y-rays. . For this method it was necessary
to investigate the counting rate per unit energy interval for various samples
and sample positions.
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DETECTION BY COUNT OF DELAYED THERMAL NEUTRONS

The geometry used for the detection of buried explosives by delayed
thermal neutrons is shown in Figs. 1 and 4. Two identical counters were
used, both being standard BjgF3-filled neutron counters. One of these (mon- °
itor counter) was placed ~ 3 feet from the accelerator target and surrounded
with a paraffin moderator. This counter served to monitor the output of
the neutron source. It was calibrated in approximate number of neutrons
per count by means of a standard PoBe neutron source that could be placed
near the neutron-producing target. The detector counter was placed along-
side the neutron-producing target. As far as practical, any material that
might retain thermal neutrons was kept away from this counter. The counter
signals were amplified and delivered to standard UCRL gated scalers. Two
scalers were provided for each counter. The times during which these scal-
ers could record counts were controlled by a scaler gating unit (see Figs.

5 and 6).

The neutron source.waspulsedat 6Q.cps.and adjustedtogive a. 200-psec
burst of neutrons. After a delay of 25 pusec from the end of the neutron burst,
the detector signal scaler was turned on and kept sensitive for 300 psec.
After further delay of 6, 542 psec the detector-counter signals were counted
for 600 psec into the detector-background scaler. Since by this time all the
neutrons produced in the burst would have been captured, the detector-back-
ground scaler recorded only counts resulting from stray radiation. The
number of counts on the detector-background scaler was divided by 2 before
subtraction from the detector signal scaler count since the detector background
scaler is gated ''on'' twice as long as the detector signal scaler. At the end
of this 600-psec period, the monitor counter background scaler was gated
on. This gate remained open for 8,333 psec. The monitor-signal scaler
was allowed to count throughout the time. Thus the background for the mon-
itor counter was measured during the last 8, 333 psec of the 16, 667-psec”
period of the pulsing sequence. (A 667 pusec period at the end of the sequence
was left to insure that the neutron background scaler gate would not drift
into the region of the neutron pulse.) Again assuming all the neutrons pro-
duced in the burst have been captured in the first few hundred microseconds,
this background signal multiplied by 2 gives the actual background, which
must be subtracted from the neutron monitor count to get a net count propor-
tional to the true neutron output. The timing sequence is shown in Fig. 6.

The choice of the length of time for which the detector-signal scaler
is to be made sensitive is a compromise between obtaining the maximum
number of real counts and leaving it sensitive so long that appreciable back-
ground counts are included. This time was chosen by first measuring the
apparent decay rate of the signal in this counter after the fast-neutron burst.

- This was done for SiO, sand with 2% (by volume) water content: To make

this measurement, the gate width for the detector-signal scaler was set at
100 pusec and the gate moved to various times after the neutron burst. The
number of counts for a constant neutron irradiation of the sand was recorded
and plotted as a function of time (Fig. 7). The apparent half life is 215 psec.
When the detector-signal scaler counting time is set at 300 psec substantially
all of the signal is recorded.
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OBSERVATIONS AND INTERPRETATION

Detection Ratio

The experiments with this system consisted of the burial of samples
of MHE at various distances:-from the counter in various soils. The change
in the net detector counting rate relative to the net monitor counting rate ’
caused by the sample was measured. In order to express the data in simple
form, two quantities are used. One of these is the detection ratio. This
is defined as the change in net detector counting rate relative to the net mon-
itor counting rate caused by the introduction of the sample into the soil.

Let Mg be the total monitor counts minus background accumulated
during a run (i. e., the outgoing neutron flux) and M+ be the total counts minus
background accumulated by the detector counter (the thermal neutrons re-
turned to the detector) during the same run. The detection ratio is defined

g

'—]"’JI'-J

(sample in)

g =

1138

DR

— (sample out)
F

g

When there is no detection DR = 1. When a sample is introduced, the DR
becomes >1. The change in the net detector counting rate relative to the

net monitor counting rate caused by inserting the sample may be usefully
expressed as percent detection = (DR - 1) x 100. This quantity is plotted

in Figs. 8, 9, 10, and 11 for dry sand (est 1/4% H>O by volume), sand con-
taining 5% water by volume (substantially saturated), and dry adobe soil.

The adobe was analyzed by Stanford Research Institute and proved to have

a total H>O content of 9. 8% by weight (free, 5. 6%; bound, 4.2%). The samples
used in these measurements are as shown on the graphs. For all these meas-
urements the sample was placed directly in front of the counter, as shown

in Fig. 13.

For all the data shown in Figs. 8, 9, 10, and 11, the deuterium
target and the counter were spaced approximately 2 inches from the front
surface of the box. '

One expects some variation in the counting rates and detection ratio
as the counter and target are moved away from the surface of the soil. This
effect was investigated by measuring these quantities as a function of the
distance of the machine from the soil surface. Figure 12 is a plot of the
variation, '

These runs were made for a fixed sample depth chosen to give a
high detection ratio. It is seen that there is a fairly rapid variation in the
spacing range of one to three inches. The curve becomes rather flat there-
after. In a field machine one would have to choose a compromise distance
that could be held in practice. T
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It is also of interest to know how fast the signal falls off as the sample.
moves away from the center of the counter. A set of runs at constant depth =
was made in which the sample was placed at various positions. These data
are plotted in Figs. 13 and 14. : ‘

Searching Rates. ( Mathematics)

The time required for searching a given area with this method is
fixed by the statistical nature of the returned signal. It is obviously neces-
sary to accumulate sufficient net counts from the detector counter to assure
that any variations in rate observed are real and not statistical fluctuations.
The following analysis gives the times that would be required for detection
with a machine having properties similar to the equipment used in the lab-
oratory investigations. Also included are the scaling laws, which will per-
mit extension of the data to other sets of specifications. (See Appendix III.)

The searching time is a function of many related variables. Among
the variables are neutron flux from the machine, net number of counts (per
unit time) recorded from counters with sample in and sample out, detection
ratio, and the chance that a negative indication may occur even though a mine
is present. We must recognize the statistical nature of these measurements;
the interrelations between the variables may be illustrated quantitatively as
follows. '

The detection ratio DR is a ratio of M /MF with sample in to MT/MF
with sample out, where My and Mg are the net nurnber of counts from detector
and monitor. Let us designate the net number of detector counts with the sam-
ple in as M; and with the sample out as MT,. The higher the number of counts
in any counter the lower the error; as the counting rate of the flux monitor
counter can for all practical purposes be made as high as one wants, we can
safely assume that we know My exactly. If we set the conditions so that Mg
with sample in is no dlfferent from MF w1th sample out, then DR becomes
simply MTl/MTo . R

From:statisti cal‘Brocedure we knowithat the ‘frac’cmnal probable i

error in Mgy is.0.67/YMTi and in Mg is 0. 67/yMT, , so the fract1ona1
probable error in DR is therefore

V%) ()

- We can designate this as fpp.

Let us also set the conditions so that counting time with sample
in is the same as counting time with sample out. Then MTj = DR MTo so:

. =< 0. 67 >2+ 0. 67
DR I\Y(DR)MTo/ ~ \IMTo,

M
—— i} J DR+ 1 . To _ : i
Then: f.DR_ 0.67 W‘; but: " t whe.rev_RTo is the count _

ing rate with no sample and™ 't = time. To
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1/2 _ DR +1 , (1)
then: T fDR. (RTOt) = 0. 67 R -

Frofh the above equation, we can determine how 1on )ve must count to get
a certain fractional error fDR A plot of fDR (RTot) - F(DR) vs DR is
given in Fig. 43.

Detection Factor

The above equation is calculated using the fractional error (fpRr)
because it fits the type of calculation very nicely. Another method of indicat-
ing error lies in the probable error, called E. This error defines the limits
of arstatistical number, such as the detection ratio, so that the value given
+ the probable error, E, will have a 50-50 chance of including the true value
of the number. If the detection ratio is given as 1.5 £ .1, the probable error
{E) is 0.1 and there exists a 50-50 chance that the true value of the detection
ratio is between 1.4 and 1. 6 or is greater than 1. 6 or less than 1. 4. However,
the chances of the number's being much less or much greater than the given
number become progressively tess as the deviation from this number (1. 5)
becomes larger.

The relationship between E and fpgr is indicated as follows:

(DR) fpp = E .

- At this point it is advantageous to define a quantity that will describe
the relationship between the chance of a large deviation vs the amount of the
deviation (error). This quantity is called the detection factor, DF, and is
related to the probable error (E) and the detection ratio-DR. Thus,

DR -1
DE = =g—
and is also related to the fractional error, fDR»

DR -1

PF " (TR) (DR)

It will be noted that the smaller the fractional error (fpRr) or the pfobable '

error (E), the larger the detection factor DF. A graph of odds against no
detection'' vs detection factor is given in Fig. 44. It must be kept in mind
that the detection factor is a number describing the "safety'" of a given search,
and as such is subject to the choice of the designer of the machine. The
detection factor, by putting limits on the errors, influences the time required
for detection. A sample calculation is given in Appendix. III which indicates
the use of the detection factor.

Searching Rates (Counter geometry)

So far we have discussed the interdependence of detection time and
detection ratio (DR), fractional error (fpRr), and detection factor (DF). The
time is also a function of neutron flux from the source, number of counts
recorded from the counters, and the machine geometry The arrangement
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we used for collecting data had one BF3 counter* to detect thermal neutrons
from the box (detector counter). This counter would 'look at'" an area of
approximately 0.5 ft7.. If two counters were placed next to each other and
connected in parallel, the counting rate would double and an area of about

1 £t could be observed by the counters. With four counters, an'area of 2 ft2
and four times the counting rate could be observed, etc. At this stage, how-
ever, an analysis of what is happening to the % of detection [(DR -1) x 10@
is important. - .

Reference to Figs. 13 and 14 shows how the percent detection varies
as the sample is moved to various positions, with respect to a counter and
the source, but is kept at constant depth. Taking the data for one counter
while moving the sample around is equivalent to moving the source and counter
over the sample. It will be noted that, for the planar run (Fig. 13), the per-
cent detection does not change radically over the range observed. If the
sample were placed in Position 3 but on the other side of the source, the
percent detection would be zero (or very nearly so). If, then, we had a set-
up such as that in Fig. 3 but with all 12 counters connected in parallel, and
a mine directly under the counters on the right side, no detection would be
sensed by the left side and the net percent detection would be half of the max-
imum possible percent detection. The answer to this problem would be to
have each set of four counters operate into separate indicating devices.
Because the source radiates isotropically we may place these sets of counters
as shown to most efficiently utilize this symmetrical radiation. Figure 14
shows the variation as the sample is moved along a line perpendicular to
the axis of the BF3 counter. The sets of four counters were chosen so the
areas observed would be approximately square and would smooth the more
rapid variation shown in Fig. 14.

. Even with the sets of four counters the percent detection is reduced
somewhat if the mine is not centered. About all that can be done, at this
stage, is to make an educated guess at the reduction. If a mine in the shape
of a 2-inch cube (like our sample) were centered under the end two counters,
the net percent detection would be about 25% less than in the ideal case with
only one counter and the mine exactly centered.

Under the conditions described above, with three sets of four counters
each for the detecfors, the time for "looking at' 6 ftZ (2 ft2 per counter set)
would appear to be reduced to 1/4 of the values listed in Figs. 15, 16, and
17 (with only one counter). This reduction is due to the linear relationships:
between the counting rate and the number of counters. The reduction in DR,
however, does not show a linear relationship to the amount of time needed
for detection, but goes approximately as the square (refer to Eq. (1) page
13), and increasées the time needed for detection by a factor of about 1. 6.
Thus the searching time listed in the graphs would be reduced by a factor
of about 1. 6/4 or about 0.4. A 100-second searching time with laboratory
equipment would be reduced to 40nseconds with the above-described equip-
ment.

If, in addition, source strength were increagéd by a factor of 10,
this time would be reduced to one tenth, or 0.04 sec, because this is a linear
relation. If a further tenfold increase in the strength of the source** could

#The particular counter used had an efficiency of 2%.
*%*The time graphs, Figs. 15, 16, 17, 25, 26, and 27 are based on a source
intensity of 10° neutrons per second, average.
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be obtained (108 neutrons per second) the times would be reduced by another '

factor of 10, and so on.

The counter efficiency is about 2%. If, by increasing the volume,
density, etc., of the counters, a gain of 10tin the efficiency cculd be obtained,
then another reduction of ten in the search time would be achieved, The.
search times wouldnow be reduced to 1/2500 of the time with laboratory equip-~
ment. (Assuming that the methods of increasing the efficiency of the counters
would not affect the geometry sufficiently to reduce the percent detection by
more than a factor of 25%, as mentioned previously.) A laboratory search
time of 1000 seconds would be reduced to 0.4 second, with a search.area
of 6 ft.Z and a linear dimension 6f 2 ft. The vehicle carrying a detector could
now move at a rate of 2 ft.per 0.4 second or 3.4 miles per hour.

It must be kept in mind that the above discussion is based on extra-
polations of the data accumulated in the laboratery, and is subJect to exper-
imental verification with a field model. Some of the extrapolations are well
justified (time vs neutron flux, t1me vs counting rate), wh11e others are more
in the realm of an !"educated guess.

Special Experiments

The possibility that the detector counter might have a high background
count due to thermal neutrons reflected from the walls of the room and there-
fore show lower detection ratios than might be obtained in the field was checked
in the follow1ng manner: A curved piece of 1/16-inch cadmium sheet was -
placed in back of the detector counter on the room side (i.e., away from "
the wall). By this placement, any thermal neutrons directed toward the counter,
other than from the ''sandbox', were captured in the cadmium. The detection
ratios were unchanged by the addition of this shield, and it was therefore
demonstrated that the neutrons counted were coming principally from the
"*sandbox'". ‘

A carbon block (3 by 3 by 6 inches) was placed at a 2-inch depth
in sand + 5% water by volume to see if the carbon in the MHE had any effect
on the detection ratios. The percent detection for this case went slightly
negative, indicating that the carbon was a somewhat less effective moderator
than wet sand. :
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Fig. 1. Neutron-counter orientation.
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"DETECTION BY DELAYED-CAPTURE GAMMA RAYS

The geometry used for the detection of buried explosives by delayed-
capture y-rays is shown in Figs. 18 and 19. A sodium iodide crystal attached
to a photomultiplier tube is used to detect the y-rays emitted from the soil
or sand-under observation. A paraffin-moderated BF3 neutron counter is
used to monitor the neutron flux from the machine and is placed approximately
3 ft.from the neutron source (the same position as in the delayed-neutron
method). The BF3 counter was calibrated by placing a standard PoBe neu-
tron source at the target position of the pulsed neutron source.

The y-ray counter requires a lead house around it on all sides (ex-
cept that facing the sandbox) in order to reduce background. The y-counter
signals are fed through a special shaping circuit and cathode follower to the
gated scalers. The gating sequence for the scalers is shown in Fig. 6 and

is identical to that used for the thermal-neutron method. Appendix II describes

in detail the counter setup.

The method for determining the detection ratios follows the same
steps asthe method for delayed thermal neutrons. The neutron source is
~ turned on and the net number of y-ray counts vs the net number of counts
from the neutron monitor is compared in a ratio of MY/Mn with sample in
to M, /M, with sample out, where M, is y-ray count and M, neutron mon-
itor count.* These data are plotted in Figs. 20, 21, and 22.

With the use of a scintillator, such as Nal, it is possible to observe
the energy as well as detect the presence of a y-ray, since the amplitude
of the output pulse of the photomultiplier is proportional to the y-ray energy.
With the process of detection by delayed thermal neutrons, the energy of
the neutrons, being thermal, is essentially a constant and the neutron-detector
counter detects only the presence of thermal neutrons and not their "energy'.

A pulse-height analyzer is placed between the y-ray detector and
the counters in order to observe y/n**l ratios (both with sample in and sample
out) vs energy {pulse height), and detection ratios vs energy. These data
are plotted in Figs. 28, 29, 30, and 3l for wet sand and adobe soil. A search
- was made for a unique y-ray line resulting from one of the capture reactions
in the explosive, but no useful ones were found. The above-mentioned curves
indicate that the detection ratio showed some variation with energy, but it
was not helpful, because the peaks that occur at high energy are based on
y/n ratios that are, in some cases, less than the values at lower energy by
a factor of about 102 {(Figs. 29 and 31). This means that the y-counting rate
is down by a factor of 10 and it would cost this much time if the rest of the
spectrum were discriminated out by a pulse-height analyzer for the relatively
small gain in detection ratio. In other words, the integral y/n values and
resulting detection ratios described in Figs. 20, 21, and 22 are.too close
to these peak values to merit the sacrifice in counting rate.

*MY M, is the same as MT/MF for thermal-neutron method.

¥¥y/n = My/Mn ‘
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Detectors: Effect cf Crystal Size

The efficiency of a given size Nal crystal decreases as the energy
of the y-rays increases. For detection of the delayed-capture y-rays at
lower energies, a cylindrical crystal 1.5 in in diameter and 1. 0 in long was’
sufficient, In order to observe the higher-energy y-rays with practical count-
ing rates, however, we used Nal crystal 3.5 by 3 in.

. The curve for percent detection vs depth for dry sand (Fig. 20) was
taken with this large crystal in order to determine if the detection ratios
would be higher than with the 1.5-in. crystal. The detection ratios were the
same in both cases. The count rate from the large crystal was much higher,
however, because it would "'lock at" a larger area of soil and be more efficient
at the same time. The data for the searching time and percent detection in
dry sand {Figs. 20 and 25} are given for the 3. 5-in.crystal. The remainder
of the data were taken with the 1. 5-in.crystal. '

All calculations on scaling laws and those by which the scanning-
time curves {(Figs. 25, 26, and 27) were found are exactly the same as men-
tioned in the sectionondelayed-thermal-neutron detection,

The geometry considerations for the y-ray counter are somewhat
different from those for the neutron counter. In the neutron counter the sen-
sitive volume is a cylinder about 8 in. long and 1.5 in. in diameter, but for
the y-ray counter, it is a piece of Nal 1.5 in. in diameter and 1 in. long.
Obviously the y-ray setup can ''see' a much smaller area than an equivalent
BF 3 counter (compare Figs., 13 and 24). The area seen by the 1. 5-in. Nal
crystal is of the order of 0.15 ft.2 It becomes apparent, therefore, that
from two to three Nal counters are needed per one BF3 counter.

Special Experiments

When this project was undertaken one of the possibilities discussed
was the detectlon of a unique y-ray from nitrogen resulting from the
'N14 (n, y) N+ 15 reaction. This reaction has predominant y-rays at 10.8, 7.4,
6 3, 5.6, 5.3, and 4.5 Mev. As mentioned above, to efficiently see these
high-energy y-rays we used a large Nal crystal (3.5 in. by 3 in.). Any ef-
fect due to this reaction was undetectable with our equ1pment for the tirge
of geometry and for the neutron fluxes encountered. The. N4 (n, y) N2 re-
action does not appear to be a practical means of detection of buried mines.

It was suggested that the y-rays resultmg from neutron capture
in mercury might be investigated, as many mines have mercury fulminate
detonators. The cross section for neutron capture in Hg is rather -high (380
barns). A l-gram sample of pure mercury was fastened to the standard 2-1b
sample of MHE and runs were taken with the sample only and then with the
sample + 1 gram of Hg. No change in detection ratio was produced by the
presence of the mercury at any y-energy. :

In order to be sure that the y-rays we detected were truly due mainly
to the hydrogen present we attempted to detect the presence of the following
things: (a) aluminum (no effect), (b) liquid nitrogen {no effect), (c) carbon
{(no effect), {(d) CO, in the form of dry ice (no effect). All the samples were
about 3 by 3 by 6 m and were placed from 1 to 2 in. deep in dry sand.
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A series of runs in dry sand with the 2-1b sample at 2 in. was taken
with a 1-in. -thick lithium hydride '"filter" between the box and the y-ray counter.
Lithium has about a 7. 5% abundance of Lié, which has a thermal neutron -
cross section of about 900 barns. This is sufficient to attenuate (or absorb)
all thermal neutrons before they strike the crystal. The capture reaction
in Lib gives short-range charged particles, which cannot enter the crystal.

The y-rays are only slightly attenuated by this "filter'. The detection ratios
as well as the y/n ratios indicated that the Nal was counting y-rays and .
not thermal neutrons.

The d-d reaction, used for all experiments so far described, yields
2.8-Mev neutrons. A run was made with 1-Mev Li” (p, n) neutrons using
the proton beam of the UCRL Van de Graaff. The results from 1-Mev neu-
trons coincided, within statistics, with the data taken with 2. 8-Mev neutrons.

Method of Calibrating the Gamma-ray Counter

Because the y-ray counter is energy-sensitive, it is important to
maintain its calibration of energy vs pulse height. . Every morning and night
a calibration run was made to be sure that the equipment was not drifting.

A standard PoBe source was placed in front of the y-ray counter and a pulse-
height analyzer run was made on the y-rays from this source. If the energy
peaks coincided for both the morning and evening runs the system had not
drifted. :

The calibration curve is plotted in terms of counts vs base-line
voltage of the pulse-height analyzer with window width constant.
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CONCLUSIONS

Gamma-ray Method vs Thermal-Neutron _Method

The most important comparigon in relating the two methods is that
of percentage detection [(DR - 1) x 100 The following table will most ad-
equately demonstrate the comparison. ~ In the column marked '""Best", the
# indicates a point where one system detects and the other does not. We
arbitrarily chose 10% detection points as the lowest useful ones, and gave
depths for the best system at the 10% point. In all but two:cases, the neu-
tron method is superior. :

Another major disadvantage in the use of the y method is the compli-
cation that attends the use of sodium iodide scintillation detectors. The rapid
variation of counting rate with pulse height would require exceptionally well-
regulated power supplies and a much higher order of precision in the count--
ing equipment. In addition, photomultipliers and the detecting crystals are
both very fragile items. It would involve a large effort to engineer these
items to field suitability. In principle, a large array of y-ray counters could
probably give higher counting rates than an equivalent array of neutron counters
(for given source intensity). However, it seems apparent that the neutron
method, with practical sources, will give counting rates such that the search-
ing ratewill not be limited thereby. It will be limited by practical vehicular
speeds and operator abilities.

. General

The ultimate aim, obviously, is to produce a field machine that
will detect actual mines. The data in this report show that mines of sizes
used today can in some cases be detected by this method. The signals on
which the system works are not large. They are comparable with the best
of other mine-detection methods in signal-to-noise ratio. The scheme will
work in sand where bther methods are said to fail completely, and is not
too sensitive to small water contant in the soil being searched.

The translation of the laboratory equipment discussed in this report
into a practical field instrument however, will involve many problems. Among
these are the design of a suitable pulsed neutron source, the design of suit-
able electronics and display devices, and the design of an adequate platform

to keep the equipment at a fixed small distance from the surface of the soil
being searched. It must be emphasized that in total complication this device
will be comparable with a small radar, and will require very well-trained
personnel for operation,

If it is decided that there is sufficient need to warrant further ex-
ploration of this problem, it is recommended that a competent nuclear en-
gineering firm be engaged to develop a suitable neutron source. In parallel
with this, a group should be given the problem of translating the counter
signals into data that an operator might use. Particular emphasis must be
placed on the stability of every component, as it is necessary to make pre-
cise measurements on the 51gnals {see Appendix II, Table II). In general,
nuclear counting equipment is far more sensitive to variation in supply volt-
ages, amplifier gains, circuit biases, etc., than radio or radar equipment,
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But we believe that with sufficient attention to detail, an o‘p'e‘rable‘ mine-de-
tection device can be constructed utilizing the principles outlined in this re=

‘port.
Table I
Table of Compérisons
% Detection '
Sample ('.'Soil” Depth y ' n Best
_ {in.) (%) (%) '
2 1b. o Dry sand 2 35 66
5 : 12.5 43
9 1/4 .- 10 Con¥
6 1b. Dry sand 2 ~130 173
51 96
113/4 - 10 n*
2 1b. Wet sand 2 : - 29 57
' 14 32
73/4 --- 10 n¥
6 1b. . Wet sand 2 130 90 Y
' ' 5 35 48 n
10 10 10 same
2 1b. Adobe 1 =13 14.5
| 2 10 10.5
6 1b. Adobe ' 1 | 18 29
2 12 22
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Fig. 18. Gamma-ray counter orientation. Showing soil box
(left), neutron source (rear center). Gamma-ray detector
counter (center foreground) is shown with lead-brick shield-
ing partly removed.
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7-RAY EXPERIMENTAL GEOMETRY
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.Fig. 20. Percent detection vs depth for dry sand.



% DETECTION

-39- ' ' UCRL-2819

90
80 I | 1 SAND + 5% H,0

i | | BY VOLUME |

A | ¥ RAYS ‘

70 15" DIAMETER ‘ -

a \ NaI CRYSTAL -
60
50 \ '
40 \\ \ .

_ N N\

- N -61b. SAMPLE -

30 k‘\ .X - HW :

T+ T \NK 3 \A;E)'OD\ ' N

20 ] BLOCKS _
21b. SAMPLE"
R T ! \P+\ NL(Q;\ \\ _
|0 ——H4+<—SPECIAL ~ = ¥
SAMPLE ~— A
TR N
0 2 4 6 8 10 12
' DEPTH IN INCHES ' '
FiG.2|

MU-8784

Fig. 21. Percent detection vs depth for wet sand.
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Percent detection vs sample position (constant depth).
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Fig. 25. Time vs depth and detection factor for dry sand.
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Fig. 27. Time vs depth and detection factor for dry adobe soil.
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APPENDICES

I (d, d) Neutron Source::

The pulsed neutron source (Fig. %) provides neutrons of about 2. 8-
Mev energy. It produces of the order of 10~ neutrons per 200 psec pulse
at a repetition rate of sixty pulses per second.

It consists of a vacuum system, a '"Pig" { Phillips Ion Gauge) type
ion source, a deuterium gas supply and palladium Teak valve, a titanium
deuteride target, a high-voltage dc power supply, electronics for_ operating
the Pig, and various adapter plates, target holders, etc.. The Pig ion source
produces deuterons from the deuterium gas, which is admitted via the pal-
ladium leak. The positively charged deuterons are extracted from the Pig
by the negatively charged probe electrode, are controlled by the focus elec-
trode, and are accelerated in vacuum by the high-voltage dc supply, then
strike a titanium deuteride target, producing neutrons by the (d, d) reaction.

Vacuum System

The vacuum system (Fig. 33) consists of a 3-inch water-cooled
diffusion pump, made by Consolidated Vacuum Corp., backed by a CVM 3153
Kinney mechanical forepump. A liquid-nitrogen-cooled surface traps con-
densable materials, and a gate valve between trap chamber and high-vacuum
chamber permits work to be done on the system without letting air into the
diffusion pump. A valve manifold between the diffusion pump and forepump
allows.the latter to be used for rough-pumping the high-vacuum chamber and
provides connections for leak detector or extermal roughing pump. It was
found necessary to increase the diffusion-pump heater power in order to pump
deuterium efficiently. This was accomplished by operating the diffusion-
pump heater at 150 volts from a variac transformer, though the pump heater
was designed for 115-volt operation. National Research Corporation Type
501 vacuum thermocouple gauges in the trap chamber and the valve manifold
assist the operator during pumpdown and a Type V.G. 1A/2 ion-gauge tube
in the high-vacuum chamber monitors the system pressure during operation.
Power switches, ion-gauge and thermocouple-gauge power supplies, and
diffusion pump variac are mounted on stahdard Fack pamels on the front of -
the va(:émm system cabinet. This system produces a vacuum of about
5 x 1072 mm Hg with normal operating gas flow from the ion source.

Pig Jon Source

The Pig ion source produces about one milliampere peak deuteron
current during the pulse. It consists of a tubular anode of nonmagnetic stain-
less steel mounted axially between two grounded parallel aluminum cathodes
in an axial magnetic field of about 1000 gauss (Fig. 34). The anode is supplied
- with 200-psec pulses of about 1500 peak volts during which about 3 amp of
ion current flows., Some of the ions produced are extracted through the exit
‘aperture--an opening of 0,030 to 0.040 inch diameter--through one cathode.

- The ions are extracted by a high negative potential (30,000 volts with respect
to ground) on a hollow probe electrode behind the exit aperture, pass through
the probe, a focus electrode, and the target electrode before impinging upon
the target. The anode, cathode, and probe electrode .are contained within

a stainless steel arc chamber about 1- 5/8 inch in diameter and 5 inches long.
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Through one end of this chamber pass the gas-admission tube and the anode
connection. On the other end is attached an iron flange 8-1/4 inches in di-
ameter and 0.5 inch thick, which supports the arc chamber itself and the
focus-electrode mounting insulators as well as acting as a pole piece for the
Pig magnet. The magnet coil is wound on an iron and brass bobbin which
slips over the arc chamber, the iron end forming the other pole piece. The
coil has 6,000 turns, operates at about 1.3 amp, and is cooled by a small
air blower. The focus electrode operates at about 28,000 volts negative
with respect to ground. v

Mechanism of the Discharge*

Although many are familiar with the basic mechanism of the Penning
discharge, it is reviewed here briefly. Consider the geometry of Fig. 34
with a deuterium pressure in the arc chamber of the order of 20 p, a mag-
netic field in the range of a few hundred gauss, and a positive potential in
the range of a few hundred volts existing between the anode and cathodes.

If an electron is released from either cathode it will be accelerated
into the anode, its radial motion constrained by the magnetic field. The
electron will coast through the field-free region in the anode, losing some
energy to the gas, and leave the anode at the other end with somewhat less
energy than it gained in the initial acceleration. But it will be reflected by
the electric field, re-enter the anode and continue its axial oscillation. In
these oscillations it will sooner or later make several ion pairs, losing en-
ergy in the process. Since the energy lost in ionizing is of the order of 35
volts, and the initial energy of the electron is several hundred volts, approx-
imately ten ions will appear inside the anode before the initial electron is
below ionization energies. These ions are also constrained by the field,
their principal motion therefore being axial. Eventually, they will come
to one end of the anode, where they will be accelerated into the correspond-
ing cathode,

For deuterons of a few hundred volts incident on an aluminum oxide
surface, there is a finite probability that a secondary electron will be released.
Such electrons will be accelerated into the anode region to continue the ion-
izing process. Although we lack good data on the magnitude of the ratio N’
of deuterons to secondary electrons for aluminum oxide, it seems reasonable
to assume that it will lie between 5 and 10 in our case. If the number of ions
produced by the first electron is greater than N, the discharge will increase
in intensity until limited by other mechanisms. This limit is normally set
by an external series resistance in the anode circuit, which causes the anode
potential to fall as the discharge increases. Under this condition an equi-
librium will be reached between the number of secondary electrons produced
per ion and the number of ions produced per fast electron.

Pig Gas Supply and Palladium Leak Valve

Deuterium gas is supplied to the Pig from a 500-cc container filled
to about 5 psig {(Fig. 35). This supply is sufficient for about 30 hours of
operation. Flow of gas is controlled by passing it inward, through the thin

*From Jafnes D. Gow and John S. Foster, Jr., A High-Intensity Pulsed
Ion Source, Rev. Sci. Instr. 24, 8, 606 August 1953.
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walls of a palladium: tube inside the gas container, the flow rate being a func-
tion of the temperature of the tube. The tube-wall thickness is about 0.005
inch.v The palladium tube is surrounded by a heater within the gas tank which
is a standard radio-type 50-ohm 50-watt wire-wound resistor. Electrical
connection to the resistor is brought through the container end via a gastight
bushing. The leak starts to open at 25 to 35 volts obtained from a variac.
One end of the pallddium tube is sealed shut and the other is hard soldered
to the copper gas-outlet pipe that passes through the container end wall to

a valve manifold and thence to the Pig. The valve manifold permits evac-
uation of the pipeline and admission of air for oxidizing the Pig cathodes.

A Type 501 vacuum thermocouple gauge monitors the gas pressure in the

line near the Pig. The normal operating pressure is 55 p, as read with this
type gauge. The pressure read with this gauge is about 3 times as high as
the actual pressure because of the greater heat conductivity of deuterium
than of the gases for which the gauge is normally calibrated.

Target

The target is made by melting titanium metal on tantalum foil in
a vacuum and then reheating and slowly cooling it in a deuterium atmosphere.
The titanium takes up about 450 cc (STP) of deuterium per gram under ideal
conditions. Heating the target in vacuum drives off the gas, so it is neces- -
sary to keep the target cool while using it in the machine.

High-Voltage dc Supply

The high-voltage target supply (Fig. 36) is of the Cockcroft-Walton
typep and produces 90 kilovolts dc from 110-volt 60-cycle input power. The
. output current is limited by 100 megohms of series resistance. The output
charges about 11 feet of R.G. -17/U cable, which carries the power to the.
target -electrode and supplies about 300 puf of capacity to stabilize the target
voltage during the pulse. A 1,000-ohm resistor between cable and target"
electrode limits the breakdown current if sparking occurs from target elec-
trode to ground. An interlock chain in the grounded safety screen around
the equipment breaks the power-supply input power and drops an automatic
grounding hook on the high-voltage lead if entry is attempted with power "on'.

Pig Operating Electronics

The Pig operating electronics (Fig. 37) consists of a 0- to 2-kv
positive dc supply capable of 50 ma, a hard tube pulser for 2, 000-volt 3-amp
200-psec pulses, a 60-cycle line synchronized trigger multivibrator, a 0-
to 200-v dc supply at 1,5 amp, two 0- to 30-kv negative dc supplies at 1 ma,
and various resistor-capacitor networks. The 0-2 kv 50 ma positive dc sup—
ply provides adjustable power to the Pig arc. This power is pulsed "
for 200 psec out of each 1/60 sec by the hard tube pulser and the pulses are
sent to the Pig anode. The pulse wave form is stabilized by the arc-stabi-
lizing network--a 100-ohm resistor and 0. 005 uf capacitor in series from
pig anode to cathode. The pulser is triggered by the trigger multivibrator.
The 200-V 1.5 amp dc supply provides Pig magnet power, and the two 30-kv
l-ma supplies provide probe- and focus-electrode power. The probe and
focus voltages are stabilized by 0.05 uf 30 kv capacitors at the electrode
terminals., Resistors in series with these capacitors limit the discharge
current if electrical breakdown occurs within the vacuum system. A 10%
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voltage variation in any of the Pig power supplies is negli’gibjle sohoﬁe are
regulated. The 200 V 1.5 amp magnet supply is full-wave rectified and feeds
a highly inductive load so no filtering is necessary.

Sixty-Cycle Trigger Multivibrator

The trigger multibivrator produces the main trigger pulse for all
equipment used in this experiment. It consists of two pentode clipper amp-
lifiers in cascade, a differentiating circuit and a 70 psec one-shot multivi-
brator. A 3.l-volt signal is fed to the first clipper from the tube filament
supply. The clippers have sufficient gain to provide a square pulse that trig-
gers the multivibrator via a 10-psec differentiating circuit within about 5
usec of the phase zero of the 60-cycle line. This precision was desirable
to prevent line transients from causing timing jitter, which might trigger
the neutron source while a background-counter gate was still open. The
gain is also desirable to permit synchronizing to a low-power audio oscil-
lator for operating at repetition rates of other than 60 cycles.

Probe and . Focus Supplies

These supplies are commercial Condenser Products Corporation
P.S. 30 supplies. They are provided with external time-delay relays, volt-
age-control variace, and meters. Suitable interlock protection should be
provided to disable these supplies when working within the screened area.

‘Notes on Pig Operation

The following notes on Pig operation are given for reference, as
some difficulty may be encountered in getting a new Pig started. Once started
the Pig is very reliable.

{(a). Cathodes must be clean. They should be machined without any
lubricant from pure aluminum. ' : '

(b). Cathodes should be oxidized. A highly oxidizing torch flame
should be applied to their surfaces before assembly. Each
morning the Pig should be operated on air for about 5 minutes.

{c) Application of probe electrode voltage helps start the Pig.
{d) The Pig wave form appears as a spike 1000 volts high (normal

power supply voltage) followed by a rectangular tail about 7~
400 volts high.
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Fig. 32. Pulsed neutron source. Showing vacuum system and
vacuum-measuring equipment (left), 90-kv power supply
(rear center), two accelerator control racks (right).
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Fig. 33. Diagram of vacuum system.
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Fig. 34. Diagram of PIG ion source.
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Fig. 35. Diagram of palladium leak ''valve'".
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Fig. 36. Diagram of 90-kv dc supply.
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PULSED NEUTRON SOURCE BLOCK DIAGRAM
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Fig. 37. Block diagram of accelerator electronics.
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II. Counting Equipment

The counting equipment (Fig. 38) consists of a neutron counter for
monitoring the total neutron burst and either a slow-neutron counter or a
y-ray counter to act as a detector. The pulses from these counters are amp-
" lified in two. ''linear" amplifiers, sorted for size by discriminators and a
pulse-height analyzer and totaled on scalers. The scalers are gated ''on"
at the proper times by enablmg pulses from the tandem scaler-gating unit.
The tandem scaler-gating unit is triggered by the trigger multivibrator that
triggers the neutron source,.

Neutron Counter

The neutron counters are of the BF; proportional gas type using
gas enriched in Bl0, These countérs are of the geometry shown in Fig. 39
and use a 0,003-inch-diameter stainless steel center wire. They utilize
the reaction B10 + n - Li7 + a to produce the necessary ions for counter op-
eration. The cross section for this reaction drops rapidly with increased
neutron energy, so it is necessary to surround the counter with a paraffin
moderator when it is to be used as a fast-neutron monitor for measuring
" the total neutron yield of the source. The typical thickness of paraffin used
is 1.5 inches. Signals from these counters are coupled into the signal cables
to the linear amplifiers by means of cathode followers. '

In the calibration of these counters with a source producing both
neutrons and y-rays, a plateau in the curve of count rate vs counter-supply
voltage occurs typically between 1400 volts--where the counter ceases to
be proportional--and 1600 volts--where the y-ray counts become appreciable.

It is desirable to operate on this count-rate plateau Where the effects of power -
supply voltage variation are reduced.

~Gamma-Ray Counter

In the y-counter (Fig. 40) scintillations of a sodium iodide crystal
are observed with a type 6292 photomultiplier tube. Because the photomul-
tiplier pulse is rather short and peaked, it is desirable to shape it before
amplification. This shaping is done with the circuit shown in Fig. 41. Ca-
pacitor C; integrates the sharp pulse of current from the photomultiplier.

To prevent this capacitor from remaining charged (and yet not produce the
peaked pulse th_at would occur if a short time-constant RC circuit were used)
a clipping line is introduced. The photomultiplier pulse charges the capacitor
-Gy to voltage. E| in less than 0.5 psec. = This voltage is impressed upon a
network mamly consisting of R] and the Z, of the RG 65/U clipping line.Z],

Z, of which is about 950 ohms. Therefore a step of voltage of approximately
950E1/19 50 is applied to the 6AH6 cathode follower. The pulse that travels
down the clipping line is partially reflected and partially absorbed by Rz

The reflected portion returns and meets an impedance consisting of Rj in
series with C], which is near enough to the Z, of the line to prevent further
reflections., By adjustment of RZ’ the reflected portion can be made sufficient
to just cancel any charge remaining on C;. The resultant pulse applied to

the cathode follower is fairly square, of about 0.5 pusec length, and of a height
that is closely proportional to the net energy delivered to the crystal by the
y-ray. The cathode follower feeds the pulse to the signal lead to the linear
amplifier.



-61- - UCRL-2819
Noise pickup in the photomultiplier is reduced by an electrostatic
shield, which surrounds the tube and crystal and is connected to the first

dynode (Pin*1). A magnetic shield is also desirable.

In order to reduce light reflections at the interface between crystal
and photomultiplier tube, the space is filled with clear mineral oil.

Linear Amplifier

The linear amplifiers supply a voltage gain of 8,000 to 10, 000 in
the frequency range of 30 kc to 2 mc. The term linear refers to the voltage
amplitude of output pulse relative to input pulse. The features that distinguish
a good linear amplifier are: '

(a) ¢onstant gain without regard to pulse height;

(b) constant gain without regard to tube age;

(c) constant gain without regard to power-supply voltage;

{(d) constant gain without regard to equipment temperature;

(€) short rise and decay times without overshoot;

(f) abrupt saturation and rapid recovery on overloading pulses;

{g) useful linear range of pulse height to 90% of overloading point; .

{(h} pulse output on the order of 100 volts peak with noise of the order
of 0.5 volt peak.

. The linear amplifiers we used were weak in requirements (b), (c),
and (d).

'Ppls,ev-‘Height Analyzer

The pulses from the slow-neutron detector counter or the y-counter
are sent to the pulse-height analyzer. The pulse-height analyzer accepts
only those pulses which are higher than a certain adjustable. "base line. '

It can also be made to accept only those pulses which exceed the base- 11ne
voltage by an amount that is less than that of the "'window' width. -The base
line is adjustable from 0 to 70 volts and the window from 0 to 7 volts. As

an example, if the base line is set to 35 volts and the window to 3 volts, only
pulses between 35 and 38 volts high are accepted by the pulse-height analyzer
- Each pulse that is accepted causes one pulse of fixed hp1ght to appear in the
output of the pulse-height analyzer, With this device it is possible to analyze
the y-ray pulses from the scintillation counter to determine the y-ray energy.

. When the BF, slow-neutron counter is being used, the only require-
ment is that the equipment discriminate against y-ray pulses from the BF;,
counter. Since the BF3 counter works in the proportional region for y- rays,
but saturates with neutrons, the neutron pulses are much larger than the
y-ray:pulses. The base-line control is set on the count-rate plateau of neu-
tron pulses and the window control is set to maximum. '
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The pulse-height analyzer we used is a single-channel type {only
one window). It is a Model 501 made by Atomic Instruments Co., Cambridge,
Mass.

Scaler

The output pulses from the pulse-height analyzer are sent to two
scalers and the output from the neutron monitor linear amplifier is sent to
two other scalers having built-in discriminators which serve the same func-
tion as the base-line control of the pulse-height analyzer.

Because there are only certain periods of time following the pulse
of the neutron source during which we can obtain useful information by count-
ing the pulses, the scalers are provided with gated amplifiers which allow
the pulses to be counted only when they are gated '‘on'.

. ‘Tandem Scaler-Gating U,nif '

The tandem scaler-gating unit receives pulses from the trigger multi-

vibrator at a 60-pulse-per-second rate. These pulses trigger the first of

five one-shot multivibrators, which are connected in sequence so that each
multivibrator, at the end of its "on' period, triggers the next. '""Gates'' are
obtained from each multibivrator via cathode followers and are applied to
the scalers. The gates are + 20 volts high and vary in length from 275 psec
to 8,333 usec, as shown on the timing sequence chart (Fig. 42).

Stability Requirements

If we require an upper limit of 1% drift in count rate caused by equip-
ment instability, we find the stability requirements for any one piece of equip-
ment, ‘with all others perfect, as follows (Table II):



Equipment
BVF'3 counter supply

Y counter supply

y linear amplifier

y.PHA base

y PHA window
Neutron scaler discriminator

Tandem scaler gates

Trigger multivibrator
frequency

Linear amplifier power
supplies

Table II
Stability Requirements

Typical Operating Conditions
On plateau 75 V. wide in 1500 V

500% gain change with 25% supply change
50% rate change for 10% gain change

50% change in rate for 10% change in gaia

.50% change in rate for 10% change in voltage
when used as a discriminator

Linear for small changes

10% change in rate for 20% change in voltage
#1 5 psec in 275
#2 6 psec inj360

#3 Not critical but must not allow gate 5 to
overlap. bext Pig pulse

#4 Low count rate--small effect

#5 Low count rate—-small éffect but must not
overlap next Pig pulse

Consistent with overlap requlrements of tandem
scaler-gating unit

. Co'n,_sis:tent with linear amplifier requirements

Requirement

5% regulatiofi~n-

0.01% regulation

0.2% gain stability

0.2% voltage stability

1% -window width stability -

2% voltage stability

2% time stability

2% time stability

3% time stability

6% time stability

2% time stability

2% time stability

~Q. 1%

_29_

6182-19DN
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COUNTING EQUIPMENT BLOCK DIAGRAM
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Fig. 38. Block diagram of counting equipment.
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BF, NEUTRON COUNTER

12" 0.D. x 9" BRASS TUBE
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Fig. 39. Diagram of BF3 counter (physical).
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Fig. 40. Diagram of gamma counter (physical).
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SCINTILLATION COUNTER CIRCUIT /
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- Fig. 41. Diagram of gamma counter circuit.
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TIME SEQUENCE CHART

Y —COUNTER OR UNMODERATED NEUT. COUNTER
' (DETECTOR)
“SIGNAL" "BACKGROUND"
SCALER  SCALER
GATE#2 GATE#4
PIG PULSE “NEUT. MONITOR
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TRIGGER GATE #5
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OFF i : %_833?#“ I ”
’ [o] 8,000 16,000 -
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lgo SECOND ——————),
EXPANDED TIME SCALE
L Il 1 I 1 1 1 1 [l 1
o) . 200 400 600 800 1,000
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29255522&:::::¥,//BG'PULSE ‘ .

22@#” GATE DELAY. B
#2 GATE COUNTmDETECToR SIGNAL GATE

| #3 GATE DELAY .

~ 6542usec—— ~~-

NOTE : "NEUTRON MONITOR SIGNAL" SCALER IS NOT
GATED AND THEREFORE COUNTS AT ALL TIMES

FIG.42

Mu-8829

Fig. 42. Gating seqﬁences.
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I1I. A Sample Calculation

Knowns: RTo Counting rate with sample absent {counts/sec)

M Sl
T (in) ! Detection Ratio
Mt {out)
M (in} = Ratio of number of counts from detector
to machine flux (cts) with sample in.

: Rg Ratio of

M {out) = Ratio of number of counts from detector
‘ to number of flux (cts) with sample out.
Conditions: What is choice of detection factor, DF ?
{Chosen knowns}
Refer to graph of DF vs odds (Fig. 44). ’
(if DF = 4, odds against no detection = 150:1) !
(if DF = 6, odds against no detection = 20,000:1)
You-are obviously safer if the DF is 6.
Unknown: Timef, t. Amount of time required to fulfill the above con-
' ditions.
lst Step: We know R10, DRahdrwé have'chosen DF £ 6(foruinstance)
_ .DR -1
Then: fDR = [DFT DR
If DR =1.2, then
fDR ﬂ—.—)- 0 0278 or 2,78%
2nd Step: We have ] '
| | ¢ (R /2 < 0.7 [DR 41 Ve F(DR)
DR '""TO R DR f
Refer to the graph of F(DR) vs DR (Fig. 43)
1/2
|BDR +1
{or calc.. “SER— 0.67)
. We know RTO (say 10 cts/sec), DR = 0.0278, and F{DR),

: 1/2
0.67 1—-1?-—21-1- =0.907

1}

then 0. 0278 (wt)l/z* = 0.907 F(DR)

. 10.907 1 _
t=\oo78 T0° 106.5 sec

- We now know we can determine the presence of a mine in 106.5 sec with DR =

1.2, RTO 10 cts/sec, DF = 6 and a calculated fBR - of 0.0278. As mentioned
above, the odds against missing this mine (a statistical miss) are 20, 000:1.

DR is determined by meas_urement and is a function of the "earth',
size of mine, etc, ’
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Ry is also determined by measurement and is a function.of the : -
number of counters, the eff1c1ency of the counters, the type of "edrth' the
machine is looking at (no sample 'mine' present), and the flux from the
machme

DF is up to the designers. It is a function of time. The larger the
DF the longer one must count over a given area but the safer the detect1on

The area covered is a function of the shape of the counter array.
It must be remembered that RTO is the rate (cts/Is)ec) from all the counters
that are connected in parallel. . The area covered, therefore, is a function
of counter geometry only as discussed in the section on thermal neutrons.

Information Division
12-28-54 bl
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Fig. 43. Graph of .fDR (RTOt) vs DR (detection ratio).
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Graph of odds against a possible miss vs detection
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