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ABSTRACT 

A short description of the X-ray diagnostic preparation for the TFTR 

tokamak is given. The X-ray equipment consists of the limiter X-ray 

monitoring system, the soft X-ray pulse-height-analysis-system, the soft X-ray 

imaging system and the X-ray crystal cpoctrometer- Particular attention is 

given to the radiation protectior. of the X-ray systems from the neutron 

environment. 
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This paper gives a short description of the X-ray diagnostic preparation 

for the Tokamak Fusion Test Reactor (TFTR), the very large tokamak which will 

begin operation in Princeton at the end of the year 1982. Basically, the 

X-ray diagnostics for TFTR make use of techniques which have been proved on 

earlier tokamaks and have been developed to a high degree of perfection on PLT 

and Pl>X /1/2/. This gives us an opportunity in this lecture to briefly review 

the standard X-ray techniques used on tokamaka. Many new features have been 

incorporated into the design of the TFTR X-ray diagnostics, which probably 

represent the most sophisticated X-ray system installed on a tokamak, and in 

the course of the lecture we shall point out these improvements. The real 

challenge for the TFTR X-ray diagnostics development, however, has arisen from 

the fact that TFTR will be the first tritium-burning tokamak and that TFTR 

will produce a neutron flux almost as large as the neutron flux in a fusion 

reactor. Since the neutron flux is accompanied by a comparable -y-ray flux, it 

is evident that the X-ray diagnostics are particularly vulnerable to noise 

generated by the neutrons. A large part of the paper will be devoted to a 

discussion of how to cope with neutrons /3/. 

A first taste of the neutron problem was obtained already on PI/T and PDX 

during neutral-beam heating of deuterium plasmas with deuterium beams. The 

injected 40 to 50 keV deuterium ions produced sufficient neutrons to put many 

of the X-ray detectors out of operation. Figure 1 shows the noise pulses 

generated by neutrons in one of the liquid-nitrogen cooled lithium drifted 

silicon detectors on PLT. For these shots the soft X-ray aperture in front of 

the Si(Li) detector was reduced to the smallest possible area so that the 

detector response was due almost exclusively to neutron noise. Neutxal-beam 

heating took place in the time interval from t = 400 me to 600 ms, and neutron 
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detectors /4/ indicated a total neutron production of 1 x 10 3 neutrons/sec 

during heating (Fig. 1a). The count rata generated by the neutrons in the 

Si(Li) detector (Fig. 1b) is, under these conditions, comparable in magnitude 

to the highest normal X-ray count rate of 40 kHz. The flat spectrum of pulses 

that the neutrons generate in the Si(Li) detector is shown in Pig. 1c. It is 

produced by silicon recoils from elastic and inelastic scattering of neutrons 

with atoms of the detector, and also by Compton electrons generated in the 

detector by y rays from (n, y) reactions. The largest neutron yields measured 

on PLT and PDX have been 2 x 10 1 4 and 3 x 10 1 4 neutrons per sec, respectively, 

and as a consequence the data from the pulse-height-analysis system were 

virtually drowned in neutron noise during discharges which were of greatest 

interest. The situation was even worse for the multiwire proportional counter 

used as a position sensitive detector in the X-i-ay crystal spectrometer, since 

this detector has a much larger sensitive area than the Si (Li) detector. In 

principle, the neutron noise can easily be avoided by proper shielding, 

•Ithough it turned out in practice that there was often not enough room left 

around a diagnostic to install the very bulky and voluminous neutron 

shielding. 

Neutron shielding consists of three components: (1) The neutrons are 

slowed down either by inelastic or elastic scattering in a moderator, 

consisting of a hydrogen-rich substance like paraffin, polyethylene, water, or 

concrete. For neutrons with energies of several MeV (e.g., 14 MeV d-t 

neutrons) the elastic cross section of hydrogen becomes small, and a layer of 

steel or zinc can be added in front of the hydrogen-rich material in order to 

slow down the neutrons by inelastic scattering from 14 MeV to 1 to 2 HeV; this 

produces, however, many y-rays. (2) once the neutrons are slowed down, they 
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are absorbed by a material with a large cross section for thermal neutrons, 

e.g., lithium or boron. Neutron absorption in lithium does not produce any 

X rays and neutron absorption in boron produces only X rays of relatively low 

energy (450 keV). (3) Finally, the y rays, which stem from (n, y) reactions 

and which roughly equal the neutrons in number, have to be shielded out by a 

good X-ray absorber like lead. 

The properties of some practical shielding materials are listed in 

Table 1. Borated polyethylene is probably the most efficient shielding 

material for (d,d) neutrons, but it is relatively expensive and presents a 

safety hazard because it is inflammable. Figure 2 shows the reduction in 

neutron noise that can be obtained by a combination of borated polyethylene 

and lead shielding. The calculation /5/6/ assumes that the neutron and -y-ray 

fluxes which impinge on the shielding are isotropic and that the energy 

distribution of the neutrons and y rays is identical to the one shown in 

Fig. 3. A shield constructed according to these principles, consisting of 

20 cm of polyethylene containing 5% boron and 10 cm of lead, provided 

satisfactory protection for the multiwire proportional counter on PDX. In 

order to reduce the neutron flux by factors of a hundred to a thousand, the 

shield has to be meticulously closed around the detector, and the opening 

where the X rays enter has to have a long collar of shielding material, 

thereby reducing the solid angle of the aperture. 

For TFTR, the neutron-production rate with 40 MW deuterium injection 

into a tritium plasma is projected to be ~ 10 neutrons/sec with energies of 

14 MeV instead of 2.45 MeV. At first sight it would seem an almost hopeless 

undertaking to perform X-ray measurements under these circumstances. However, 
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X-ray experiments seem still possible thanks to a special feature of TFTR, 

namely, the diagnostic basement. Figure 3 shows neutron and y-ray fluxes 

calculated by Long-Poe Ku /7/ for TFTR at various locations. The figure 

demonstrates the very large reduction of neutron flux in the basement of TFTR, 

which makes X-ray measurements possible even during the d~t phase of 

operation. 

There are presently four X-ray diagnostic Bystems under preparation for 

TFTE which will now be discussed in detail. 

I. The limiter hard X-ray monitoring system (HX). 

This system is designed to measure the hard X-ray bremstrahlung produced 

by runaway electrons on the limiter. The hard X-ray detectors serve mainly to 

warn the machine operators of excessive runaway production and possible 

imminent damage to limiters and vacuum vessel. The TFTR system consists of 

several 2" x 2" sodium iodide Nal(Tl) and plastic scintillators mounted in the 

neighborhood of the limiter. Similar detection schemes are used on 

practically all tokamaks. Usually the measurements are not made in a 

quantitative way. During neutral-beam heating, in particular during d-t 

operation, detector noise caused by neutrons will be overwhelming. However, 

;/.t is presently assumed that monitoring of the runaway level before and after 
I 
Seating suffices. 

| 
ill. The soft X-ray pulse-height-analysls system (PHA). 
I 
i A schematic drawing outlining the principle functions of the PHA system 

/i8/ is shown in Fig. 4. An X-ray photon creates electron-hole pairs in the 
1Lquid-nitrogen cooled, lithium drifted silicon detector /9/. The number of 
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charge pairs is proportional to the energy of the photon (3.63 eV photon 

energy per electron-hole pair). The charges are detected by a charge-

sensitive preamplifier. The preamplifier is an integrator, and every photon 

creates a negative voltage step (see insert in Fig. 4). When the output 

voltage approaches -5 volts, the preamplifier is reset to -1 V by the reset 

transistor. (Most commercial systems use either resistive feedback or optical 

reset, i.e., during the reset, light from an LED illuminates the input FET.) 

The input FET and the reset transistor are located in the cryostat and are 

kept at liquid-nitrogen temperature in order to minimize electrical noise. 

The shaping amplifier creates electrical pulses from the voltage steps. The 

pulse height is proportional to the photon energy. Each shaping amplifier 

contains actually two branches. A slow amplifier with a peaking time of 

3.9 (is has good energy resolution and produces the pulses that are digitized 

in the analog-to-digital converter (ADC) and form the photon energy 

spectrum. The fast amplifier with a peaking time of either 60, 150 or 450 ns 

detects the presence of a photon. It triggers the pulse-pile-up logic 

circuits that reject unwanted double pulses. It also provides the input for 

the scaler, which measures the count rate, the quantity needed for making 

deadtime corrections. The photo inserted in Fig. 4 shows the six-detector 

cryostat developed and built by Lawrence Radiation Laboratory, Berkeley 

specifically for TFTR /10/. (The seventh beryllium window shown on the photo 

is for energy calibration :f the detectors with a radioactive source.) 

The physical layout of the PHA system for TFTR is given in Fig. 5. The 

drawing shows 12 arms (each with six detectors) which are located in the 

diagnostic basement and look vertically through the plasma; because of 

financial constraints, the system is presently limited to six arms. Each arm 

contains 
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(a) three drives with several foil sets /B/ used to control the energy 

region over which a detector samples, 

(b) a drive with several aperture sets used to control the count rate, 

(c) a drive with several sets of neutron collimators /11/12/ used to limit 

the number of direct 14 MeV neutrons, 

(d) lead and borated polyethylene shielding used to keep out neutrons and 

X rays from the background in the diagnostic basement. 

Compared with the PDX system, the TFTR pulse-height-analysis system 

possesses a number of improvements. We want to list these improvements now 

and also discuss the radiation aspects of the system: 

(t) Time resolution. The group at Lawrence Berkeley Laboratory /10/ which 

built the Si(Li) detectors haj optimized the amplifierB-in particular, 

the puis' shaping networks of the fast amplifier and the pulse-plle-up 

logic-so that count rates of 100 kHz (as compared to 40 kHz for the PDX 

system) seem feasible. The increase in number of detectors from 3 to 6 

might also result in improved time resolution. 

(2) Dynamic range of electron temperature. During neutral-beam heating, the 

electron temperature is expected to increase considerably in TFTR. This 

causes difficulties because the count rates tend to increase 

dramatically when the temperature rises. The six detector system will 

be split up so that three detectors are optimized to take data during 

heating, while the remaining three take data before and after heating. 
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Extension of electron-temperature range. The 3 ram thick Si(Li) 

detectors become transparent to X-ray photons with energies larger than 

25 keV. A germanium detector is incorporated among the six detectors, 

extending the photon energy range to 90 keV. This feature should permit 

reliable measurement of electron temperatures in excess of 10 keV. 

Radiation aspects. In order to provide radiation protection, the 

detectors are placed in the diagnostic basement with 6 feet of concrete 

between them and the machine. Even there, additional shielding of lead 

and borated polyethylene is required in order to keep out the neutrons 

and y rays from the background radiation of the diagnostic basement 

(Fig. 5). This shielding i3 necessary also for d-d operation during the 

time before installation of the igloo. 

A further problem is created by direct 14 Mev neutrons from the 

plasma. In order to minimize the number of neutrons, neutron 

collimators /11/..J/ are inserted which have nearly the same opening as 

the X-ray apertures. Even so, about 2 x 10 neutrons per sec are 

projected to strike the detectors which measure the high energy portion 

of the X-ray spectrum. It is imperative that the direct neutrons strike 

only the detector and not the supporting structure or the cold finger 

behind the detector. The Berkeley detector is specifically constructed 

to give the neutron beam an unobstructed path through the cryostat. 

Even so, the remaining 2 x 10 5 neutrons will generate 5400 counts in a 

3 mm thick silicon detector, and this represents a strong noise source 

which will be discussed now. 
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The various cross sections for 14 MeV neutrons in silicon are given 

in Table II. Forty-five percent of the counts result from elastic 

collisions between neutrons with silicon atoms and are produced by 

silicon recoils. According to the billiard-ball model, the silicon 

recoils have a relatively flat energy spectrum which extends up to 

1.9 MeV. Measured differential cross sections /14/ show a peaking at 

small angles, which shifts the silicon recoil energy distribution 

somewhat toward lower energies. Only a fraction of the recoil energy 

goes into ionization /15/. This fraction, i.e., the ionization produced 

by a recoil relative to the ionization produced by an electron of equal 

energy, ranges from a value of O.J at 20 keV to a value of 0.9 at 

1.9 MeV. The effect on the pulse-height distribution generated by the 

recoils in the Si (Li) detector will be an increase in the number of 

smaller pulses and a reduction of the number of larger pulses. 

According to Table II inelastic collisions are al3o very important. 

They give rise to a silicon recoil spectrum of similar shape. The (n,p) 

and (n,a) reactions, shown in Table II, are fewer in number than the 

(n,n) reactions /16/. However, they generate pulses which are 

considerably larger than tha pulses from (n,n) and (n, n" ) reactions. 

The protons and a-particles deposit essentially their full energy into 

ionizations. Since the threshold for the dominant isotope Si occurs 

at 3.867 MeV for the (n,p) reaction, and at 2.663 MeV for the (n,a) 

reaction /17/, one expects to see pulses with energies of up to about 
29 11 MeV. For Si with an abundance of 4.7% in natural silicon, the 

Q-value for the (n,a) reaction is only 0.021 MeV /17/18/, so that even a 

few 14 MeV pulses might occur. Most of the pulses created then by 

direct neutrons in the detectors are so large that they can be 
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eliminated by an upper level pulse discriminatorj the remainder will 

make up a small background that has to be subtracted. 

The very large pulses from (n,p) and (n,a) reactions create an 

additional problem because they saturate the amplifiers. The fast 

transistor reset developed by Berkeley resets the preamplifiers in 10 |is 

/19/, and special clamping and gated baseline restoring circuits have 

been added to the shaping amplifiers to prevent overloading from large 

pulses. The system was tested with 2.3 MeV (3 radiation from a (Sr , 

Y ) source in order to demonstrate that the very large pulses generated 

by the 14 MeV neutrons do not block the electronics and interfere with 

the measurement of X rays in the neighborhood of a few keV. It should 

be neted that no detector damage is expected from the 14-MeV neutrons. 

There are presently only 4000 tritium discharges allowed in TFTR, and 

these last for less than one second each. The maximum neutron fluence 

through the Si(Li; detectors is then 4 • 10' neutrons per era , which is 

about a factor 3 to 4 below the Si(Li) damage threshold /20/21/. 

III. The soft X-ray imaging system (XIS). 

A schematic drawing which outlines the principle functions of the XIS 

system /22/ is shown in Fig. 6. X-ray photons again produce electron-hole 

pairs in a silicon detector. Instead of considering single photons, however, 

we now let very many phof.ons pass through a filter foil onto the detector and 

register the current in the detector with a sensitive current preamplifier. 

The objective is to measure fast changes of the total X-ray emission in order 

to diagnose the positicn of the plasma column, its shape, or the 

characteristics of plasma instabilities. The bandwidth of the current 
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preamplifier is 600 kHz, and the noise current is 1.6 nR rms with a 60 pF 

input capacitance. Detector leakage current is compensated in this preamp 

before each shot. The current is recorded by a transient recorder that 

consists of an amplifier with remotely controlled gain and anti-aliasing 

filtering, an ADC, clock and memory. The analyzer has two branches, a slow 

digitizer for recording the whole discharge and a faov burst digitizer for 

time intervals of special interest. The photo inset shows a silicon surface 

barrier module for TFTR. 

Figure 7 illustrates the physical layout of the XIS system. The silicon 

surface barrier detectors are mounted in two linear arrays: a horizontal 

array consisting of two rows of 38 detectors each, and an almost identical 

vertical array. Because of financial cutbacks, only fifty of the 76 detectors 

of each array will be instrumented, and the construction of a second vertical 

array has been halted. Basically, these arrays form pin-hole X-ray cameras 

which take a few thousand "pictures" at time intervals as small as a few 

microseconds. Because the plasma emission in a tokamak does not vary 

significantly along the magnetic field, linear arrays are sufficient, and the 

pinhole consists actually of a slot hole, aligned parallel to the magnetic 

field. Under normal conditions the plasma rotates in the poloidal direction, 

and, as a consequence, techniques employed in X-ray tomography /23/ can be 

used to reconstruct the X-ray emission from a plasma cross section. Lines or" 

equal plasma emission are interpreted as magnetic surfaces. These techniques 

have been developed to a higii degree of perfection on the PI/T and the PDX 

tokamaks. 

It should be stressed that the previously discussed sys.em is not(I) 

tritium compatible, and we now havi to outline the TFTR philosophy for X-ray 

imaging. The main benefit of this system for TFTR will be that it allows 
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detailed MHD analysis. In particular, it is considered indispensible for the 

analysis of instabilities in plasmas with very high temperature and very high 

(3, which TFTR is projected to generate. Since the p value of the tritium 

plasmas is not expected to be substantially different from the g value in 

deuterium plasmas, the MHD information can probably be gained during deuterium 

operation. Even during d-d operation, however, the neutron flux is so large 

that the system requires shielding by 50 cm borated polyethylene and 15 cm of 

lead. without shielding the silicon surface barrier detectors would suffer 

permanent damage /24/25/ after a few hundred full power deuterium shots. 

During d-t operation the detectors will be destroyed even faster, namely after 

50 shots, even in the presence of shielding. As a countermeasure, ionization 

cnambers /26/ have been developed (Fig. 8). These do not suffer any permanent 

damage and will take the place •>£ the silicon detectors during d-t 

operation. The ionization chambers, although they give signals very similar 

to those of the silicon detector, have a few drawbacks which prevent us from 

installing them immediately on TFTH. These objectionable features follow: 

(a) Although the ionization chamber suffers no damage, neutron noise 

precludes their use during d-t shots. (This is, of course, also the 

case for silicon detectors.) 

(b) The area of the ionization chamber is larger than the area of the 

silicon detector by the ratio of the ionization yield ( « 30 eV/ion 

pair) in argon to the ionization yield in silicon (3.63 eV/ion pair). 

This means that the number of detectors has to be reduced when we go to 

the ionization chambers. 

(cj There exists a window problem for the ionization chambers. The gas 

pressure in the chamber amounts to several 100 Torr, and, therefore. 
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relatively thick entrance windows are required. There is also a 

"dead-layer" directly behind the window where no electric field is 

applied and where no charges are collected. This dead layer acts as an 

X-ray filter. The research on ultra soft X-ray radiation /2V will be 

strongly impeded with the ionization chamber. 

In the long run, one would like to install a diagnostic that works well 

during d-t operation. The work on the rotating crystal spectrometer, which 

will be discussed in the lecture on X-ray spectroscopy /30/, shows quite some 

promise in this respect, since X-ray diffracting crystals provide a means of 

removing the detector from the intense direct neutron beam produced by the 

plasma. 

IV. The X-ray crystal spectrometer (XCS) 

The design of the X-ray crystal spectrometer for TFTR has not been 

finalized yet, and, as a consequence, we can only give here a short outline of 

the plans which are presently under discussion. It is expected that these 

plans will undergo several modifications before construction starts. 

The principle of the measurement /31/32/33/ is illustrated in Fig. 9. 

X rays from a tokamak plasma are reflected from e crystal if they meet the 

Bragg condition 

X = 2d sin e. 
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where \ is the wavelength, d the s-•• cing between atomic planes of the crystal 

and S the Bragg angle. Since the crystal is curved, the X-rays are focused on 

the Rowland circle. The focused radiation is detected with a position-

sensitive multiwire proportional counter. The X-ray spectroscopy of highly 

ionized atoms has witnessed an astonishing and fascinating development during 

the last few years, and we will devote another lecture /30/ to the discussion 

of the physics of this diagnostic. 

ft proposed physical layout of the X-ray crystal spectrometer is shown in 

Fig. 10. There are several crystals and multiwire-proportional counters 

operating simultaneously. Financial cutbacks presently restrict the number of 

arms to three. It is hoped that we will be able fj install more detectors 

later and that we will be able to measure the line radiation as a function of 

radius. ftftor all, for the high density operation of TFTR the crystal-

spectrometer is expected to be the main ion-temperature diagnostic /32/. The 

plane of the spectrometer is inclined by an angle of 4.5° with respect to a 

vertical view in order to measure the Doppler shift of line radiation due to 

toroidal rotation of the plasma. The indicated shielding of the detectors by 

15 cm borated polyethylene and 15 cm lead is sufficient for d-d operation. 

Much heavier shielding and smaller detectors will be used during d-t 

operation. 

We conclude our short discussion of the XCS system by listing the 

improvements which will be incorporated in the TFTR design: 

(a) The XCS system will have improved time resolution. This is achieved by 

the following features: 

(1) Multiwire proportional detectors with count rate capabilities of 
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350 kHz have been developed by »>adeka and his group /33/ at Brookhaven 

National Laboratory. The recent electronic development of time-to-

digital converters (TDC) by LeCroy permits much faster digitization than 

was possible with the previously used time-to-amplitude converter (TAC) 

followed by a PHA. 

(2) Larger crystals with better reflectivity will provide larger count 

rates. 

(3) It is contemplated to add small amounts of argon to the plasma, 

which gives higher count rates than iron at low electron temperatures. 

(b> Several arms will operate in the XCS system simultaneously and provide 

radial profiles. 

(c) Change of Bragg angle will be much more convenient in the present 

instrument, making it a much more versatile research instrument. This 

is so because crystals and detectors are moved independently and because 

less neutron shielding is required during d-d operation than for PDX, 

since the instrument is located in the diagnostic basement. 

In order to put the TFTR X-ray diagn« stic preparation into perspective, 

we conclude this paper with a very brief outlook on the X-ray diagnostics for 

the next larger generation of tokamaks (FED, INTOR or whatever their names may 

be). Of the three major X-ray diagnostics, only the crystal spectrometer can 

be used without major modification on these advanced machines. The PHA system 

has a problem with detector damage by neutrons. This probleai may be avoided 

by replacing the Si(Li) detectors with gas-scintillation proportional counters 

(GSPC), sacrificing resolution /34/. The XIS system, as we have seen, is 

i M 
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insufficient for d-t operation even on TFTR. Considerable development and 

effort will be necessary to find alternative solutions for these two 

diagnostics. 
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TABLE I 

density 
g/cm 

approx. cost 
$/lb 

d-d** 
attenuation 
length in cm 
*-s M. 

d-t** 
attenuation 
length in cm 

Water +• 1.03 .02*** 
1% Boron 

Polyethylene .92 

Polyethylene .95 3.50* 
+ 53 Eoron 

Gypsum 1.60 .15 
Commercial 

Gypsiuro + 1.63 2.40* 
5% Boron 

Concrete, T4 2.35 .20 
(5* H 20) 

Limestone 2.38 .20 
Concrete 
(8% H 20) 

80% Iron 6.6 
20% Water 

* e.g., RX203 I, RX283, respectively. 
Carlos, CA. 

5.3 

3.9 

3.9 

5.3 

4.0 

3.9 

9.3 9.5 

9.0 9.1 

10.5 12.0 

9.9 10.0 

11.3 12.3 

10.1 10.9 

10.0 10.7 

13.1 15.1 

12.7 14.5 

10.5 14.1 

10.2 12.5 

7.5 7.5 

from Reactor Experiments Inc., San 

The transport of neutrons is determined by the component with the 
smallest removal cross section which - exceptions excluded - is not too 
different from the removal cross section for the fastest component. The 
quoted lengths are the attenuation length of the 2.5-MeV and 14-Mev 
component, \ and the attenuation length of the total neutron flux. 
\ t o t a l . The fast neutrons generate, however, a population of thermal and 
slow neutrons in the shield, and the total neutron flux is typically a 
factor 3-20 larger than the flux of the fast component. If the neutrons 
impinging on the shield are unmoderated, the slow and the thermal neutron 
populations have first to be generated, and the total neutron flux might 
actually increase for 2 or 3 attenuation lengths in the shield. Because 
of the large capture cross section of boron for thermal neutrons, 
addition of 1 to 2% boron eliminates effectively the thermal neutron 
population. 

*** Manufacture of water tanks not included. 
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TABLE II 

CROSS SECTION FOR 14 MEV NEUTRONS IN SILICON13 

°total 1.8 barn 

°el ' n' n' •" barn 

°inel ( n , n ' ' 7 b a r n 

a (n»p) .3 barn 

a (n,a) -05 barn 
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Figure Captions 

Fig. 1 Noise generated by neutrons in a Si (Li) detector on PLT. 

Subfigure a: Neutron emission as a function of time. Neutral-beam 

injection occurs from 400 to 600 ms. Subfigure b: Count rate of 

noise pulses generated by neutrons in the Si(Li) detector versus 

time. Subfigure c: Pulse-height spectrum of the neutron pulses 

measured during the time interval from 500 to 550 ms and added for 

7 shots. The cut-off at low anergy id produced by the discriminator 

of the amplifier. (#82X0595) 

Fig. 2 Computation of the effectiveness of neutron shielding with the Jornan 

code /6/. Subfigure (a) is for a multiwire proportional counter; 

subfigure (b) is for a GifLi) detector. The detectors are assumed to 

be shielded by 16 cm of lead and a layer of 32% >orated polyethylene 

of variable thickness. Plotted is the reduction in neutron generated 

noise counts in the detector versus the thickness of the borated 

polyethylene. The various curves are computed for neutron and y-ray 

fluxes which have been predicted for TFTR at a variety of locations 

shown in Fig. 3. The difference in attenuation between 5% and 32% 

boron is in general small, except in the basement, where the neutrons 

are highly moderated. (#82X0699) 

Fig. 3 Neutron and y-ray spectra computed for TFTR by Long-Poe Ku /!/. The 

spectra are calculated for various locations, which are labeled a, 

b, c, and which are mai'^d in the subfigure on the lower right hand 

side. D-T stands for deuterium-tritium discharges producing 20 MW of 
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fusion power. D-D stands for deuterium-deuterium discharges with 

22 kW of fusion power. The ld-d) reaction producer' tritium, and a ?% 

d-t burn is consequently assumed for the D-D discharges, producing a 

sizeable peak of 14 MeV neutrons. In the D-D discharges, the igloo 

indicated in the subfigure on the lower right hand side is missing. 

The curves labeled c for the diagnostic basement have been calculated 

assuming that there exists a hole with a 3 foot diameter in the 

concrete below the center column. It in now planned to plug the 

hole, which will reduce the flux in the basement by another order of 

magnitude leaving the shape of the spectrum more or less unchanged, 

except for a reduction of the 14 MeV peak. (#82X0557) 

Fig. 4 The figure illustrates the basic function of one channel of the (PHA) 

system. There are six channels on one arm. The photo shows the 

6-detector cryostat built for TFTR by Lawrence K-̂ diation Laboratory, 

Berkeley /10/. (#82X2300) 

Pic. 5 Physical layout of the PHA system in the diagnostic basement of 

TFTR. The side view on the right hand side indicates 12 arms but 

shows details for only one. (#82X2260) 

Fig. 6 The figura illustrates the basic function of one channel of the X-ray 

imaging system (XIS). The photo insert shows one of the surface-

barrier-detector modules. (#62X0650) 

Pig. 7 Physical layout of the X-ray imaging system (XIS) on TFTR. A 

vertical and a horizontal array cjnsist each of two rows with 38 
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surface barrier detectors. Two of the detectors are shown magnified 

in the upper right- hand corner with a steel tape in front of them 

carrying interchangeable absorber foils. In addition a movable 

detector (not shown) will be installed, that allows relative 

calibration of the detectors. (#82X2259) 

Fig. 8 Gridded ionization chamber developed to replace surface barrier 

detectors during d-t operation /26/. Subfigure (a)s Schematic 

drawing illustrating the function of the ionization chamber 

/27/2S/: X-rays enter the chamber through the Be window on the left 

hand side and ionize the P10 gas. Ions are swept by the electric 

field to the cathode, electrons move to the grid and the anode. The 

grid functions as an electrostatic shield against image charges 

originating from ions. The anode collector current is due only to 

electrons. This feature provides fast time response (up to 1 MHz) 

for this type of ionization chamber. Subfigure (b): Mechanical parts 

for the gridded ionization chamber used for test purposes on PDX. 

Subfigure (c); Comparison of the signal output of a surface-barrier 

detector (upper trace) with that of a gridded ionization chamber 

(lower trace) during a disruptive discharge. (#82X0694) 

Fig. 9 Schematic of a X-ray crystal spectrometer (XCS). (#773846) 

Fi.g. 10 Physical layout of the planned TFTR X-ray crystal spectrometer 

(XCS). The crystals and detectors are housed in a large 

helium-filled chamber which is connected to the torus via two 

beryllium windows and two "see-thru" vacuum valves. The crystal.-
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detector distance is 5 m corresponding to a Rowland circle of 

approximately 3.5 m. The crystals will have an 8 cm x 20 cm 

reflecting area and consist of quartz (2243) or germanium (422) for 

the iron impurity, and of quartz (1120) for the argon impurity. The 

crystal mounting structure consists of a plane which permits 

mechanical movement of the crystal in the x-y direction and 

rotation. The detector for d-d operation consists of 10 cm x 18 cm 

muliiwire proportional counters built by Brookhaven National 

Laboratory /33/. They have a position resolution of 400 ^m and a 

countrate handling capability of 350 kHz. The detectors are shielded 

by 15 cm lead and 15 cm borated polyethylene. Special "Eoller-slot" 

collimators reduce the radiation entering the detector enclosure 

through the X-ray aperture The detector mounting structure permita 

x-y motion and rotation of the detector-shield assembly. (#82X0662) 
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