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ABSTRACT

This report contains a more complete description than that given in AERE EL/
R 2149 of a simply constructed fast neutron counter.

The counter takes the form of a series of polythene-lined cells with a common
anode wire and filled with a mixture of methane and argon. The dimensions of a
three-cell counter are 2 inch diameter by 5.5 inch length., Its sensitivity can be
ad,justed so that at any energy in the rarge 0.1 - 15.0 MeV the counting rate is
0.9 * 0,18¢c sec™ -1 per maximum permissible level (mep.ls) of fast neutron flux; the
m.p.l.'s are those recommended by the International Commission on Radiological
Protection. At this sensitivity 219 m.p.l. of Redium gamm?. radiation or 99 m.p.l.
of slow neutrons also produce a counting rate of 0.,9c sec and the minimim pulse
size at the counter anode ngh an applied potential of 1400 VOlt corresponds to the
collection of 5.5 % 2,5 x 10° ion pairs.

By increasing the length of the counters sensitivities of up to 3.6c. sec™1
(m.p.1.)"1 can be obtained,

Procedures far the settlng—u of the counter sensitivities are outlined. A
‘sensitivity of 0.7c sec~ (m.p.l.§ 1 for a three ‘cell counter is recommended when

the counter is used with electronic equipment whose discriminator bias level is not
very stable,

The counters are non~directional,
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1. Introduction

A detector which is to be used for fast neutron dosimetry may be based on one
of several criteria of neutron dose, but the most important is the recommendations
of the International Commission on Rediological Protection (I.C.R.P.) for the
meximum permissible levels (m.p.l.) of neutron flux as a function of energy))for a
dose rate to the human body of less than 7.5 m.rem/hr, These are shown in Table I,
and formed the basis of the detectors described in this report, which replaces
A.E.R.E. EL/R 2149(2),

TABIE I

Maximum permissible levels of neutron
flux intensity recommended by the International
Commission on Radiological Protection

Neutron Energy Neutmnn? ifzc/:g;ensny ’

0,025 ev 2000
10 ev 2000
10 kev 1000
0.1 MNev 200
0.5 MNev 80
1.0 Mev 60
2,0 Mev LO
3.0 = 10 Mev 30

In addition to satisfying a criterion of dose, the detector should be relatively
insensitive to other types of radiation, in particular gamma radiation and slow
neutrons. The arbitrary condition has been adopted that at least one hurdred m.p.l.
of gamma radiation er thermal neutron flux should be required to produce a response
equal to 1 mep.1lc. of fast neutrons. Further, if the detector is to find widespread
application, it should be non-directional in response, rugged and easily produced
in quantity; any associated electronic equipment should be of a simple or standard
pattern, '

2, Counter design ard consgtruction

The design is based on a theoretical analysis outlined in the Appendix I1.
Each counter, Fig. 1, consists of a number of polythene-lines cells placed in line,
with & common anode wire made from 0,001 inch diameter tungsten wire. The cells
are formed from polythene discs and cylinders, Fig. 2, which act as proton radiators
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in a fast neutron flux, and at any orientation to a neutron beam present approxi-
mately the same area of radiator. This ensures that the response is independent of
the direction of the beam.

The radiators are made from natural grade B polythene in accordance with
B.S.S. 1973 (I.C.I. grade 7) and are completely vacuum-coated with aluminium to
produce an electrically conducting surface; & resistance of the order of 10 ohms is
measured between the envelope of the counter and the inside surface of the
radiators.

Care has been taken in the design to avoid drifts in the operating
characteristics due to electrostatic charging of the insulators, by placing these
outside the collecting volume of the counter.

The vacuum ehvelope is a stainless steel container with welded ends, through
which an electrical connection to the anode is made by a standard metal/glass seal.

The gas filling is 17.3 cm Hg pressure of methane and 1.7 cm Hg pressure of
argon. The gases are allowed to mix for asbout 16 hours before the counters are
finally sealed off during which time the gas pressure decreases by about one
percent due to absorption by the polythene.

With the abovée gas filling the neutron sensitivity of each cell varies with
neutron energy in such a way that in the energy range O.1 - 14 Mev the counting
rate is proportionsl to the dose-rate. The counting rate of a single cell is
0.3 counts/gec for one mepel., and thus a typical three-cell counter will have a
sensitivity of 0.9 counté/sec/h;p.l; Counters containing two, three, six and twelve
cells have been constructed, having similar characteristics and a neutron sensiti-
vity which is proportional to the number of cells.

To maintain the quality of the counters it is necessary to adhere to a strict
processing schedule ard they are pumped at a temperature of 60°C for about 10 days
at a pressure of 10=5 - 10-6 mm Hg, until the outgassing rate over a period of
16 hours is less than 10-5 litre-microns/sec,

3e Fast neutron sensitivity

Integral bias curves obtained with a typical three-cell counter irradiated by
mono-energetic neutrons are shown in Pig. 3. The curves were teken with the
neutron beam parallel to the counter axis; with the beam perpendicular to this
"axis similar but somewhat steeper curves were obtained.

Mono-energetic neutrons were produced by using suitable targets in the proton
beam from a Van de Graaff generator or the deuteron beam from a Cockcroft-Walton
sets It was not possible to produce neutron fluxes of accurately known intensity
with energies between 3 and 14 MeV,

A potential of 1400 volt was applied to the counter and the output was fed toa
standard pulse amplifier with differentiating and integrating time constants of about
1.0 microsecs It will be noted that the response is very sensitive to changes in
the overall gain of the system, particularly at high neutron energies; at 14 MeV a
5% chenge in the amplifier gain or a O.5% change in the potential applied to the
counter will change the counting rate by 7%




Using the curves of Fig. 3 the response of the counter can be determined as a
function of neutron energy at any discriminator bias level, and for a small range of
this bias it approximates to that required by the I.C.R.P. recommendations. For the
three-cell counter the best approximation corresponds to a sensitivity of
0.9 counts/éec/h.p.l.

It was found that at this bias level each counter gave the same counting rate,
within close limits, when a Ra-Be source of known neutron emission was placed in a
fixed position with respect to the counter. This is used as a convenient method of
finding the operating point of any three cell counter; the exact procedure is
discussed more fully in Appendix II. The average response of three counters selected
at random and set up in this way is plotted in Fig. 4 and compared with that required
by the I.C.R.P. recommendations. :

The experimental points fit the required response more closely than is preducted
by the simple theory; the reasons for this are discussed in the Appendix., The
maximum deviation from the required response between neutron energies of 0.1 = 14 MeV
is 20k,

L. Gamma sensitivity

When the counters are irradiated at a dose-rate R due to a radium source the
counting rate C is related to the discriminator bias level Vg by an expression of
the form:=-

-5Vgp

C=pRe escooo 1

where p and & are constants. The value of § is such that the gamma sensitivity
varies rapidly with small changes in bias level,: Thus a 1% change in bias voltage
results in a 20k change in gamme sensitivity although the sensitivity to 14 MeV
neutrons is altered by only 2.5%. E£quation 1 is found to hold for dose-rates from
2 x 104 r/hr to 2,7 r/hour.

There is a slight variation in gamma sensitivity between different counters
but at the operating bias for a three-cell counter, when the neutron sensitivity is
0.9 counts/sec mepele, the counting rate due to a gamma-radiation dose rate of
2.6 r/hour (360 m.p.l.) Will not exceed 1.5 counts/secs

It is found that the ratio of gamma/neutron sensitivities of counters is
increased merkedly if the full pumping and outgassing procedure has not been
completed. It is possible that gaseous impurities from the polythene cause an
increase in the recombination coefficient of the filling gas, which has a greater
effect on the more densely ionised proton tracks than on electron tracks. The ratio
is not affected, however, by traces of air or mercury vapour in the filling gas.

5. Slow neutron sensitivity

The measured counting rate from three-cell counters when irradiated in a slow
neutron flux equivalent to 100 mepel. is sbout 1 count/sec. This value and the
shape of the bias curve are consistent with the 4N(n,p)1%#C reaction teking place in
the O, 3% nitrogen impurity present in the argon used in the gas filling., By
surrounding the counters in a cadmium shield the thermal neutron response may be

eliminated,
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6e Pulse characteristics

In the range 1300-1500 volts, the relation between the mean pulse size S and ‘ii
the applied voltage is of the form

S = Aeo. 008V

20000 2

This equation is typical of a proportional counter in which gas multiplication
takes place only in the electron avalanche and no secondary processes occur. For
a batch of 4O counters set up using a Ra-Be source as described earlier, the pulse
size at the counter anodes at the operating bias was equivalent to the collection of
between 0.47 x 1012 and 1,23 x 10~12 coulombs for an applied potential of 1400
volts. The variation is presumed to be due to differences in gas filling pressure,
gas purity and slight constructional differences.

The mean gas gain at 1400 volts is of the order of one thousand,

7o Conclusions

A proton-recoil proportional counter is described in which the counting rate
is directly proportional to the estimated biological dose due to fast neutrons in
the energy range 0.1 ~ 14 Mev. The fast neutron sensitivity varies from
0.6 counts/sec/mpl to 3.6 counts/sec/mpl depending on the physical size of the

counter,

Over 150 counters have been constructed in a éize giving a sensitivity of
0.9 counts/sec/mpl, and sre in general use.
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APPENDIX I

Theory of counter response

The following derivation of the response of a fast neutron proton recoil
counter is a simplified account since the presence of complicated wall and end
effects together with the variation in gas multiplication along the anode wire
would make a rigorous derivation extremely difficult.

" The problem of proton recoils from thick and thin radiators and from hydrogenous
gases when bombarded with energetic neutrons has been treated many times(3=7) and it
is not proposed to repeat these calculations in detail. Protons are assumed to
obey a range-energy relation of the type R = kEg in hydrogenous materials, where n
and k are constants. For polythene, when R is measured in cm and the proton energy

in Mev, k4 and nq both have the value 1,79 in the energy range 0.2 - 10 Mev, and
in the range 0.1 - 0.2 Mev kq is 3,10, For methane, when R is measured in mgm/bmz,
ko and np are 1.56 and 1.80 respectively. When these values are substituted in the
range-energy relation the values of R are within 10% of those given by Hirschfelder
and Magee(§¥. Adopting the notation of Hurst 3?, the number of protons, Ng, which
emerge with energies in the range B4 to By from a thick slab of hydrogenous material
is given by the expression

n ko,  (By\ 3/2 , m ) by (B\3/2
Ng = N(B)-4.6.6(8).1, [31 1 {'6??1‘?9' <'E—> "3) "B (& we\E/ - 3

. eeeses 3

number of neutrons of energy E incident on the slab per unit area

where N(E) =
per unit time, at right angles to the surface of the slab.
A = area of slab
Q = number of hydrogen atoms per unit volume of slab.
6(E) = neﬁtron—proton scattering cross-section for neutrons of energy E.

A thick slab is one for which the thickness is greater than, or equal to, the range
of the most energetic recoil proton.

The number of proton recoils, Ng, in 2 hydrogenous gas with energies in the range

B4 to B; is given by
B3 B1
: NG_ = N(E).A.toQo6(E) 'E‘ - 'E_ evosee li-

where t = depth of gas volume.

In a recoil counter the lower energy limit B4 in equations 3 and 4 is determined
only by the discriminator bias level, but as high energy protons are lightly
ionising the upper limits B2 and B3 are governed by the path length in the counter
as well as by the bias setting. B2 and B3 may be evaluated as follows:



If the path length in the counter gas of a proton from the slab is A mgm/cm2

and it leaves the counter volume with a residual energy Er then

- B2 = 72
R-)\.—kz Ep ")\--kZER . 260000 5
The mean energy expended by a proton in the counter is
1
- n2 Ay 'y -
EtP-ER—EP — (EP -k2 2 coesos 6

For energetic protons the energy (Ep - BR) expended in the counter may be less
than B4, due to their low total specific ionisation. Thus the upper energy limit B4
for detection is that wvalue of for which Ep - Ep = B4e The value of A will dpend
depend on the direction of the proton recoil, and an arbitary figure of 1.3 times
the cell depth has been used in the calculations; the maximum possible path length in
a cell is 1.6 times the depth.

Proton recoils from the gas will have shorter path lengths in the counter than
those from the walls., The energy E(x) deposited by recoils from an element dx of the
counter at a distance (A - x) from the wall will be

Vo

n2 X
B =5 - - soo0o0ee
(x) = £, - (& k2) 7

and the mean energy deposited in the counter by recoils from the gas may be roughly
evaluated as

= fl‘ E(x)dx/fz; Ao

k. n (2n+1) no ng + 4
272 A
= K - E - (E - scoess 8
p ~ Mo, + 1) {p ( = kz) n2

The cut~-off level for the gas, Bz, has been taken to be that value of Ep for which
E = B4 The calculated values of Bz and Bz for A = L4 cm and a gas pressure of

19 cm Hg of methane are plotted in Fige. 5, and the combined response of slab and
gas for 19 cm Hg total pressure (4¢75 om'Hg of argon + 14.25 cm Hg of argon +
14425 cm Hg of methane) is plotted in Fig. 6 for different values of B4, the gas
mixture was assumed to have the same values of np and ko as pure methane, It is
apparent from this diagram that by a suitable choice of bias level B4 the
sensitivity of the combination as a function of neutron energy can be made to match
approximately that required by the I.R.C.P. recommendations.

At low energies (0.1 - 0.5 MeV) the response will be less than that calculated
because of attenuation of the neutron beams by the polythene walls, while at energies
above 10 MeV the response will not fall off as rapidly as the calculation indicates,
because the contribution to the response due to recoiling carbon nuclei will become
appreciable, The effect of carbon recoils is difficult to calculate because the
elastic scattering is not isotropic and non-elastic collisions take place in
competition with the elastic scattering, and also because the range energy relation
for carbon is unknown. However it seems likely that the total contribution of
carbon recoils may be as high as 10-15% at 15 MeV,

-7 - 6z il




It might therefore be expected that a closer fit to the I.C.R.P. response
curve will be obtained than the simple calculation indicates, and this is borne out
by the results in Fige Lo

For end-on irradiation of the counters the high-energy response will he further
increased, since some protons will travel through more than one cell and will have
a longer path length than assumed. However at lower energies the response will be
further depressed, It is probably advisable to use six-cell and twelve-cell
counters sideways on to the neutron beam,



APPENDIX II

Operation and procedures for setting-up and testing

When used with mains-operated equipment, a counter is typically comnnected to a
cathode~follower pre-amplifier, the output of which is coupled to a high gain
amplifier with integrating and differentiating time constants of about 1 microsec.
A potential of 1400 volts stable to *+ 0.1% is applied to the counter anode. The
output from the amplifier is fed to a scaler or ratemeter, and the amplifier gain
and the discriminator bias level are adjusted to the correct values by using a
radium-beryllium source as described below.

Because of the sharp dependance of the gamma sensitivity of the counters on the
bias level, an increase in the gamma sensitivity mey be observed when a counter is
used with electronic equipment in which the effective bias level is unstable. This
is most likely to occur with portable battery-operated equipment. It is then
advisable to increase the operating bias by 25% to reduce the neutron sensitivity of
a three cell counter from 0.9 c/sec/hup.l. to 0.7 c/éec/h.p.l., Pig. 7, this very
greatly decreases the gamma sensitivity and increases the reliability of the setting
up procedure.

Whether the counters are used with mains or battery operated equipment, the
operating bias level and the gamma sensitivity of the equipment should be checked
from time to time,

(1) Setting up the operating bias level using a Ra-Be source

A Ra-Be source of convenient strength for setting-up equipment contains 5 mC of
Radium and has a neutron emission of about 7.5 x 104 neutrons per second. The
source is placed with its centre 5 cm from the side of the counter and in a plane,
which intersects the axis of the counter at right-angles, passing through the centre
of the counting volume, as shown in Fig. 8. The amplifier gain and the discriminator
bias controls of the equipment are then adjusted to give the correct counting rate,
The value of this counting rate depends on the neutron emission of the source used;
the values for different counters in the table II below are for source giving 1
neutrons/second as measured by the Radio Chemical Centre, Amersham, For sources
with other neutron emissions the counting rate is proportional to the neutron
emission.




TABLE TI

Counting rates obtained from fast neutron counters at the
correct operating bias levels with a Ra-Be source giving
102 neutrons/second

Distance of Centre .
) Counting rate Neutron

ok | gt | oF Coumtizg Tolune £10m | oy perating pise | Sensitivity
cm, CoPpele c/sec/mepels

FN2/3 3 6.5 176 0.9

148 0.7

FN2/6 6 12 : 289 1.8

FN2/12 12 23 U6 3.6

(2) Setting up the operating bias level of a three-cell counter using a
calibration jig type 1546A

Portable fast neutron monitors containing a three-cell counter are more easily
set up by using the Calibration Jig Type 1546A which contains e 5 mC Ra-Be source.
The position of the source has been adjusted so that, when a three-cell counter is
placed in the jig in the position shown in Fig. 9, a counting rate of 120 c.p.m.
is obtained for a neutron sensitivity of 0.9 c/sec/mepel., or 100 cep.m. for a
sensitivity of 0.7 c/sec/mep.l. For reasons which have been outlined above, it is
recommended that battery-operated equipments are set-up to the lower sensitivity.
In the case of the 1407C Portable Fast-Neutron Monitor, the required counting rate
in the jig is obtained by means of the preset controls in the side of the
equipment,

(3) Testing for gamma sensitivity

After the bias level of the equipment has been set to the operating point by

one of the procedures described above, the gamma sensitivity may be tested. A
simple test is to place a 1 mC Radium needle with its centre 1 cm from the side

of the counter in a plane which intersects the axis of the counter at right angles
and passes through the centre of the counting volume; the axis of the Radium needle
should be in the plane and at right angles to the line from the needle centre to
the axis of the counter, With the Radium needle in this position the counting
rate will not exceed 7 c.psmes, unless there is a fault in the counter or equipment.

- 10 - (o fan
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