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Abstract:

A high resolution spectrometry system. hased on spherical SP2 hydrogen recoil proportional counters,
has been successfully developed and tested. [t has been carefully calibrated, and its response functions
determined using monoenergetic ncutrons measurements combined with calculations. The system covers
the 50 10 1500 keV energy range where the dose equivalent per unit fluence varies markedly with
nreutron cnergy. Combined with the NE-213 scintillator system, it gives NPL a high resolution
spectromelry capability for neutrons between 50 keV and 20 MeV, which is the region where the
majority of the dosc cquivalent occurs in many workplace fields, and the high resolution capability
complements the existing Bonner sphere system which covers the complete thermal to 20 MeV region,
although with lower energy resolution.
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1. INTRODUCTION

Over recent years. it has mcrcasingly been recogmised that in order to improve estimates of
neutron doses. there is a need to perform neutron spectrometry measurements in warkplace
ficlds where radiation workers are exposed 10 neutron doses. The need for such measurements
stems {rom the fact that presently available neutron dosemeters, both arca survey instruments
and personal dosemeters. have inadequate dose equivalent responses as a function of cnergy.
This deficiency in the performance of the dosemeters mcans that their readings can be
signiftcantly in error in fields with spectra which arc difterent in shape from that of the ncutron
field used to calibrate the device. The calibration fields presently available are based on
radivnuclide sources, and arc predominantly high-energy fields. Workplace fields. in contrast,
often contain very significant numbers of low and intermediate energy neutrons, and
systematic errors in dosemeter readings are to be expected. Without spectral information it is
difficult to even begin to estimate the extent of these errors.

Spectrometry instruments have been developed at NPL over a number of years for use both in
workplace environments and in the Jaboratory. The first of thesc was a Bonner sphere S
The main advantage of this system is that it covers the full range of neutron energies relevant
to radiation protection. It does, however, have the disadvantage of poor energy resolution.
Since the dose equivalent per unit fluence is a factor of about 30 times higher for high energy
neuirons than for low and intermediate energy neutrons, a significant fraction of the dose in
many fields occurs in the upper energy region. Alse, the dose equivalent per unit fluence varies
markedly with neutron energy between about 10 keV and 1 MeV so that the calculated dose
cquivalent can depend strongly on the exact shape of spectrum in this region. There is thus a
much greater need for high resolution measurements in the upper energy region than
glsewhere, and for this reason efforts have bcen made to develop high-resolution
spectrometers 10 cover this range to augment the Bonner sphere data. An NE-213 scimntillator
system™ was developed to cover the range above about 1 MeV, but this still left “he important
energy region just below | MeV. This report describes the selection. development, and
characterisation of an appropriate high resolution spectrometry system to cover this region.

The desired characieristics of ncutron spectrometers, particularly ones which will be used in
workplace ficlds. are:

» coverage of a wide range of energies,

. an isotropic response,

. good encrgy resolution,

. an ability to discriminate between neutrons and photons,

® an ability to work rcliably in the presence of high thermal and cpi-thermal neutron
fluences,

. rcliability, ease of usc, case of transport,

. an ability to work under harsh environmental conditions, e.g. high noise and
temperatures,

. the possibility of providing the results rapidly.

The first stage in this work was to investigate and identify a suitable high resolution
instrument, i.c. one exhibiting most of the above characteristics, capable of measuring neutron
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spectra over the SO keVoto 1S MeV range. From earlier work it was reahised that imerference
from the prescace of high fluences of thermal und epithermal neutrons might well be a
stgnificant problem, The instrument chosen. and the reasons for the choice are described in the
next section. while the development and characterisation of the instrument are described in the
subsequent sections.

2. IDENTIFICATION OF A SUITABLE INSTRUMENT

2.1 Initial considerations

The requirement identified above is for a high resolution spectrometer to cover the energy range
S0keV o 1.5 MeV. The term "high resolution” needs to be quantified in some way. In deciding on
a figure for the desired resolution some account must (o be taken of what is physically achievable.
and thus a realistic target value for the resolution cannot be finalised untd] all the instrumemal
options have been considered. Some broad guidelines as to what would be acceptable can,
however. be stated.

The question of what constitutes adequate resolution is nearly impossible to answer. [t
depends on the spectral shape in the region of interest. and on the final dose equivalent
accuracy required. In the majority of rather wel-moderated spectra of interest very
pronounced structurcs, c.g. pronounced peaks, are unlikely in the 50 keV to 1.5 MeV region.
The accuracy needs for radiation protection are not particularly high. Certainly resolution of
30% or better would be a conmsiderable improvement on anything achievable with Bonner
spheres.

Ta be able 10 neasure to a lower limit of 50 keV. the resolution at that energy must be better than
50 keV. However, an energy resolution of 50 keV at 1.5 MeV represents a percentage resolution
of about 3%, which is probably much better than can be achicved. The resolution of the NE213
system, used in the region above 1 MeV. is about 30% a1 1 MeV, although it improves at higher
energics. On the basis of these considerations, the resolution 1o aim for with the new instrument
should be in the of 1{t1o 30% range. It may be possible to do better at the upper end of this region,
whereas it may not be possible to achieve anything as good as 30% at the lower end of the range.

The first step in wdentifying o suitable instrument was to investigate which spectrometers are
available, and which ones other establishments have used for this encrgy range in the past. There is
evidence of two types of device having been used for measurements of workplace spectra in
Europe and the USA.

{a) Devices based on the detection of hydrogen recoil events (with the possible use of *He
recodl devices to measure higher neutron energies).

()  Devices based on the use of the *He(n,p)T reaction.
Before considering options (a) and (b} in more detail, all other instruments which can operate over
the energy range of interest should be reviewed in case the use of any other type of device is

feasible.

A Bonner sphere system of course covers the energy range of interest, but not with the required
resolution. Since the response functions of Bonner spheres exhibit very broad maxima, it is very
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doubtfitl that any modifications. e.g. the use of more. or different material. spheres™, will provide
improvements in resolution for this svsiem over the energy region from 50 keV 1o 1.5 MeV.

Another possibility is the use of threshold reactions 10 augment the Bonner sphere data. These.
however. require fluence rates well ubove those refevant to neutron protection dosimetry level, und
also de not provide the reguired resolution.

Semiconductor sandwich detectors based on either lithium or "He can be built and made to operate
over the cnergy range of interest. but the devices are too complicated for field use and are also very
. ~ . fx
ineflicient as demonstrated by Marsh et al™.

A device which can detect neutrons over the relevant energy range is the lithium glass scintillator.
There is no record of these devices being used as field instruments, and their poor light output and

non-lincar response would create severe problems'”.

Other devices which might be considered are Bubble, or Superheated Drop detectors ®** Both
Apfel Entreprises ' and Bubble Technology Industries™” produce systems with spectrometric
capabilities, but once again the attainable resolution is poor at present. and is unlkely ever to be
good. Twenty years after their invention, Bubble detectors remain a challenging topic for rescarch
and development although they may yet provide the solution to the problems of finding a suitable
dosemeter for practical applications.

We appear to be left with devices using either hydrogen (+ “He possibly) recol, or the *He(n,p)T
reaction. These detection mechanisms can be incorporated in different types of instruments, e.g.
proportional counters or ion chambers, and these can be either spherical or cylindrical,

2.2 Devices Based on the *He(n,p)T Reaction.

Use of the *He(n,p)T reaction has certain attractions™”. The main one is that the pulse output
spectrum from a spectrometer based on this reaction reflects the neutron spectrum more closcly
than the output from say a hydrogen recoil based device. This makes spectrum unfolding Jess prone
to problems and uncertainty. In fact, until elastic scattering effects begin to be evident at about
1 MeV, the pulse output spectrum very closely resembles the neutron spectrum except for wall
effects in the counter. A Q-value for the reaction of 764 keV means that even thermal neutrons
have an energy of 764 keV in the pulse output spectrum so that discrimination against y-radiation is
relatively easy, except where there is significant y-pile-up. Devices based on this reaction can
definitely exhibit the required resolution, and do cover the relevant energy range!82%,

Excluding *He sandwich devices, two types of *He based spectrometers are commercially available:
ion chambers and proportional counters.

2.2.1 lon Chambers

A number of papers " have been publishied on the jon chamber device of the Shalev and Cuttler
design ®” available from ‘Common Sense’ ®. NPL acquired in 1993, as part of an extra-mural
research project with the University of Birmingham™, a Fast Neutron Spectrometer (FNS),
based on a “He(n,p) “grid-ed” ionisation chamber of the Shalev-Cuttler type. On of its main
strength remains 1ts high energy resolution which can be upset by micro-phonics and mechanical
vibrations. Two attempts have been made to use this spectrometer in simulated workplace
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emvronments without success as severe problems with pile-up made any analysts of the data
impassible because pile-up of 764 keV events completely swamped everything. Not only is the
‘double” pe-up at twice 764 keV very prominent. the pile-up extends to 3x 764 keV. and
possibly even higher. This was despite the fuct that the instrument was completely enveloped in a
cadmium sleeve of al least 1 mum thickness. The 764 keV events were thus not due 1o detection of
incident thermal neutron, but were due to epi-cadmium neutrons detected cither directly or after
thermalisation within the counter,

In view of this problem it is very doubtful that this instrument could ever be useful for field
measurements excepl perhaps in situatons where there are very few neutrons below about | keV.
It may be possible 1o reduce the effects of pile-up. und there are several options which might he
tried:

{a) Use of boron or samarium rather than, or in addition to. cadmium to cut out more epi-
thermal neutrons. This is probably not a complete solution and the spectrometer gets
increasingly bulky and the neutron field is distoried by the additional absorbing sleeves.

(b) Use of pulse rise-iime discrimination may be possible. The use of commercial pile-up
rejection units could be considered, but this introduces problems of knowing which events
the unil accepts or rejects with consequent problems of the stability of the efficiency
calibration under different pile-up situations.

{c) “Stripping” off of the pile-up from the spectrum using 2 measured “pure” pile-up spectrum.
This, if it were possible. would be very prone 1o uncertainties due to the fact that one is
performing a subtraction process with two similar-sized large numbers,

In conclusion, there appears to be very little prospect of a working field spectrometer based on this
msirument being successfully developed. It remains a very uscfu! tool for laboratory spectrometry,
such as for the measurement of neutron source spectra.

2.2.2 Proportional Counters

Endres et al*” in a general report on neutron dosimetry at nuclear plants published in 1981
reported measurements using a 2.5 cm (1") diameter (presumably cylindrical) counter. To reduce
neutron pile-up they used a cadmium cover, and both pile-up rejection and pulse shape analysis.
With this system they made measurements inside reactor containment and the report states that the
spectrometer “scems to be operating properly”.

A later report, from the same laboratory. in 1984, by Brackenbush et al® concentrates on the
characteristics of the *He spectrometer. It provides a great deal of relevant information about *He
proportional counters and their use. While extolling the virtues of this spectrometer, the report,
particularly in its recommendations section, repeatedly sounds warnings about the problems of pile-
up. It says, for example, "pulse pile up problems can casily lead to erors in determining the
spectrum between 20 keV and 700 keV".

They recommend the use of I to 3 mm of samarium, and say that a | cm thick boron carbide shield
could also be used, but wam of the problems of scatter if these absorbers are present. They
recommend keeping the *He pressure reasonably low at 2 10 4 atmospheres to reduce pile-up, (c.f.
the 10 atmospheres and Jarger volume of the FNS"***** mentioned above), but this requires very
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long measurement tmes. ¢.go overught even i fields of 0.5 mSvh’. A techniue of using x
precision pulser is recommended to estimate pile-up. even after all the technigues 10 minimise it
have been employved. They conclude that the spectrometer can be used in workplice environments,
but note that the He spectrometer indicates a "much larger contribution to dose eguivalent than
calculated by the multisphere spectrometer”. The differenvie appears to be about 356,

A third report. by Brackenbush et al”" expands a little on what is said in the 1984 report.
Developments 10 the spectrometer. mainly in terms of the clectronics. are described. and also some
racasurements in a platonjum processing arca. Very much the same message is given. Le.. that it is
uscful instrument for workplace spectrometry. but there is not a great deal of hard evidence.

In conclusion. “He proportional counter spectrometers appear to be an option, but in view of the
problems with the FNS-1 and the comments about pile-up in the reports from the USA. great care
should be taken beforc embarking on a lengthy development programme based on such an
mstrement,

2.3 Devices Based on Hydrogen or Helium (‘He) Recoil Detection

Proportional counters based on the detection of either hydrogen or helium recoils have been shown
to work in the types of environment where field measurements necd to be made. A set of such
counters (usually 2 or 3) with different pressures, is required to cover the full energy range.

The first spherical hydrogen recoil proportional counter was suggested and developed by Benjamin,
Kemshall and Redfearn “**" in 1964. The aim was to develop a counter having a response function
which was independent of the direction of the incident ncutrons. This was achieved by using a
spherical cathode shell and a thin central anode wire and cnsuring that the gas multiplication is
reasonably constant within the “ionisation volume” by producing a uniform clectric ficld within the
counter. The counters have since been extensively rescarched. their response functions are now
well understood and they have been widely used in neutron spectrometry “**". They have recently
been successfully used in two intercomparison exercises: at the Silene reactor in Valduc “* and at
the Cadarache Moderator Assembly ' . both in France.

The transportable neutron spectrometer (TNS) from AEA Winfrith (UK) contains, amongst other
mstrurnents. hydrogen recoil counters. The device has been used successfully in environments
where y doses and thermal fluences arc high®" . However, since the environments in which the
measurements were made were ‘'military’ it is hard to obtain any detailed information. The
ROSPEC*, produced by Ing in Canada. also uses hydrogen recail counters, and has been used
Tairly exiensively to measure ‘field” specira. Again. some of these are at military installations, but
there is evidence that the device works. In both these systems the hydrogen recoil counter are
clustered together in the “head” of the instrument and are all used at the same time. The degree of
interference between thesc counters and the moderaton produced in the field are not clear.
Unforiunately, the TNS 1s no longer available, and the ROSPEC is very expensive.

For *He-filled praportional counters, one of the most recent studies of their use as neutron
spectrometers, in the 144 keV (0 14 MeV energy range, was carried out by Weyrauch et al*®
who give an extensive bibliography of publications relevant to these counters.
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2.4 Conclusion

a view of the above. a set of hvdrogen recod} counters appears 10 be the best choice of instrument
for measurements in the S0 keV ta 1 MeV region. The most commonly used recoil counters are the
spherical SP2 counters {(Figure 1) made originally by AEA Technology., Winfrith. These are.
however. no Jonger available from Winfrith. but it has. fortunately, been possible to acquire second
hand SP2 counters from the National Radiological Protection Board (NRPB) and from the
University of Birmingham.

The reminder of this report describes the development and calibration of a high reselution
neutron spectrometry system based on 1. 3 and 9 atm hydrogen recoil counters of the SP2
type. In the SI sysiem these pressures are about 0.1, 0.3 and 0.9 MPa; however. the values in
atmospheres tend 10 be used as a matter of convenience. The three counters are referred to as
SP2-1, SP2-3 and SP2-9 respectively throughout this work., Together they cover the
important energy range (50 keV to 1.5 MeV) where the fluence to dose equivalent conversion
factors are known to vary substantially. With the completion of this work, and m conjunction
with the NE-213 and Bonner sphere counters, NPL possesses a means of measuring neutron
spectra from thermal energies to 20 McV with high energy resolution in the neutron region
above about 50 keV.

3. THE HYDROGEN RECOIL BASED SPECTROMETRY SYSTEM
3.1 Introduction

The SP2 hydrogen recoil counters to be characterised, were obtained unfortunately, with very
little information about their filling parameters. Initial tests were therefore carried out using
radioactive sources 1o confirm that the counters were working and viable. This was followed
by extensive measurements with monoenergetic neutron produced by the NPL 3.5 MV Van de
Graafl accelerator using the TLi(p.n) and T(p,n) rcactions. These measurements werc uscd in
conjunction with calculations of the response function and subsequent unfolded spectra to
detcrmine the characteristics of the counters. e.g., the filling pressure, the gas composition and
the resolution parameters. etc., and hence their response functions. In this work, the response
functions of the hydrogen recoil counters were calculated using a FORTRAN program, RESP,
which is part of the SPHERE"” computer programme package developed at PTB. RESP is
based on the important work of Weisc ¢t al.®™ and 1akes account, not only of the wall effects,
i.c., truncation of the recoiling hydrogen tracks by the counter walls, but also the variations in
the gas amplification along the counter wire due to the non-uniformity of the electric field. The
unfolding is carried out using three different programs. They are called GRAVEL, MIEKE
and SPECAN and were developed by Matzke at PTB as part of the “'so-called” HEPRQ™*”
computer programme package of unfolding codes. GRAVEL is a modified SAND-II program
whereas MIEKE and SPECAN arc Monic Carlo unfolding codes.

3.2 The Operating Principles of Hydrogen Recoil Counters

The SP2 counters consist essentially of a spherical stainless steel shell, about 4 cm diameter,
acting as a cathode, and a central tungsten anode wire. For the 3 and 10 atm counters, the
filling is about 90% hydrogen, the reminding 10% being methane which acts as a quenching
gas, together with traces of *He used for energy calibration. The 1 atm counter filling is 100




These are listed below and iHustrated in Figure <.

ML

< hivdrogen. and o has about a1 mny fong deposit © Py, an @-particle emitier. on s anode
wire o actas an internal energy cahibyator,

When a neutron 1s ncident on such a hvdrogen recoil counter. various processes can oceur.

-

The incident neutron. if scattered by a hydrogen nucleus, produces a proton recoil.

The electrons produced along the proton track drift towards the anode wire along an
electric field hine.

Near the wire. the eleciron gains enough energy for the gas atoms to be joniscd.

The ionisation elecirons can themselves praduce further electrons and thus an avalanche
(gas amplification) is produced.

The ions are collected at the anode and a signal is produced.

The signal is proportional to the amount of ionisation and thus to the encrgy of the
recoiling proton (not of the incident neutroin).

A range of proton energies is obtained for each neutron energy depending on the angle
between the neutron and the proton.

3.3 Advantages of Hydrogen Recoil Counters

The counters use the (n,p) scattering cross-section. which:

is well known and changes monotonically with cnergy,

is isotropic for neutron energies less than 10 MeV,

can. becausc of the near equality of neutron and proton masses, be described by simple
scattering theory so that responsc calculations are relatively straightforward,

has a rcasonable large absoluie value so that the counters have a useable efficiency
although mcasurements of several hours are still required in radiation protection
applications.

Other attributes ase

high cnergy resolution,

an isotropic response because the SP2 counters are spherical,

an ability to work in high therma) and epithermal fields,

they are tried and tested counters and the expertise in their usc is available,

they cover the 50-1500 keV range where fluence to dosc cquivalent factors vary rapidly
with energy.

3.4 Disadvantages

Some of the disadvantages associated with these counters arc:

o since the counters have a thin anode wire, they are highly micro-phonic; this problem may

only be solved by enclosing counters in a firm, as thick as tolerable, metal box.
three counters have to be used in succession and thus longer measuring times are required.
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35 Dynamic Range

The lower energy it is set by y-ray induced pulses. and by the deterioration in resolution
I keV proton yields onlv 30 ionisations), whereas the upper bhmit is set by wall effect
distortions. which depend on the size of the counter and the stopping power of the filling guses
since the proton range increases with increasing energy. A set of counters with different Qas
filling parameters (mixture content and  pressure) and/or  y-ray discrmination techniques.
must be used to cover the range from 50 keV to 1500 keV.

3.6 The Response Functions of Hydrogen Recoil Counters

3.6.1 The Idcal Response Function and Distortion Effccts

For neutron energies below about 2 MeV. and for a spherical hydrogen recoil counter with
0.1 to I MPa pressure. the neutron mean free path is about 1 meter which is very much larger
than the diameter of the counter. Thus, the counter is alinost transparent io neutrons, the
predominant reaction process being al most a single elastic scattering cvent of the incident
necutrons by protons.

Since the scattering cross-section is isotropic in the centre of mass frame, it follows™ that for
an incident moroenergetic newtron fluence of energy £, the expected proton recoil cnergy
distribution. P(E) . would ideally have the well known characteristic rectangular shape of
Figure 3.

Provided all proton recoils arc stopped within the counter volume, and that the ionisation is
proportional to the energy E » Of the protons. the proton receil spectrum P(E) can be related

to the neutron energy spectrum ¢(E) by the equation”®.

T . L
NVa(E) dE

where ¢(E) is the fluence per unit energy at energy £. N is the number of protons per unit

volume in the gas, Vis the gas volume and ¢ is the hydrogen cross section. With this notation

P(E) dE would represent the number of recoil protons caused by a fluence ¢(E) dE of

neutrons which have an energy between £ and E +dE .

Thus the neutron flux ¢(E) would, in principle be obtained by simply differentiating P(E), if
1t could only be mecasured.

This measurement is complicated by the distortion effects which result from the fact that,
although W-values are independent of proton energy above a few keV®*"  the number of
ions collected at the anode does not give a measure of the proton recoil spectrum because :

* all recoil protons do not lose their entire energy within the counter before hitting the wall:
wall distortion effects

* gas amplification is not constant over the entire volume as the electric feld strength drops
at the ends of the anode wire: gas amplification distortion effects

Eradd
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A.6.. The Real Response Function

The above cffects distort the ideal response lunction, Allowsing Jor these effects. the real
- . . 38
response function can be written'™™ as ¢

REY=[d'r[aQfaE) . TWE £ -Ero

where :

ris the n-p interaction point,

Q is solid angle into which the proton is scattered,
Eis the proton energy when produced,

E is the proton energy when recorded,

and T is the transition funciion written as:

TEE —E,r. Q) =[dEV(E.E ~E.r,Q) WE .E ~E ,r.Q)

where V is the gas amplification and W the wall effect amplitude, and f R(E)IE =1,

The wall and gas amplifications effects are calculated, and corrected for, following the
methods outlined by Weise et al.”" | and the real response functions are obtained. In essence
the Townsend theory for gas amplification is used™” and the method of “image” electric
charges is applied o the calculation of electric fields, which has the shape shown in Figure 4.

From the path length probability functions and the data of proton range as a function of
energy, the wall effect W(E'.E'~ £ .r,Q) is calculated analytically following Snidow and
Warren®. The reader is directed to the paper by Weise et a.® for a full discussion of these

various aspects of the response functions which are calculated in this work by the program
RESP of the SHERE package.

The real response to a monoencrgetic neutron ficld «departs from the ideal rectangular shape
not only due to the various distortion effects mentioned above, but also due to resolution,
noise and y-ray contamination effects as well. A “real” pulsc height distribution spectrum,
measured with the 3 atm counter for an incident energy of 565 keV is shown in Figure 5, and
1s compared to a spectrum calculated without any resolution broadening.

3.7 The Electronics System

A schematic diagram of the electronics system is shown in Figure 6. It is essentially a simple,
single parameter arrangement, based on commercially available units: an Ortec 213 charge
sensitive preamplifier, an Ortec 571 spectroscopy amplifier and a Canberra ADC which is part
of the FAST dual-parameter data acquisition system used at NPL. The same electronics
modules are used for all counters except that the 3.7 kV power is supplied to the 10 atm
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connter by o Thome made” umit capable of providing voltages greater than 3 kY wuhout
breakdown

4 ENERGY CALIBRATION
4.1 Internal Reference Sources

The 1 atm (SP2-11 counter has a small © Py ajpha particle emitter on the centre of its \;i!1t:tic
wire, The mean energy of the measured pulse height distribution of the ulpha peak. uhhcfhgh
somewhat broad. correspands to g fixed energy deposition in the couater. This is unaffeciod
by the incident neutron field and is independent of changes in the gain or clectronic
amplification. It has a further wdvantage that the peak sits above the operating range (50-250
keV) of the counter and thus can be subtracted as background. The cnergy of the alpha
particles is such that their range 18 mach greater than the counter radius and only a smail
fraction (about 380 keV} of the energy is deposited in the counter. Although the measured
Full Width Hall Maximum (FWHM) of the peak is uscd to indicate whether the counter is
operating well. it does not represent the intrinsic resolution of the counter. A pulse height
distribuiion spectrum of the internal source. i.c.. with no other source of trradiation. is shown
in Figure 7. Some disadvantages of using internal calibration sources are discussed by
Knauf and Wittstock .

The 3 and 9 atmosphere counters. which operate in the energy range 250 10 700 keV. and 600
to 1500 keV respectively. contain. in addition to hyvdrogen and methane, a “race of “Hc.
Neutrons interact with the *He via the *He(n.p)T reaction which has a cross section with an
essentially 1/v energy dependence where 1 is the neutron velocity. Since the cross-section for
this reaction increases rapidiy as the neutron cnergy decreases. the majority of reactions oceur
with low energy (€1eV) neutrons. An cnergy equal to the reaction Q value (764 keV). is then
deposited within the counter. with three quarters of the energy taken by the protons and the
rest by the tritons. The reaction cross for thermal neutrons is in fact so large tha
contamination of the praton spectrum may occur in the presence of high thermal fluences, and
must be subtracted before unfolding. This is possible since the thermal response of both
counters have been determined at NPL using the thermal pile facility. In fact. the correction
needs to be applied only for the 9 atmosphere counter since the thermal peak energy is beyond
the range of operation of the 3 atm counics. The effective Q value of the reaction for these
counters, i.c.. the cnerey al which the thermal peak appears, is found to be about 780 10790
keV. not 764 keV. This is consistent with the findings of brearly ®® who suggested that this
might be due to the difference in the specific tonization of the protons and tritons involved.

To produce an intense source of ther, .al neutrons for testing the counters, a block, with
dimensions. 30*20*20 cm. was constructed of high-density polyethylenc. Two holes separated
by about § cm of polyethylene house the SP2 counter and an *' Am-Be source in an X3
capsule, respectively. The source and detector distance is reproducible within a couple of mm.
This arrangement is used for instance to test and check that the counters are operating
satisfactory, to set-up and adjust the clectronics, and amplifier gains before and after
measurements by looking at the peak channel position and its FWHM, which is similar to the
intrinsic resolution of the counters for protons. Figurc 8 shows a spectrum recorded by the
3 amm (SF2-3) counter within this “thermal block™ ammangement.
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4.2 Energy Calibration using Monoenergetic Neutrons

An energy calibration for the sysiemy was obtained using monoenerpetic neutrons of well
Known cnergy. and the back bias of the system was determined by use of an Ortec 448 pulse
generatos. The channel number corresponding 1o the incident neutron energy is st (within +
one channed) equal to the channel number at which the pulse height is equal to one half the
pulse height cosresponding 10 the “knee™ of the pulse height spectrum, as indicated in
Figure 5. The energy calibrations obtained from the monocnergetic measurements carried out
on separate oceastons are shown. without any correction for shifts in the overal]l gain. in
Figure 9 (a) o () lor the three counters respectively; they suggest that the beam energy
calibration and the detection system ase stable and reasonably reproducible.

3. MEASUREMENT OF THE RESPONSE FUNCTIONS

a1 Introduction

The responsc functions of the three SP2 counters were measurcd using monoencrs_eli{.
ncutrons generated by the NPL 3.5 MeV Van de Graaff accelerator. The 'Li(p.n)'Be and
T(p.n)*He reactions were used 1o cover the 50 to 1500 keV neutron energy range of mterest.
The experimental set-up is shown in Figure 10. The corrections for room scatter werce
performed using the shadow cone technique “** The total neutron fluence to which the
counters were subjected was determined using our calibrated long counters ®*. Measurements
and calculations were combined using a two complementary methods (0 determine the
response function of the counters,

In the first method. use is made of the fact that the distributions calculated from the product of
the integrated neutron fluence measured by the long counter and the resolution broadened
response function should superimpose the mcasurcd multi-channel spectrum if the response
function is correct. This follows from the matrix equation Z = R¢ where Z is the mcasured

pulse height distribution. Ris the response function matrix and ¢ is the incident neutron

spectrum. The response function for @ monoenergetic spectrum, calculated using the programs
RESP and GAUS from the PTB SPHERE package were accordingly optimised by adjusting
the counter paramelers such as the gas mixture. pressure, resolution parameters. etc. Counter
parameters. and thus response functions, were considered optimum when calculations and
measurements agreed well at a few monoenergetic neutron energies.

The resolution broadening of the response function, carried out by the program GAUS,
assumes that the FWHM. as a function of cncray E is given by:

FWHM =+va+bE + cE?

where a.b and c are constanis which are obtained by comparing measurement to calculation,
as described above.

The form of the equation is based on the assumptions that:

¢ The constant parameter, a, accounts for nojsc contributions.
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e The imear parameter.d, accounts for statistical variations due to luctuations in the
number of primiry jon pairs and in the gas multiplicaton.

o The guadratic term. ¢. accounis for various effects such.as those due 1o differences
between the real field and the model field along the wire, impurities and instrumental
clifects c.g. mstability in amplifier gains and high voltage. The non-uniformity of the ficld
along the anode wire is taken inte account by the model filed in the response function
calculattons.

The broadening duc 1o target thickaess was calculated and stripped off in quadrature. Once
the first method, the quickest. has been applied and the counter parameters have been tuned,
the full response matrix was calculaied using RESP and was resolution broadened using
GAUS program. The monocenergetic spectra were then unfolded and the resulting fluence was
compared (0 the fluence measured with the long counter (method 2). To be able 1o correct for
any downscatier neutrons, the response matrices were calculated for neutron energies beyond
the dvnamic range of cach counter.

5.2 Calibration of the T atm. SP2 Counter (SP2-1)

The 1 atmosphere counter. which covers the energy range of about 50 to 250 keV. contains
100% hydrogen. and has a small *’Pu o particle emitter source on its anode wire acting as an
internal energy reference (sce section 4.1). The counter was calibrated using monoenergetic
neutrons of energy 70. 144 and 250 keV. Details of the electronics settings and of the
measurements are summarised in the Appendix. A plot of channel number versus energy, as
measured with a precision pulse generator. is shown in Figure 11, demonstrating the excellent
linearity of the acquisition system. A pulse height distribution spectrum measured with the
SP2-1 counter for 144 keV incident neutron energy is shown in Figure 12. It is compared to
the calculated spectrum which results from the calculated resolution broadened response
function times the total ncutron fluence measured by the long counter (method 1 in section
3.1}, The optimum FWHM parameters oblained as described above are given in Table | and a
plot of the FWHM function against neutron encrgy is shown in Figure 13.

Table 1: Parameters used to calcuiate the response function of the I atm SP2 counter

Hydrogen content (%) 100
Methane content (%) 0
*Helium content (%) 0
Filling pressure (MPa) 0.106
Operational voltage (V) 1300
Temperature at filling ("C) 25.5
A=(16.66 =0.21)

Resolution parameters B={0.0510 +0.0039)

C={0.00502 =+ 0.00001)

Examples of monoenergetic neutron spectra unfolded using the programs GRAVEL , MIEKE
and SPECAN are shown in Figures 14 (a) to {c). The integral of the unfolded ncutron spectra
are compared to the fluence measured by the long counter (method 2 in section 5.1) to further

12
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test the vesponse functions. The fluences measured with the long counter and with the SP2
counter agreed remarkably well for all three monoenergies as shown in Table 2. The
pereentage uncertaintics quoted are statistical only and assume that the response functions are
exactly known. 1t must also be noted that the uncertainties given by GRAVEL which ix mitinly
used to prepare for MIEKE and SPECAN runs, does not incorporate a robust variance
calculation algorithm. '

Table 2: Neutron fluence measured by the 1 atm $P2 counter and unfolded by GRAVEL,
MIEKE and SPECAN compared to long counter measurements. All fluences have heen divided
by 10° for convenience, and the uncertainties quuted are percentage values.

Enerey FLL flueno: (RAVEL RATLL R MIEKT: MEN.C % SPECAN SPETLCS

70keV | 5394420% | 5253 x1.4% 260 5400 £1.1% 0.10 5353+ 1.2% 0,78
144 kaV | 6,69322.0% | 6.630234% -0.80 6.730£1.8% 0.56 6,668+ 0.48% 0.07
250keV | 5.668+20% ] 5.666<121% 0,03 5710 20.57% 0.74 5687 +0.53% 033

Various parameters of the response functions were altered and methods 1 and 2 (section
5.1) were reiterated until the best possible agreement was obtained for all energies and for
the same response function parameters. At the end of the calibration exercise, the
parameters 10 be used for the | aim SP2 hydrogen recoil counter were obtained and are alsa
given i Table 1 above,

5.3 Calibration of the 3 atm. SP2 Counter (8P2-3)

The 3 atmosphere counter (SP2-3) which covers the energy range of about 150 to 700 keV,
contains hydrogen (about 90%), methane and a trace of *He acting as an internal energy
reference (see section 4.1). The calibration exercisc is similar for all counters except for the
neutron energies. This counter has been calibrated using monocnergetic neutrons of energy
144, 250 and 565 keV. Details of electronics set-up and of the measurements are summarised
in Appendix, and an example of a pulse height distribution spectrum measured with the SP2-3
counter for a 565 keV monoenergetic incident neutron ficld is shown in Figure 15. It is
compared 10 the calculated spectrum which results from the calculated response function times
the total neutron fluence measured by the long counter (method 1 in section 5.1). The
optimum FWHM parameters obtained by comparing measurements to calculations are given in
Table 3 and a plot of the FWHM against energy is shown in Figurel 6,

Table 3: Response function parameters of the 3 atm SP2 counter

Hyvdrogen content (%) 80
Methane content (%) 10

*Helium content (%) traces

Filling pressure (MPa) 0.3018
Operational voltage (V) 2400
Temperature at filling (°C) 22

A=(66.83 +0.24)
Resolution parameters B=(0.296 =1 0.002)
C= (0.0050 =+ 0.0001)
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iZxamples of unjolded 565 keV monoenergetic neatron spectra are shown in Figures 17 () o
(). The integral of the unfolded neutron spectra are compared (o the fluence measured by the
jong counter (methed 2 in section 5.1) to further test the response functions. Very good
agreement was obtained. as shown in Table 4, for the 144 and 565 keV measurements. The
agreement is not so good at 250 ke'V, due to the fact that the target used was slightly damagea
during the measurcment. The pereentage uncertainties quoted are statistical only and assume
that the response funclions are exactly known. Similarly to the | atm counter, various
parameters of the response functions were alicred and methods 1 and 2 (section 5.1) were
reiterated untl the best possible agreement was arc obtained for all energies and for the same
response function parameters. The optimum parameters obtained for the 3 atm SP2 hydrogen
recoil counter are given in Table 3. '

Table 4: Neutron fluence measured by the 3 atm SP2 counter and unfolded by GRAVEL,
MIEKE and SPECAN and compared {o long counier measurements. All fluences have heen
divided by 10° for convenience, and the uncertainties quoted are percentage values.

Frongy PLCfluena: GRAVEL RS MIXE MBEALL G SHCAN SHERCH
14V 28004 =2 2887 239 a4 2989 £057% ag;: 280> 115 -0
20V 2 =2 2542295 -5 261820667 =340 2624 20565 An
SSkeY | 1126207 1LAG =675 (B 11335 2(013% (35 .27 +025% 0.0

5.4 Calibration of the ¥ atm. SP2 Counter (SP2-9)

The 10 atmosphere counter (SP2-9). which is intended to cover the energy range of about 500
1o 1500 keV. contains hydrogen (about 90%). methane and a trace of *He acting as an internal
cnergy reference (see section 4.1). The cabbration exercise is similar for the other counters
except for the neutron energies. This counter bas been calibrated using monoenergetic
neutrons of cnergy 250. 565. 1200 and 1500 keV. Details of clectronics set-up are
summarised in the Appendix. and examples of pulse height distribution spectra measured with
the SP2-9 counter for 250, 1200 and 1500 keV incident neutron energy are shown in
Figures 18 (a) to (¢). These are compared to the calculated spectrum which results from the
calculated response function times the total neutron fluence measured by the long counter
(method 1 in section 5.1} The opiimum FWHM parameters obtained by comparing
measurements to calculations are given in Table 5 and a plot of the FWHM against ncutron
cnergy is shown in Figure 19,

Table 5: Response function parameters of the 9 atm SP2 counter

Hydrogen content (%) 90
Methane content (%) 10
*Helium content {%) fraces
Filling pressure {MPa) 0.9
O perational voltage (V) 3700
Temperature at filling ("C) 22
A= (917.8 = 130.6)
Resolution parameters B= {5.04 x0.81)
C= (0.009 = 0.001)
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Examples of unfolded monoenergetic neutron are showa in Figures 20 (a) to (¢). The integral

ol the unfolded neutron  spectra are compared to the flucnce measured by the long counter
(method 2 in sectivn 5.1 to 1est the response functions. As shown in Table 6. the agreement 15
good except perhaps at 230 keV. which is just below the dynamic range of the 9 atm counter.

Table 6: Neutron fluence measured by the 9 atm SP2 counter and unfolded by GRAVEL,
MIEKE and-SPECAN and compared to long counter measurements. All fluences have been
divided by 1¢° for convenience, and the uncertainties quoted are percentage values.

Fnagy AL flama: GUWVHE RAPALL % MEE MBPAL % SHCAN SEALS
20V 145 205 LA =23% 1230 1516£23% 330 1.4 £ 2.07% 240
SakeV 372007 EXCLE SRy -290 3R 0520 -1.30 ol 3% 266
1A eV 185G 20K L 1 0F Q112 1905 14% N85 1824715 (31
10k | 6422200 6421 =8 (14 G471 207TF: 092 6420545 (113

The percentage uncertainties quoted are statistical only and assume that the response functions
are exactly known. Similarly to the other counters. various parameters of the response
{functions were altered and methods | and 2 (section 5.1) were reiterated until the best possible
agreement were obtained for all energies and for the same response function parameters. The
optimum parameters to be used for the 9 atm SP2 hydrogen recoil counter were obtaned and
are given in Table 5.

5.5 Response to Thermal Neutrons

The response of the 3 and 9 atmosphere SP2 counters to thermal peutrons was determined by
irradiating the counters with the calibrated NPL thermal pile assembly. The difference method
was used: this consists of measuring the response with and without a 1 mm thick cadmium
sleeve covering the SP2 counters in order to cstimate and correct for the response of the
counter 1o fast neutrons in the predominantly thermal beam. The responsc to thermal neutrons
is obtained by subtracting the two spectra. An example is shown in Figure 21, for the 3
atmosphere counter.

To correct 2 measured spectrum for the thermal response of the counter, the number of counts
in the full (p+t) peak is calculated after subtraction of the continuum of the measured
spectrum, The thermal neutron response is then subtracled from the measured spectrum after
normalisation to give the same number of counts in the {p+0) peak®.

6. TEST MEASUREMENTS

6.1 The *Am-Li Source Measurement

A test measurement has been carried out using an 2! Am-Li(o,n) radionuclide neutron source
in the NPL low-scatter Main Bay. The experimental arrangement is shown in Figure 22.
Source and counters were positioned 8 cm from each other and measurement were made for 3
1o 5 days in succession for cach counter separately. The *'Am-Li spectrum maximum energy
is within the dynamic range of the 9 atm (SP2-9) counter and thus was directly unfolded. The
spectra of the 1 and 3 atm counters, however, are contaminated by the so called “down
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seattering”, e pulses from ncutrons with incident encrgy preater than the operating range of
the counter. Thus the procedure used is the following:

1. The higher energy puise height distribution measured with the 9 atm counter (SP2-9) is
unlolded which results in & neutron spectrum (labeled AMLIC) covering the energy range
from about 600 (o 1500 keV - Segment 1.

I

The latter spectrum is lolded with the response function of the 3 atm counter (SP2-3) to
calculate the contribution to the pulse height distribution, measured by SP2-3, of neutrons
with cnergy beyond its dynamic range. The folding is done using either a special option
within RESP of the SPHERE package or the program FALT of the HEPRO package.

3. The “downscatter’ is subtracted.

4. Unfolding is carricd out to yield the neutron spectrum in the energy range of about 250 to
600 keV. corrected for down scattering (labeled AMLIB) - Segment 2.

5. The procedure is repeated for the | atm counter 10 yicld & neutron spectrum (AMLIA) in
the energy range 50 10 250 keV that is corrected for downscatering - Segment 3.

Normalisztion factors were of course applied to account for the duration of mcasurements
which were different from onc counter to the other. Figure 23 shows the full AMLI spectruns
when all three segments are added together.

7. SUMMARY AND FUTURE DEVELOPMENTS

The SP2 hydrogen recoil counters have been calibrated and characterised and their response
functions accurately determined. Thus. a high resolution spectrometry system hax been
developed to cover the 50-1500 keV range which gives NPL a high energy resolution
spectrometry capability for 50 keV to 20 McV ncutrons. Future developments will involve
better integration ol the system with the NE213 and Bonner sphere systems (which can be
used for thermal to 20 McV neutrons although with lower resolution) and possibly extending
the lower energy limit down to few tens of keV using y-discrimination techniques.
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R=2 cm

Figure 2: Schematic diagram for a spherical hydrogen recoil counter and the
processes which occur in it when a neutron scatters off a hydrogen nucleus.

1
P(E)=""fES E,
E, '

P(E)=0 ifE < E,

Figure 3: The ideal response function of a recoil counter for monoenergetic neutrons.

E(xyUu

A

* x {mm)

Figure 4: The electric filed strength E(x) on the anode wire surface divided by the voltage U

between anode wire and cathode sphere; x is the distance from the equatorial plane of the counter.
From Weise et al %%,
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Figure 8: Energy calibration of SP2 counter from monoenergetic measurements

made on separate days.
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Figure 14: The 144 keV monoenergetic spectrum measured with the 1 atm SP2 counter
and unfolded using: (a) GRAVEL, (b) MIEKE and (c) SPECAN



I e W

(Aax)AB1suz
00L 009 005 00Y 00e 00¢e
i ¢ i |

—- 0001

SIUN0Y

‘oNENo|ed 0} PaLediod PUe JaIUN0D ZdS Une g 3t UitM painseaw Wnyoads onabiausouowl AR 585V 51 ainbig

~ 0002

pajejnojey  «
- 000€
pamnsesyy -




E B R B R ERBEENIENNSEB®NDDISEE RGN =S > = -

AB18UA JO LOROLINJ B S JAJUN0D ZdS UAB £ 8U) J0j UDKIUN} UOKN|OSSI BU3 4O WHM 9} 2nbig

{(noN) ABJauly

0001 008 009 00¥ 00¢ 0
} t I ! {

-~ O

(AM)NHMA

L0000 ¥ 05000 =0
Z000F 9620 =g

p20F £8'99 =y ~- 09
(2v3.0+3.8+V)Ubs :[BPON




Flusnce per MeV (*1.E8}

Fluence per MeV (*1.£8)
S

Fluence per MoV (*1.£8)
T

it LaRAVEL I -

[T

=
bt

by

bt
e
bt
bt
T
FIT

ad

[EEEESRCERSEERSERRSRE RS EESRERERE

T T T T T
0.45 0.50 0.55 050
Neutron Energy (MeV)

18 -

T T L] T T T

b} WIEKE 1

P B Y

Neutron Energy (MeV)

30~

254

204

15+

10

1 ’ ) hl T

{c} SPECAN I

0.45 0.50 0.55 0.60
Neutron Energy (MeV)

Figure 17: The 565 keV monoenergetic spectrum measured with the 3 atm SP2 counter

and unfolded using: (a) GRAVEL, (b) MIEKE and (c) SPECAN
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Figure 20: The 1.2 MeV monoenergetic spsctrum measured with the 9 atm SP2 counter
and unfolded using: (a) GRAVEL, {b) MIEKE and {c) SPECAN
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