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Abstract

This thesis comprises several studies mainly devoted to neutron

measurement systems for plasma diagnostics at JET (Joint European

Torus)•

An in situ calibration of the U-235 fission chamber detectors located

at JET is presented. These detectors are used for measuring the neutron

yield from the thermonuclear reactions in the plasma.

The energy spectrum of the neutrons from the reaction D(d,n)^He has

been studied by means of a ^He spectrometer. Especially, it was found

that by measuring the width of the full energy peak in the response

spectrum of the He-spectrometer, the deuterium distribution in the

deuterium targets used can be estimated. In order to measure different

neutron energies it is necessary to obtain a detailed knowledge of the

response of the spectrometer. Therefore, the response function to

monoenergetic neutrons in the energy range 130-3030 keV was

experimentally determined.

Some work has been related to a design study of a 14 MeV spectrometer

for neutron diagnostics. It is a combined proton-recoil and

time-of-flight spectrometer for high resolution measurements. The main

parts of it are the collimator, the scattering foil, and the detectors

for the recoil protons and the scattered neutrons. The influence of

proton straggling in the foil on the resolution and efficiency of the

spectrometer has been studied. Furthermore, a three dimensional Monte

Carlo code has been written and used for the design of the collimator.

Keywords: neutron yield detectors, JET, ^He-spectrometer,

response function, deuterium targets, proton straggling, Monte Carlo

method, collimator design.
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Abstract

This thesis comprises several studies mainly devoted to neutron

measurement systems for plasma diagnostics at JET (Joint European

Torus).

An in situ calibration of the U-235 fission chamber detectors located

at JET is presented. These detectors are used for measuring the neutron

yield from the thermonuclear reactions in the plasma.

The energy spectrum of the neutrons from the reaction D(d,n)%e has

been studied by means of a He spectrometer. Especially, it was found

that by measuring the width of the full energy peak in the response

spectrum of the He-spectrometer, the deuterium distribution in the

deuterium targets used can be estimated. In order to measure different

neutron energies it is necessary to obtain a detailed knowledge of the

response of the spectrometer. Therefore, the response function to

monoenergetic neutrons in the energy range 130-3030 keV was

experimentally determined.

Some work has been related to a design study of a 11 MeV spectrometer

for neutron diagnostics. It is a combined proton-recoil and

time-of-flight spectrometer for high resolution measurements. The main

parts of it are the collimator, the scattering foil, and the detectors

for the recoil protons and the scattered neutrons. The influence of

proton straggling in the foil on the resolution and efficiency of the

spectrometer has been studied. Furthermore, a three dimensional Monte

Carlo code has been written and used for the design of the collimator.

Keywords: neutron yield detectors, JET, ^He-spectrometer,

response function, deuterium targets, proton straggling, Monte Carlo

method, eollimator design.
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1. INTRODUCTION

This thesis is a study of neutron measurement methods suitable for

fusion plasma diagnostics.

The methods can be used for the determination of important plasma

parameters in order to get detailed information about thermonuclear

processes in complex magnetic confinements.

In section 1.1 thermonuclear processes and important parameters of

controlled fusion are discussed. Neutron plasma diagnostics are

motivated and briefly described in section 1.2. Finally, in sections 2,

3 and U a short summary of the published papers will be given related

to neutron measurements methods at JET (Joint European Torus).

1.t Background

After the developement of the fission reactor in 1942 during the

Second World War, the idea came up that a fission explosion can be used

to initiate a fusion process. As soon as the first thermonuclear device

was exploded in 1952 and the consequences of those nuclear explosions

were realized, ideas for controlled fusion became of great interest.

Strong support for research was gained in the U.S.A., Britain and the

Soviet Union.

A few years later almost everybody who was working with fusion knew

that controlled fusion was going to be a very difficult task. The



reactions must take place at very high temperatures. Already at a few

thousands of degrees difficult technical problems occur. At the many

millions of degrees needed for fusion reactions all these problems

become unique. After more than 3 • 10 american dollars have been

expended throughout the world the solution has still not been found.

All this clearly illustrates that man-made controlled fusion must

accomplish something unusual.

However, E. Teller shows a great portion of optimism or he might think

about himself as a very slow writer, when he in his book "Fusion" [1]

states; "It has only 16 chapters. I cannot exclude the possibility that

had we written 20 chapters, the additional four might have contained

the final solution". He and many experts are convinced that the program

of controlled fusion will, in the end, be carried to some form of final

success. A successfull development of nuclear fusion should provide a

clean and almost limitless source of energy for future generations.

There are, so far, two opposite approaches which hopefully can succeed

in bringing man-made controlled fusion into practical reality. One

approach is to use a fuel of very low density, 10 particles/cm ,

which means 10 times the number of atoms in the air. The other

approach is to bring the fuel to the extremely high density of

1026 particles/cm3.

Serious works on the first, low density, approach started already in

the early 1950s. Because of the low density of the gas an extremely

high temperature of about 100 million degrees is needed. The atoms in
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the gas at this temperature are all ionized, which by definition means

that the gas has become a plasma.

The most important thermonuclear reactions are;

D + D -> T • p + U.O MeV,

D + D -> 3He + n * 3.3 MeV,

D + T -> ^He + n + 17.6 MeV.

The relevant quantities for these reactions are the probabilities for

the reactions, i.e. the cross sections. They are a function of the

energy of the reaction particles. Among the above reactions the D-T

reaction has the highest cross section while the cross sections for the

two D-D reactions are a factor of 100 lower. In the D-T reaction a

large number of neutrons are produced, which gives a high radiation

background. Therefore, from a practical point of view in the early

experimental period a deuterium plasma is used. The D-T reaction in

this plasma is only important as a secondary reaction with the tritiun

produced in the first D-D reaction.

The product of the cross section and the density of the plasma is

proportional to the intensity of the energy production. The energy

produced is carried away by the charged reaction particles and the

neutral neutrons. Only the charged particles can be confined in the

plasma. In the first D-D reaction almost all of the energy produced is

deposited, but in the second reaction only about 1/4 of the produced

energy is deposited in the plasma.



In the same manner as for the fission process, where the neutrons

carry the chain reactions forward, the charged product particles in

fusion processes carry the process forward by slowing down and

releasing their energy in the plasma. The reactions must take place at

very high temperatures. It is well known that at low temperatures the

energy loss due to neutron and gamma radiation predominates over the

deposited energy, gained by the slowing down of the charged particles.

However, for increasing temperature the deposited energy increases more

than the energy loss and will catch up at high temperature. At the so

called ignition temperature the total energy gain is equal to the total

energy loss. For a deuterium plasma and a deuterim-tritium plasma the

ignition temperatures are 25 keV and 4.5 keV, respectively. These

ignition temperatures mean for a low density plasma that it must be

kept in a stable condition a few tens of seconds.

These long periods give the opportunity to control and make

adjustments during the discharge. Furthermore, detailed experimental

analysis can be done and be compared with theoretical studies of the

plasma. Experimental information about important properties is obtained

by diagnostic systems based on observations of physical processes

within the plasma. Of special interest are the densities and

temperatures of the plasma particles and their confinement times.

Another thing of interest is the concentration of impurity atoms

originating from the walls of the vessel.

Due to the low density and the high temperature the product particles

have long mean free paths. As a consequence of this the energy

confinement in the plasma is low. The solution is to confine the
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charged product particles by the use of appropriate magnetic fields. In

this case one usually says that the plasma is contained in a magnetic

bottle.

There are a few practical ways to confine a plasma in a magnetic

bottle. At this time, the most sucessful configuration is the one known

as the tokamak. in a tokamak the gas is placed in a torus and it is

kept from the vessel walls by a combination of toroidal and poloidal

magnetic fields. The toroidally directed plasma current serves to

ohmically heat the plasma and to create the poloidal field.

The first series of tokamak devices were constructed at the Kurchatcv

Institute in USSR. The most famous of these were the T~3 and TM~3 which

were already in operation during the mid-1950s. The first large tokasak

outside the Soviet Union was installed at the Princeton Plasna Physical

Laboratory at 1969. The ST-tokamak at Princeton was later replaced by

the larger PLT oevice. A new large tokamak TFTR in U.S.A. started

operation in 1982.

In order to reach better stability conditions of the plasma, tokamaks

with non-circular minor cross sections have been constructed. A

slightly non-circular plasma is used for the JT-60 in Japan. A D~shaped

plasma is used at JET (Joint European Torus) in England. JET is the

Ingest single project of the coordinated nuclear fusion research

programme of t.ie European Atomic Energy Community. The project was

established in June 1978 and the machine came into operation by June

1983. The objective of JET is to study plasma processes for densities

and temperatures close to those needed for fusion reactors.
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1.2 Neutron diagnostics at JET

The neutrons produced in the thermonuclear reactions escape with a

large amount of the energy released in the reactions. In a future

fusion reactor these neutrons are captured in a blanket surrounding the

plasma. The neutrons are moderated, which means that their energy is

transferred to the blanket and consequently the blanket is heated up.

If a lithium blanket is used the thermalised neutrons which react with

lithium will produce tritium. In the experimental period of operation,

observations of the intensity and the energy distribution of these

neutrons give important information about the plasma. The main

quantities studied are the neutron intensity as a function of time and

space, and the energy spectrum. These quantities enable a direct

determination of the plasma reaction rate and the density and

temperaturs, of the reaction particles.

Since JET is a large tokamak the intensity of produced neutrons is

high in comparison to other fusion devices. This makes possible a

comprehensive range of neutron detection systems [2], see Fig.1.

Therefore, the interest in neutron diagnostic methods has increased in

the last few years. In the 3rd JET workshop many proposals for

different neutron diagnostic systems were presented [3].

The time resolved neutron yield detectors are fission chambers mounted

outside the torus walls on the vertical limbs in the equatorial plane

of the device. The system is installed and measurements have been done.
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Neutron Activation Sytttm

Fig.1 Location of JET diagnostic systems (from "JET Joint Undertaking

Annual Report 1984"). They are used for measuring the plasma

reaction rate and the density and temperature of the reaction

particles. A large amount of the neutron diagnostic systems is

placed in the roof laboratory about 20 m above the machine
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Results of these measurements [4] have been shown to be of great

importance and also encouraging for the number of neutron diagnostic

systems which are under design and construction. In order to Drovide

information on the space and time dependence of the neutron production

a neutron radial profile diagnostic system has been designed [33. The

detectors for the deuterium period of operation are NE213 liquid

scintillators.

Neutron spectrometers with high energy and time resolutions for ion

temperature measurements have been designed by different laboratories

in Europe. The radiation problems during the tritium phase of operation

force the main detection systems to be located outside the torus hall.

Some of them are intended to be situated in the roof laboratory 20 m

above the horizontal midplane of the torus. For the deuterium period of

operation three neutron spectrometers are available: a ^He

spectrometer which has been used with satisfactory results [4], a

spherical ionization chamber [5], and a time-of-flight spectrometer

which is under test operation au JET [6]. For the tritium period of

operation four methods of I1» MeV spectrometry have been discussed. One

method is based on the determination of the total energy release of the

Si(n,a) Mg reaction [33. The second method uses the

proton-recoil method in an annular hydrogenous radiator [3]. The third

method utilizes the time-of-flight method applied on backscattering

against deuterium [7]. The fourth spectrometer is based on a combined

proton-recoil and time-of-flight method [8, 9, 10].

Finally, neutron measurement equipment with a controlled efficiency

over a wider range of neutron flux levels are planned to be installed.
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The disadvantage of these systems is that they cannot measure the time

dependence of the flux. An activation system [3]t a delayed neutron

counting system [3], and nuclear emulsion plates [3] are proposed. In

the latter method measurements of energy and direction of the neutrons

can be made simultancusly.

Here studies are presented in relation to the time-resolved neutron

yield detectors, section 2, the ^He-spectrometer, section 3, and the

combined proton-recoil and time-of-flight spectrometer, section k.

2. THE FISSION CHAMBERS

The neutron yield detectors are three pairs of fission chambers

containing ^ U and ^ U. The chambers and their electronics are

fast and they are designed to give a nearly flat detection efficiency

for neutrons with energies between 1 and 15 MeV [11]. They are used for

measuring both the time variation and the absolute value of the neutron

yield. For this purpose it is necessary to determine the absolute

response of the detectors to the extended neutron source in the torus,

section 2.1. This means that the source-to-detector distance, the

attenuation of the neutron flux in the torus walls and in other

materials between the plasma and the detectors must be taken into

account. By measuring the neutron yield during a plasma discharge the

time-resolved deuterium ion temperature c?n be determined, section 2.2.

Furthermore, the information about the response of the neutron yield

detectors can be applied to study plasma disruptions, section 2.3.
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2.1 Calibration or the neutron yield detectors

Paper I has the title "Calibration of the Neutron Yield Detectors on

the JET Tokamak"

The vacuum vessel is made of inconel and surrounded by a 0.5 m thick

double-walled steel support containing coil and concrete. The machine

is divided into eight octants each of which has a horizontal access

port through the shield. During the calibration work the ports closest

to detector D2 and D3 were capped with a 0.02 m thick inconel end plate

while the one closest to detector D3 was open, see Fig.2. The

measurements were performed using a Cf neutron source placed at

different positions inside the vacuum vessel.

The results indicate that the response curve of count rate at any of

the detectors as a function of position is almost symmetric about the

centre line through the port window closest to that detector. The

conclusion from this is that most of the registered counts in the

detectors are due to source neutrons scattered in the ports.

Consequently, the response of the detectors is sensitive to the

presence of extraneous material fixed to, or located close to, the

ports.

In order to investigate the influence of changes of materials close to

the detectors and the ports during 1984 on the results of the

calibration, a second calibration was made by the neutron group at JET

at the end of 1984 [12]. Another reason was to find out if the spectrum
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Ontr» column

Octant No.

Vacuum v«ss*l

Nick»! limiter

Graphite timilrr

Fig-2 Schematic plan of the toroidal raid plane of the JET machine.

During the calibration some of the ports were open. These are

indicated with a broken line. The positions of the source, ports ar.i

the detectors are given by (R,e), where R is the radius and P the

angle between the source and the ports nearests to the detectors.
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of the californium source is representative of the neutron spectrum

produced in a deuterium plasma. For this purpose in addition to

the Cf source a Am-Be neutron source and a pulsed 14 MeV

neutron tube were used.

The results of this calibration are similar in shape and magnitude to

the results of the earlier calibration. It was found that the

calibration is correct to within 10 per cent. This result also showed

satisfactory agreement with a calculation using a Monte Carlo neutron

transport code [3]. Furthermore, it was found that the results are not

very sensitive to the source neutron energy. However, at positions with

direct line-of-sight between the source and the detector the efficiency

is slightly higher for the 11 MeV neutron source than for the

californium source. It was concluded that the neutrons produced with

252
the Cf source simulate 2.5 MeV neutrons well, within a maximum

discrepancy of 2.5 per cent.

la the early calibration in January 198*1 there was a deviation in the

efficiencies for the detectors which was explained by the lack of the

vacuum closure plate on the port close to the detector 01. In this

later calibration it was found, rather surprisingly, that with the port

closed the difference was even larger. Then it was concluded that the

discrepancy between the detectors must be due to the differences in

construction of the double-walled shield within or close to the ports

and the detectors.



2.2 Ion teaperature •easureaents

The count rate C observed in one of the detectors is [12]:

(1
— [ [ [ n.(R,z) n.(R.z) <o v> F(R,z,e) dV
+6..) J

where n and n. are the densities of the reacting ions. For a

deuterium plasma 5 = 1 and for a tritium-deuteriun plasr.a

6..=0. The fusion reactivity is defined by <a v>, which is the

average of the product of the cross section and the relative velocity

of the reaction ions. F(R,z,9) is the detector response to a unit

source placed at the point (R,s,e) where R is the major radius, e is

the angle in the horizontal mid-plane between the source point and tne

centre line through the port closest to the detector, and z is the

distance above the horizontal mid-plane of the torus. The ion density

and the temperature are not dependent on the angle 6. By integrating

the detector response over 6, the triple integral can be converted to

a double integral.

It is obvious from Eq.(1) that a calculation of the peak temperature

must be based on a knowledge of the ion density of the plasma. Beth

the ion density and the ion temperature profiles are assumed to follow

the density and temperature profiles of the electrons in the plasma.

The electron density and temperature can be measured [13]. The coupling

factor between the ion and the electron densities is, so far, difficult

to estimate. The solution has been to use a completely different

diagnostic instrument, a JHe spectrometer, to determine the central

ion temperature in order to calculate the coupling factor. The ion
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temperature measurement with the He spectrometer is based on earlier

plasma discharges and its resalt is obtained by integration over the

fall period of discharge. The deuterium ion density was then calculated

to be half of the electron density value, which then has been used at

JET as standard.

A computer code IOTA (Ion Temperature Analysis) for determining the

central deuterium ion temperature as a function of time is under

developement by the neutron group at JET. The code is extremely

efficient. Less than 2 minutes after the discharge the results can be

studied. A result from a plasma discharge at JET is shown in Fig.3.

>
Ql

C
a

T

Fig.3 The ion temperature during a discharge from a deuterium plasma.

The results are based on measurements of the neutron yield (from

the IOTA code in Nov. 1935).



- 15 -

2.3 Studies of pi disruptions

The range of currents and plasma densities at which a tokamak can

operate is found to be limited by instabilities in the plasma. These

can cause violent phenomena known as disruptions. The instabilities are

characterized by a rapid decrease in plasma current and an increase of

the counts measured by the neutron yield detectors.

It was found that the disruptions resulted in a large production cf

run-away electrons causing a substantial production of photo-neutrons

which were registered with the neutron yield detectors. A method has

been developed by the neutron group at JET [14] to determine the

strength of a disruption based on the knowledge about the response of

the yield detectors.

Using this method disruptions in hydrogen plasmas during January to

July 198^ were studied. The results showed an uncertainty of a factor

of 4 based in the use of 2 detectors. With 3 detectors the uncertainty

is reduced by a factor of 1.5.

3. -SPECTROMETER

In the early 1970s Shalev and Cuttler presented a fast neutron

spectrometer [15] with an excellent energy resolution in comparison to

earlier proportional counter types. The spectrometer is filled with

•'He gas at a partial pressure of 6 atm, argon of 3 atm, and methane

of 0.5 atm. The spectrometer is gridded with the active dimensions of
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5 cm diameter and 15 cm length. The neutrons are detected through the

reaction %e(n,p)^H. The Q-vaiue of this reaction, 764 keV, shifts

the full energy peak above the level of microphonic noise and gamma

events. The spectrometer is very sensitive to thermal neutrons,

however, since for increasing energy the (n,p) cross section decreases.

Furthermore, at energies above 1 MeV, the product particles of the

reaction lose part of their energy to the detector wall. As a

consequence of this the number of counts in the full energy peak is

reduced. Instead, the the wall effect gives rise to a tall at the low

energy side of the peak.

This type of spectrometer has been used for delayed neutron energy

measurements [16 and 17]. Its combination of high detection efficiency

and good energy resolution makes it useful also for other types of

measurements. Of special interest is the spectral distribution of

2.5 MeV neutrons produced in a deuterium plasma, section 3-3.

The energy spectrum of the neutrons from the D(d,n)^He reaction was

studied by means of the ^He-spectrometer, section 3.1. Together with

two other spectrometers to be used for high accuracy measurements for

g-delayed neutron and plasma neutron measurements, the whole response

function was determined, by measurements at a Van de Graaff

accelerator, section 3.2. The use of a % e spectrometer for

determination of the ion temperature of a plasma is described in

section 3.3.
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3.1 Target studies

Paper II has the title "The Deuterium Distribution in Solid Targets

Studied By Means of a He Neutron Spectrometer".

The measurements were performed with a He-spectrometer of the

Shalev type. The neutrons were produced by the ifCO keV accelerator

PUNGCO using solid deuterium-titanium targets. Two different targets

were used, a new and a heavily used one.

Solid targets containing deuterium or tritium are frequently used as

neutron sources for cross section measurements, neutron activation

analysis and calibration purposes. Due to the slowing down of the

accelerated ions in the target the spectrum of the neutrons will be

broader for a thick target than for a thin one. It was found that by

studying the shape of the full energy peak it is possible to determine

the profile of the deuterium stored in the target during long-time

irradiations.

The results showed that the profile of deuterium in the heavily used

target differs significantly from the depth profile in the new one. In

the heavily used target a depletion of deuterium was seen close to the

surface of the target. Especially, a deposition of deuterium was

observed at the target depth corresponding to the range of the
t

deuterium Ions used for irradiations.

t The results were based on cross sections in the centre~of-mass

system. An evaluation of the deuterium profile based on the cress

sections in the laboratory system is presented in the Appendix of

the paper. This correction affects the results with less than 15 %.
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3.2 The response function

Paper III has the title "The Response Function for ^He Neutron

Spectrometers".

The response function for monoenergetic neutrons in the energy range

of 130-3030 keV has been experimentally determined. Monoenergetic beams

7 7of neutrons were produced in Li(p,n) Be reactions at the 5 MeV Van

de Graaff accelerator at the Studsvik Science Research Laboratory.

Three spectrometers were simultaneously measured. Two had a pulse

shaping time of 3 us and one had 6 ^s. They were positioned 1 m from

the target with their axes perpendicular to the direction of the proton

beam.

The four main features in the response spectrum of the spectrometers

are 1) the full energy peak, from the reaction ^He(n,p)^H, 2) the

recoil distributions of elastically scattered hydrogen and helium

nuclei, 3) the thermal energy peak, from the reaction ^He(n,p)^H,

and 4) the gamma events at low energies.

Results from earlier determinations of the response function are found

in refs. [18-22]. Some of these works utilize a combination of pulse

height and rise time discrimination technique against scattering events

in the spectrometer. In this work, however, the full energy peak with

wall effects, and the recoil distributions are fitted to a 16 parameter

function, see Fig.1*. The parts of the function Inserted in the figure

characterize the response to different events in the spectrometer.
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Fig.4 Response of ̂ He spectrometer to 1100 keV neutrons. The tvo

horizontal scales represent the energy deposited in the

spectrometer (E R+76^) ke7 and the neutron energy (En) keV,

respectively. After subtraction of the thermal peak and the ganr.a

events the spectrum was fitted to a 16 parameter function. The

full line characterizes the fit. The shapes of the different

parts of the function inserted in the figure can be explained by ths

different events in the spectrometer. For ES(E +76*0:

6,-1 and 6^-0, and for E>(E •764): 6,-0 and
i d n i

6 - 1 . The energies are given in keV.
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The fit of the whole spectrometer response makes it possible to

determine the absolute efficiency, which was defined as the ratio

between the number of events in the fitted spectrum and the number of

neutrons hitting the spectrometer. Both the total and the peak

efficiency were calculated. By measuring the induced gamma activity in

•j
the targets of the 478 keV gamma line from Be the total number of

neutrons produced in each target was determined.

It was found that the experimentally determined efficiency showed good

agreement with a theoretical calculation based on the cross sections

for the different reactions in the spectrometer. The efficiency was

rather flat over the whole energy range and was estimated at 0.002.

However, due to wall effects the peak efficiency for 1 MeV neutron

energy turned out to be a factor of 3 lower than calculated.

The quality of the fits was analyzed by introducing "misfit"

parameters defined by Isozumi [23]. These parameters express both

statistical and systematic deviations. They are related to the reduced

chi square values for the fits. In contradiction to them these "misfit"

values show good agreement with a visual judgement of the quality of

the spectra.

For the 290 and 400 keV spectra an extra peak structure appears which

makes the misfit values worse. This extra peak structure has been

observed in other works [24, 25]. We found that the peaks are caused by

the neutron resonances in iron, namely those at about 80, 140 and 160

keV. Furthermore, we found that the peaks appear with different

intensities when we changed the incident neutron energy. We conclude
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that this effect is related to the spectrometer itself and originates

from neutron scattering in the stainless steel spectrometer housing. We

have made further studies to find out if it is the scattered neutrons

from hydrogen and helium in the gas mixture which are backscattered

from the iron resonances in the stainless steel housing of the

spectrometer. The results have, however, so far not been analysed.

3.3 Ion temperature measurements

The thermonuclear broadening of the neutron spectrum from an ohmically

heated deuterium plasma is related to the ion temperature [26] as

AE - 82.5 JT^ (2)

where AE is the width of the full energy peak at half height and

T. and AE are measured in keV.

A •'He-spectrometer is used at JET for determining the ion

temperature for deuterium plasmas CO. The spectrometer is placed in

the roof laboratory. It views the plasma through a collimator aligned

with a vertical diagnostic port in the vacuum vessel.

Due to the low intensity of neutrons in the roof laboratory the number

of registered counts in the spectrometer is low. Therefore, a detailed

knowledge of the wall effect tail and an efficient beam shaping system

is necessary for this type of measurement. So far, the spectrometer has

been used in combination with the neutron yield detectors to estimate
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the coupling factor between the electron and ion densities, see section

2.2. It is also worth noticing that, due to the low neutron density,

it is an averaged peaked ion temperature during a discharge, which can

be determined with the He-spectrometer.

4. A COMBINED PROTON-RECOIL AND TIME-OF-FLIGHT SPECTROMETER

In order to measure the neutron spectrum from a deuterium-tritium

plasma a fast neutron spectrometer, TANSY, was designed [8. 9 10]. Its

main parts are the collimator, the scattering foil, and the proton and

neutron detectors. It utilizes a combined proton-recoil and

time-of-flight method. The neutrons are elastically scattered in a

polyethylene foil. The recoil protons are detected by proton detectors

and the scattered neutrons are detected by neutron detectors. The

energy of the protons and the difference in the flight times of the

protons and the neutrons are measured. From these quantities the energy

of the thermonuclear-produced neutrons can be measured.

The spectrometer is designed to be used in the deuterium-tritium

period of operation for ion temperature measurements. It is found that

an instrumental energy resolution of less than 2 per cent is needed for

this type of measurements. This means that a detailed knowledge of all

of the parameters which affect the resolution and the efficiency of the

spectrometer is needed. Therefore, the influence of proton straggling

in the scattering foil was studied, section 4.1. Furthermore, TANSY

requires a well defined neutron beam which efficiently utilizes the

foil. For this purpose a beam shaping system is needed, especially a
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collimator. Some aspects of its design will be described in sect. 4.2.

4.1 Proton straggling in the scattering foil

Paper IV has the title "Straggling Effects in a Proton Recoil Neutron

Spectrometer".

The recoil protons created in the scattering foil lose energy during

their passage out of the foil, which results in a broad proton spectrum

and an angular spread of the protons. The energy broadening is mainly

caused by slowing down from different positions in the foil. It is also

caused by statistical fluctuations of the energy loss process in which

neither the number of collisions nor the energy lost per collision is

constant. This latter effect is called energy straggling. The angular

straggling is another effect of the Coulomb interaction, which deflects

the protons traversing the foil. The repeated small angle deflection

will deviate some of the protons significantly from their initial

direction. This might cause the protons to miss the detector and

consequently gives rise to coincidence losses.

The total energy loss is assumed to be a Gaussian distribution around

the average value [27]. In this case the protons are created inside the

foil with a probability which is equal throughout the whole foil.

Therefore, the energy distribution of the total protons is a sum of

distributions with different slowing down distances. The distances vary

from zero to the thickness of the foil. For the reference foil with the

thickness of 1.21 mg/cm the mean energy loss is 2H keV, the minimum
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value is zero and the maximan value 70 keV. However, only 10 % of the

protons lose more than 46 ke1/, which is the figure for protons slowing

down a distance of 1.24 mg/cm .

For angle straggling the theory of Molier [28] was used to determine

the deflectio», from the initial direction of the recoil protons. It

was found that for this type of spectrometer a foil thickness of

1.24 mg/cm gives coincidence losses of about 5 %.

4.2 Collinator-design by means of the Monte Carlo method

Paper V has the title "Design of a Collimator for a Fast Neutron

Spectrometer by Means of the Monte Carlo Method".

It is intended that the spectrometer TANSY shall be placed in the roof

laboratory at JET. The spectrometer will look down through one of the

diagnostic penetrations in the floor at one of the plasma vacuum vessel

ports. Th" dimensions of the port are 14x30 cm .

Collimator studies devoted to point sources have been thoroughly

covered in the literature [29, 30], but few calculations have been

devoted to extended sources [31]. Studies of neutron streaming through

narrow ducts have been nade using a general Monte Carlo code MORSE

[32]. However, this type of codes tends to become large and the

complexity of the codes makes it difficult to get a detailed knowledge

of them. Therefore, a three dimensional Monte Carlo code especially

tailored for designing the collimator of TANSY has been written.
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The Monte Carlo code contains a simulation of paths and collisions

using random numbers from probability distributions for the different

variables. The methods used are covered in the literature [33~35J. The

code uses approximate values of the cross sections which are assumed to

be constant for different energy regions. The anisotropy in elastic

scattering is taken into account by describing the angular distribution

by exponentials. By varying the damping coefficients in the

exponentials the effect of forward peaked scattering on the results can

be studied. Furthermore, the code uses statistical estimation. In order

to minimize the number of neutron histories, a neutron can contribute

to the flux in a certain point without being scattered into the point.

The contribution to the flux density can be estimated by determining

the probability for the neutron to arrive ?.t this point. This

probability is calculated for every collision along the history of the

neutron.

Calculations with different geometries showed that a minimal ratio of

the scattered to the direct neutrons was achieved by the geometry based

on the following two main principles: First, free sight lines between

the scattering foil and the extended source requires that the lower

part of the collimator is tapered. Second, in order to avoid scattering

in the surface of the collimator close to the foil, the upper part

should also be tapered.

The results give the neutron flux, both the scattered and the total

neutrons, along and perpendicular to the beam direction. Also, energy

distributions for the neutrons are presented at the foil centre and at
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the proton detector positions. The results for the scattered and the

direct 14 MeV neutrons in the centre of the i"oil showed a ratio of

0.005. Furthermore, the total flux there of those neutrons which have

lost less than 0.1 MeV is about 3 decades higher than those which have

lost more than 0.1 MeV.

5. CONCLUSIONS

The response of the Neutron Yield Detectors to different neutron

source points inside the torus has been determined. From this

calibration, it was concluded that the most part of the neutron flux

reaching the detectors is first scattered in the ports close to the

detectors. As a consequence of this the response to different source

points inside the torus is measured relative to those ports. The

detectors have sucessfully been used during the deuterium period of

operation for ion temperature measurements.

The whole response function of the %e~spectrometer for neutron

energies between 130-3030 keV has been experimentally determined. This

mapping of the response function invites to fold*..g or unfolding of

experimentally measured neutron spectra. The spectrometer is used at

JET for measuring the spectral distribution of the 2.b MeV neutrons

produced in a deuterium plasma. For better accuracy in these

measurements a future experiment can be done, which concentrates on the

determination of the response function around 2.5 MeV.

Furthermore, studies of the foil and the beam shaping sy3tem for a
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high resolution neutron spectroneter, TANSY, have been done. It was

found that energy and angle straggling of the recoil protons in the

foil affect the resolution of the spectrometer. However, in this

spectrometer the effects of straggling is minimized by using a thin

foil. A collimator has been designed by means of a Monte Carlo code. In

order to minimize the contribution of the scattered neutrons in the

sensitive parts calculations resulted in a tapered collimator design.

The ratio of the scattered neutrons and the direct neutrons was

estimated at less than one per cent. The straightforward use of the

cross sections and the correction terms for anistropic scattering

invites to a flexible use of the code. The cross sections and the

damping coefficients of the scattering functions can easily be changed

to 2.5 HeV neutrons.
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