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SUMMARY 

Actvation analysis using (P,¥) resonances has hitherto 

been largely restricted to the assay of fluorine. With 

@ view to extending this technique to other elements , 

computer programs have been developed for calculating 

the temperature distribution in an accelerator target , 

and hence the maximum permissible beam power. Attempts 

were made to verify these calculations by experiment . 

Graphical results of these calculations , for various 

target shapes and materials, are given, with particular 

regard to targets suitable for use on the 3 Mev Dyna- 

mitron accelerator of the Birmingham Radiation Centre.



ACKNOWLEDGEMENTS 

My thanks are due , first and foremost, to Professor 

S. BE. HUNT , for suggesting and supervising this project ; 

and to Dr. L. G. EARWAKER and his staff for allowing me to 

use their facilities at the Birmingham Radiation Centre. 

I would also like to thank Dr. M. R. HAWKESWORTH for 

allowing me to work on his beam line on the Dynamitron ; 

and Dr. B. O'CONNELL for permitting me to 'sit in' on his 

fluorine experiments. 

Finally, I must extend my thanks to Dr. Bill LAKIN and 

Mrs. Sandra DILION » both formerly at the Radiation Centre, 

for their help and advice on all matters relating to the 

computing ; and, in particular, to Mr. John DOWN, for many 

helpful discussions,



CONTENTS 

INTRODUCTION 

FACTORS AFFECTING SENSITIVITY 

TARGET DESIGN 

COMPARISON 

RESULTS 

WITH EXPERIMENT 

APPLICATIONS TO SPECIFIC TARGET DESIGNS 

Appendix : 

REFERENCES 

TABLES 

DIAGRAMS 

HP ALGOL PROGRAMS RWCON, RWELB & RWELS 

19 

25 

28 

31 

47 

51 

54



INTRODUCTION 

Until fairly recently, non-destructive activation analysis has been 

entirely carried out by neutron irradiation, using either nuclear reactors 

or accelerator sources, In contrast to chemical separation methods, this 

can take advantage of very short half-life induced activities, and leaves 

the sample intact (I,2). This purely instrumental technique has been 

applied to charged particle activation for some purposes, 

The range of charged particles in solids is quite short : typically, 

for protons of a few Mev energy, no more than 50 « So, whereas neutron 

activation analysis measures the impurity level throughout the bulk of the 

specimen, charged particle activation analysis (CPAA) is more suitable 

for surface or thin-film studies (3). 

Conventional (i.e. neutron) activation analysis is mainly concerned 

with long-life induced activity, and usually involves separation of the 

active species from its! matrix. Many nuclear transitions, however, are 

rapid : e.g.4/-radiation emitted during de-excitation of excited nuclear 

states. The study of such prompt radiation does not permit chemical 

separation, but must be carried out on the intact sample, often even 

during the irradiation. Ponstratine radiation or charged particles can 

be used for this purpose. Charged particles are particularly suitable 

for assaying light elements, as the Coulomb barrier militates against 

reactions with heavier nuclei ; indeed, yields are small beyond calcium 

and negligible beyond iron. This results in fewer interferences and 

simpler spectra, CPAA is therefore complementary to X-ray fluorescence, 

which is unsuitable for elements at the lower end of the periodic table 

(4). The Coulomb barrier increases with the charge of the incident ion, 

so protons and deuterons are favoured as bombarding particles, rather 

than helium ions (5). By contrast, neutron activation analysis must contend 

with interferences arising from elements of all atomic weights, modified 

only by the variable reaction cross-sections,



Due to the high Q-value of many reactions, even low energy particles 

can, on bombardment, form highly excited states, whose decay can be 

complex. However, many transitions are of low yield. Much information 

on the characteristics of (pf) reactions is available in the literature 

(6,758,9,10,II). 

Various bombarding particles and nuclear reactions can be used for 

CPAA. RUBIN et al (12) used the elastic scattering of 2 Mev protons for 

surface analysis. They also assayed fluorine in opal glass by means of 

the Se(p, ay)" reaction, and examined (d,p) reactions, reaching a sensi- 

tivity of 0.0Ipg/cn* . SIPPEL and GLOVER (4) assayed geochemical samples 

for several light elements by bombardment with protons, deuterons and 

alpha particles to a sensitivity greater than 0.1%. 

Deuterons have been much used : e.g. by PIERCE et al (13) and ENGLAND 

et al (14) for the measurement of carbon in steel using the (4,4) 

reaction ; the former established a linear relationship between¥ -ray 

yield and carbon concentration, which ranged from Q.04% to 0.69%. AMSEL 

et al (15,16,17) used the charged particles resulting from the (d,«) and 

(d,p) reactions for the estimation of oxygen in metal or oxide substrates, 

ANDERS (18) also used the (d,p) reaction, as well as elastic scattering 

of deuterons, with a variety of samples, achieving a sensitivity of l0me/cuie 

MOLLER et al (19) monitored neutrons from (d,n) reactions with carbon, 

nitrogen and oxygen in steel substrates. They measured the neutron evergy 

by the time-of-flight method, and obtained information on the depth distri- 

bution of the impurities. A sensitivity of O.Ipg/cnt was claimed. 

Helium-3 ions have also been used as bombarding particles, notably 

by RICCI and HAHN (20), who obtained a sensitivity greater than Ippm for 

oxygen in various matrices. 

Protons have perhaps been more widely used as an analytic tool than 

other charged particles (5). The techniques used cover both elastic scat- 

tering (3,12,18) and nuclear reactions. Among the latter, the t2(p,af)"0 

reaction, because of its' huge cross-section, has been the most used,
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usually by monitoring the prompt ¥-ray emission. Thus, it has been used 

for the determination of fluorine in opal glass (12), reactor graphite 

(21), polythene sheeting (22) (sensitivity 250 ppm), tantalum (17,23), 

and various other materials (24) (sensitivity 10 ppm). BEWERS and FLACK 

assayed liquids and gases as well as solids (25) (sensitivity 27 ppm). 

The same technique has been applied to some other elements : e.g. carbon 

in steel (26,27) ; geological samples (28) ; and light elements such as 

beryllium, boron, sodium, magnesium, aluminium and phosphorus, in various 

substrates (6,10,II,29,30). Because of the lower cross-sections, the 

sensitivities obtained for these elements were generally poorer : aluminium 

(29) 10-100 ppm at I0pA beam current; phosphorus (30) 50-1000 ppm; beryllium 

(II) 10,000 ppm; compared with 0.5 ppm for fluorine, Oxygen has also been 

assayed by monitoring the emitted alpha-particles (31). 

Monitoring the emergent alpha-particles has been used to determine the 

depth distribution of an element in its' matrix. The initially mono- 

energetic alpha-particles will be slowed down in the substrate ; their 

emergent energies, coupled with information on the stopping power of the 

medium, will indicate the depth at which the reaction took place. AMSEL 

and SAMUSL (31) were the first to do this, using implanted "f% in oxide 

films, and aluminium in tantalum. It has also been applied to oxygen 

in other matrices : quartz (32), gallium phosphide (33), titanium dioxide 

(34) and chromium (35). A variety of de-convolution techniques for 

extracting the concentration profile from the yield were used. A similar 

technique has been used by ZIEGIER (36,37) with the (n,e) and (,«) reactions 

of boron, 

The cross-sections for (p,¥) reactions in light elements, expressed 

as a function of incident proton energy, usually exhibit sharp resonances. 

These, too, can be employed to determine the depth distribution of the 

target element in a substrate by bombarding the sample with protons at 

an energy above resonance, When the protons slow down to the resonance 

energy, the (p,¥) reaction will be excited in the impurity atoms, The



4 

M-ray yield will be a measure of the elemental concentration at the depth 

corresponding to that energy value. Thus, in principle, concentration as 

a function of depth can be computed from the curve of yield against inci- 

dent proton energy. 

In practice, the computation is not straightforward. Usually there are 

several resonances, not just one. Often they are not intrinsically very 

sharp, and are effectively broadened further by the energy spread in the 

beam. This is increased by 'straggling', a statistical result of the ran- 

dom collision events in the matrix ; hence the depth resolution obtained 

decreases with depth. The complexities of the resulting calculation have 

been one of the limiting factors hindering wider application of this 

technique (42). 

Nonetheless, it has been applied by several groups, principally to the 

determination of fluorine in e.g. tooth enamel (36,37), Zircaloy (38), 

chromium plate (41,42) and other metals (43). The attraction of the 

"3(p,«¥)“0 reaction has been its' very large cross-section : up to 66Imb 

at the 872 keV resonance (10), with smaller resonances of 300, I80 and 

I02 mb. Only some low-abundance isotopes exhibit stronger resonances ¢ 

o (340 mb) a (800,425, 340,300 mb). The common isotopes of other 

elements exhibit resonances at least two orders of magnitude smaller, 

Nevertheless, some work has been done on them e.g. aluminium (31,44,45) 

and sodium (45). Similarly, other proton reactions can be used : e.g. 

(p,p'y) for silicon and sulphur in semiconductors (46).



FACTORS AFFECTING SENSITIVITY 

The sensitivity of activation analysis is determined by the cross- 

section of the element being analysed for the reaction being used, the 

efficiency of the detection system, and the time rate of the nuclear 

reactions occuring in the target i.e. the ion beam current. 

The cross-section for many reactions increases rapidly as the ion beam 

energy approaches that needed to produce an excitation energy equal to an 

excited state of the compound nucleus. In other words, the gamma-ray yield 

curve exhibits sharp resonances, whose cross-section may be of the order 

of hundreds of millibarns, as compared to perhaps tens of microbarns away 

from a resonance (38). Obviously, it is advantageous to operate at an 

energy above a big resonance in a thick target to maximise yield. 

The detection systems used have usually been thallium-doped sodium 

iodide crystal scintillators, which offer higher sensitivity tham solid- 

state detectors, although with much poorer resolution. Naturally, the 

larger the crystal used, the more sensitive the assay will be. HBI/SHAW, 

using a 3" x 3" Nal (Thl) crystal, achieved a sensitivity of about 200 ppm 

for a beam current of 200 nA for the determination of fluorine in poly- 

thene sheeting (22). WORMLEY, using a 5" x 5" crystal, obtained a sensi- 

tivity lof about 100 ppm for a current of less than 100 nA for fluorine 

in tooth enamel (38) ; while CHEN, with a similar detector, reached 10 ppm 

for a current of IO nA with ammonium fluoride (24). 

For a given detection system and target element, sensitivity is lim- 

ited only by ion beam current. Beam currents in the experiments mentioned 

above have often been no more than a few nano-amps, which is adequate for 

some work with fluorine ; and rarely more than a few micro-amps, which 

still permits only insensitive analysis of other elements. GOLICHEFF et al 

(IO) have calculated theoretical detection sensitivities for a number of 

elements. They assumed an aluminium matrix, and a beam current of IA. 

For fluorine, easily the most favourable case, they find a detection 

sensitivity of one part in 333,000 by weight. Lithium and nitrogen are



more than two orders of magnitude less accessible, one part in 2000 and 

1000 respectively ; while beryllium, boron and carbon are fully three 

orders of magnitude lower than fluorine, at one part in 333, 285 and 143 

respectively, But clearly, if the beam current could be increased to the 

region of I mA, impurity levels of those elements could be determined to 

a level of sensitivity comparable to that now possible with fluorine, This 

would be desirable in semi-conductor studies, for example. 

For neutron activation analysis, high currents are also clearly 

desirable, the neutron yield being proportional to beam current. However, 

the necessity for an elaborate cooling system, consisting, as it may do, 

of low atomic weight material, will tend to soften the neutron spectrum. 

For thermal neutron activation analysis, of course, this would present 

no problem, 

In recent years, high current accelerators have become available : 

e.g. the 3 Mev Dynamitron of the Birmingham Radiation Centre, which can 

deliver proton beams of up to 2 mA current, 

The limiting factor in high-current operation is target heating, A 

2 mA beam of 3 Mev protons carries 6 kW of power, the greater part of which 

is to be dissipated in a target at the end of a 2" flight tube, i.e. in 

an area of no more than 20 cm*; in practice, less. Clearly, beam power 

densities of I kW/cn* or more, with their attendant heating problems, will 

be met with, Power densities of this order are sometimes eho antares in 

accelerator targets for neutron generation, These are usually made of 

tritiated titanium, or of lithium or beryllium metal. The target face is 

usually very thin (<Imm) and cooled with fast-flowing water on the back 

face. Beam power densities of up to I0 kW/cm* have been reported for such 

arrangements (47,48,49,50,51,52). Increasingly, rotating neutron targets 

are being used to alleviate heating problems (53,54,55,56,57,58). Usually, 

of course, this solution cannot be adopted when the target is a sample 

for analysis, though it has been used in a special case (30). The limi- 

ting temperature for neutron-genereting targets is usually taken as being



only a little below that at which actual structural damage or melting 

( ise. "burnout! ) would occur (45,46). In analytical samples, such severe 

heating cannot normally be tolerated, as the elemental distribution under 

investigation might change during the course of the irradiation (22). 

Hitherto, most work in the literature on the design of target cooling 

systems has been based on empirical data rather than calculation (48,49); 

the latter has usually been based on simplified analytical or semi- 

analytical methods (47,59,60,61).



TARGET DESIGN 

Introduction 

In the work which follows, an attempt has been made to devise computer 

programs which enable one to determine the temperature distribution in a 

liquid-cooled target of fairly general geometric configuration. To this 

end, the following simplifying assumptions have been made : 

I The shape of the target is a right circular cylinder with one face (not 

necessarily flat ) exposed to the ion beam in vacuum. Some, or all, of the 

other surfaces are cooled by a circulating fluid, Provision must be made 

for indented coolant channels in the sides. 

2 The beam is circular in cross-section, and axial. 

3 The incident beam power is converted entirely to thermal power on the 

target surface. That this assumption is valid can be seen by considering 

a flat plate of conductivity K,area A and thickness L, heated uniformly 

by a power input of Q watts at one side, and cooled on the other. The 

temperature drop across the plate will be, by Fourier's law : 

- Y= 

if all the beam power is converted to heat at the surface. However, if the 

power is generated within a thickness 1 below the incident surface (59) : 

ou & (1-4) 
Here, 1 will be simply the range of the beam particles in the target 

material ; for 3 MeV protons, this will typically be 20 - 0p, much 

smaller than L, the target thickness. So, in practice, AT,is virtually 

equal to AT, ; thus we may indeed assume that the beam yields its! power 

entirely at the target face, 

4 The power density in the beam is assumed to be uniform over the cross- 

sectional area i.e. a 'top hat! power distribution. 

5 The thermal conductivity K is assumed constant and isotropic throughout 

the target, and to be independent of temperature. Similarly, the heat 

transfer coefficient Hi between target and coolant is assumed to be uni- 

form over the cooled surfaces of the target.



6 Radiation losses are assumed to be from the top face (i.e. the face 

exposed to the beam ) only. Such losses are likely to be comparatively 

small in any case, and, given the strong temperature dependence of radi- 

ation, radiation loss from the cooled surfaces can be neglected. 

Such a configuration, like most problems in heat transfer, is not 

simple enough to permit a practicable analytic solution. One must there- 

fore resort to numerical methods. These are of essentially two types : 

a normal iterative method, the Gauss-Seidel process ; and the relaxation 

method, due to Southwell. 

Southwell's Relaxation Method 

This method was attempted first, as it is particularly suited to manual 

calculation, and the course of the computation can be visualised more 

clearly in physical terms. It was originally devised for calculating 

stresses in networks of rods, but is readily applicable to any problem 

which reduces to solving Laplace's equation, such as steady-state heat 

flow (62,63). 

As applied to heat flow, Laplace's equation is 

vt = 0 (i) 

where T is the temperature at a point (x,y,z). 

In a practical problem, we may be presented with boundary conditions 

in the form of fixed temperatures, or in the form of heat inputs or 

outputs (e.g. the power in a beam, or the heat transfer coefficient and 

temperature of a coolant ). 

The initial step in any relaxation solution is to divide the body up 

by a uniform grid, so defining a three-dimensional mesh of points of 

spacing h (fig.I). 

At any point 0, the temperature T can be Taylor-expanded thus : 

higher I (a2 
terms 

a” 2 4 
T+ >. (x-x_) + SHEA), (x-x0) + 3 ane) (xex,) + cee + 

  

+ cease analogous terms in y 

+ eevee. analogous terms in Zz.
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If, for x, we substitute x,+h (for point I), or x,-h (for point 3), we 

  

obtain : 

ar hn’ a'r a'r 
Tio ts aCe a aes + wat), oO aeeee 

ar kt at n? a? 
Smee net ban aa eee Cares Maoee 

So: 

DF oP een a. n’(   aay + os. higher terms ... 

Neglecting the higher terms, which rapidly become smaller as the grid 

spacing h is made finer, we obtain the finite difference approximation 

ar 
of at 

1a*T nS) = | + T%- 27 

Similarly, for the y and z axes : 

ne or of ae en, 

aes = T+ tj 2), 

Substituting in Laplace's equation (I) 

7, +7, +T3+T% +To+ Te - 6-To= 0 

We now define a residual, Q , such that : 

Q = 8, 40s T+ te teh, = 6, (2) 

or 3 Qos >, = 6-%> 
bot 

For any arbitrary guesses at the temperatures T,, Ty, a value of Q can 

be calculated. In general, it will be non-zero. The problem is to reduce 

the residual Q to zero at every point, when Laplace's equation will be 

satisfied. 

In physical terms, equation (2) can be regarded as the thermal budget 

for the point 0 : each difference T,- T, is a measure of the heat flow 

from point N to point 0. Clearly, for a system in thermal equilibrium, 

the net heat flow into or out of any point in the system must be zero, 

hence Q = 0. 

The relaxation procedure consists of : first, imposing a uniform mesh 

of points on the target ; then, guessing the temperatures at each node 

of the grid ; then, calculating the residuals at each node using eq.(2)
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finally, ‘relaxing! (i.e. systematically reducing) the residuals until 

they all become zero, or as close to zero as the rquired accuracy demands, 

This last stage can best be carried out by selecting the point with the 

largest residual, say a point with co-ordinates i,j,k and residual Q. This 

residual is then set equal to zero, and its' excess heat inflow or outflow 

shared between its! neighbours in accordance with the residual equation (2) 

at that point. For a point deep inside a body, this will be 

oi = Taide + Tak + Tbh + Stink + Tikes + Tyke 7 6 Tie 

A unit change of temperature at this point will clearly result in a change 

of -6 to the residual. A relaxation pattern can be drawn up as shown in 

fig. 2: i.e. one-sixth of the value of Q is added to each of the neigh- 

bouring residuals, and to the temperature T . For the boundaries of a 

body, e.g. the faces, edges and corners of a cubical block, the relaxation 

patterns are somewhat different (fig. 3). 

The patterns shown above apply to a cubical mesh, For a rectangular 

mesh, the patterns can be expressed using the parameter P, the ratio of 

cell height to cell breadth (fig. 4). 

The residual equations for a point on the boundary of the body, in 

contact with the coolant fluid, will contain an added term for heat out- 

put from the body, expressed in terms of the coolant bulk temperature and 

a heat transfer coefficient between solid and liquid. Likewise, for a 

point on the top face, under the beam, there will be an added numerical 

term expressing the beam power. 

When the residual equation for each point has been set up, the relax- 

ation procedure is started in accordance with the patterns given above. 

The mechanics of the computation involve solely the residuals ; the 

alterations in temperature are incidental. 

For computer operation, two three-dimensional arrays are used, one 

for the temperatures (T), the other for the residuals (Q), the dimensions 

of both being the same as the number of points into which the target is 

subdivided. An arbitrary guess is made of the temperatures, and the
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residuals are calculated, This takes up the bulk of the program, though 

only a small part of the execution time. A sub-routine then scans the 

residuals to find the highest one, The corresponding point is then 

relaxed in accordance with the appropriate pattern above. This is repeated 

until the highest value of Q is below a pre-ordained level, when the 

temperatures are read off to the output device. 

This technique was originally devised with manual operation in mind, 

and it is the best method for this if a reasonably small number of points 

is used. It offers opportunities for judgement to be exercised by a 

practised calculator, in that a faster solution can be obtained by such 

techniques as over-relaxation,block relaxation and the like. It is 

virtually impossible, however, to program a computer to take advantage of 

these features of the method ; it is cumbersome to set up on a computer, 

and therefore really no better then a standard iterative solution. Nor 

does it readily lend itself to handling non-rectangular geometries: e.g. 

a cylinder. A rectangular grid would have to be imposed on this, making 

for extremely cumbersome border relaxations. 

The Gauss-Seidel Iterative Process 

This is a more direct method for machine computation. Consider a point 

a, in thermal contact by conduction with another point, or points, b, 

and by convection with a point, or points, c. There may also be heat 

generated, or incident on a surface, which may be represented as q,. So 
4 

the total heat input to a is given by : 

Ge= Kf ty- t.) + KL te- te) + ay 

where Ky, K,,are the conductances between the points b,c and a, In a 

steady-state system, qgwill be zero at every point ; i.e. 

Ktyt Kt.- Sky tet ag= 0 

where &Ka represents the summation of the conductances between point a 

and its' various adjacent points. 

For the temperature at a, we get : 

gece K 
“A EKte + ete + as (3)
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This states that the temperature at any point in equilibrium is given by 

a weighted mean of the temperatures of the surrounding points, plus an 

appropriate term for direct heat inputs. 

In the Gauss-Seidel method, the system is divided up by a mesh as 

before, and initial temperatures are guessed. Then the temperature at 

each point is replaced by a weighted mean, as in equation (3) above, 

of the adjacent temperatures. This is repeated indefinitely (63). 

In a rectangular mesh, the conductances would be KA/L and HA for 

conduction and convection respectively, where A and L are the area and 

length of each mesh cell. If the target under consideration is a cylin- 

drical block, with a circular, axial beam spot on the top face, the 

problem can be reduced from three dimensions to two dimensions because 

of radial symmetry. In such a case, each cell of the mesh would be, not 

a parallelopiped, but a circular ring of rectangular cross-section 3; 

centred on, and normal to, the beam axis. The target is divided into a 

number of these, each one characterised by a radius R and a height above 

the back face Z. The temperature at any point will in general vary with 

R and Z, but can be assumed constant throughout the ring. 

Each ring interacts thermally with its' immediate neighbours, usually 

four in number (except at a face or edge), The conductances determining 

the heat flow between them are more complex than for the rectangular case, 

being dependent on R for the ring in question. 

For example, in fig. 5 we have, for the conductance K, between interior 

rings (R,Z) and (R,Z+I) (or (R,Z-I)) : 

Kt 2a KR(BR)* /AZ 

where K is the thermal conductivity of the material. Using the well-known 

formula for the conductance of an annulus (67) we have, for the conduc- 

tances Ky, Kg, between ring (R,Z) and rings (R+1,Z) , (R-I,Z) respectively: 

Qak- BZ : _ wi RZ 
a R+I 2 Re R 

1n( = ) Ing 

Clearly, for R = 0,I these two expressions are undefined. It is therefore
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necessary to ignore the two innermost points in the computation, Naturally 

this will distort the resulting temperature distribution, but the distortion 

ean be made tolerably small by using a sufficiently fine mesh division. In 

practice, the the temperatures at these two values of R were set equal to 

those at (2,Z) at the end of each iteration. 

A more satisfactory formulation, which obviates the need for logarith- 

mic terms in the expression for the radial conductance, is to use the 

definition of conductance for a small element : conductivity x area if 

length, taking the effective area of the annulus as the average between 

the areas of the inner and outer faces. This yields : 

Keg= 20k (R43)-O2 5 Kg,= wk (R-$)-02 (4) 

These formulae are satisfactory for all values of R. Equations (4) 

are for complete internal rings. Similar expressions may be easily 

derived for rings at boundaries or edges. For a completely general 

treatment, the number of different ring types is quite large, about 54. 

However, by imposing not very onerous restrictions on the geometries to 

be treated, this number ca be reduced to 24, Table I displays schematic 

cross-sections of these rings. Fig. 6 indicates the conductances involved 

for a completely general point. From this, the radial and vertical con- 

ductances for any point in table I may be found. When this has been done 

an equation may be drawn up for each ring type, setting its' temperature 

equal to the sum of the temperatures in the adjacent rings, suitably 

weighted by the appropriate conductance. The resulting equations are 

given in Table II. These equations are for annuli with no heat input; 

for equations corresponding to points on the top face, there is an ad- 

ditive term for the heat input from the beam, 

Radiation, varying as it does non-linearly with temperature, presents 

difficulties for numerical calculation. In this program, it has been 

treated as a negative heat input term. As each point on the top surface ig 

Scanned, as well as adding in any beam power term that might be required, 

a radiative term Qa is subtracted :
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Qe > ess ( %.- TE ) 

where @ is Stefan's constant, € is the emissivity of the surface, § is 

the shape factor, and Tyg 2d T, are the absolute temperatures of the 

surface point and surrounding environment. 

When these equations have been drawn up, a control matrix is required 

to command the computer to read the correct equation for each point as 

it scans the matrix during each iteration. This is generated by a sep- 

arate program, RWCON. The input for RWCON is a tape ( paper or magnetic ) 

giving in sequence a number for each point (ring) (R,Z) of the target 

geometry, in accordance with the following convention : any point outside 

the target is given the value -I ; any point in or on the target is given 

the value I, except at a cooled boundary, where it takes the value 0. 

Such a tape is easily generated by a simple program for even quite com- 

plicated geometries. Using this input, RWCON generates the control matrix 

by 'looking' at each point on the input matrix, and its' adjacent points, 

and sorting the point into an appropriate category according to which 

type of ring it is seen to represent : e.g. a point in the middle of the 

top face, on a cooled edge, an uncooled back face &c. (see Table I ). 

These categories are given different integral numerical values, corres- 

ponding to the labelling of the equations in the main iterative program 

RWEL. Thus a control matrix is generated onto paper or magnetic tape. 

This forms the input for REL, which performs the iterative computation 

proper (see Appendix ). 

The control matrix embodies the geometric shape of the target. In 

addition, RWSL requires certain physical data before proceeding : the 

overall dimensions (radius, thickness) of the target, the radius of the 

ion beam, the thermal conductivity of the target material, the heat 

transfer coefficient at cooled boundaries, the coolant temperature, and 

the beam power (beam voltage x ion current); also, a value for the initial 

guess to which the temperatures are to be first set. 

Given these data, the computer scans the control matrix, and at each
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point executes the equation corresponding to the numerical value at that 

point. It repeats this until directed to stop ; it then feeds the result- 

ing temperature distribution to an output device ( line printer or mag- 

netic tape recorder ). 

The computer can be directed to stop after a given number of iterations 

has been performed. This is not a flexible procedure, as there is no way 

of predicting how many iterations will be sufficient. A more satisfactory 

method consists of monitoring the outflow of heat from the target. In a 

steady-state, when the final temperature distribution has been attained, 

this must equal the heat input from the ion beam. A sub-routine in the 

program periodically calculates the quantity of heat flowing into the 

coolant, using the conductances for the relevant boundary points. If it 

falls within a certain percentage value of the beam power, the comput- 

ation stops. The total radiated power is monitored along with the heat 

outflow to the coolant ; the former must be added to the latter when 

testing for heat balance to terminate the program. 

Accelerating the Convergence 

The Gauss-Seidel method outlined above tends to take a great deal of 

computer time. Typically, several thousand iterations, perhaps taking 

as long as two hours altogether, may be necessary. Therefore, it is 

desirable to accelerate the convergence, if possible. There are two 

methods of achieving this. 

The first is analogous to over-relaxation in the Southwellian relax- 

ation method. In the Gauss-Seidel process, we have, for an interior point: 

T- £( ane) 

i.e. the value of T at the (n+I) th iteration is given by some function 

of the surrounding points T! , so that we have, for the difference in 

T between two successive iterations : 

oie 1 a( f(T") - 75) 

where @= I. 

If, instead, takes a value between I and 2, the values will converge
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faster. gis known as the relaxation coefficient. The resulting iterative 

process is the extrapolated Liebmann method ; the Gauss-Seidel process is 

a special case of it (64). Thus, we obtain : 

t= et@ ne (245) my (5) 
The higher the value of @, the more rapid the convergence, but instability 

may occur if 6 1.8 . Normally, 6 was set at 1.75. 

The dramatic effect of over-relaxation is shown in fig. 7. A tenfold 

decrease in execution time may result for a high value of B. 

Another technique for speeding the convergence is the Aitken Soprocess 

(65,66). If we have three equally spaced successive iterates ., rr 

as 
rua of a variable whose ‘true! value is T, it is assumed that successive 

iterates differ from T by an amount proportional to a factor M. 

ae 
ise. 7 - Te» M(T = 7 ) 

neher 

Recaps ie (9 a-e ne) 

Bliminating M, we find : 

nak 2 
ee eee (6) 

Ded = 29 

This will generally be a better guess. Clearly, the iterates need not be 

consecutive, though they must be separated by the same number of iterations. 

A drawback to this method is that it requires considerable computer 

storage capacity ; for, in addition to the usual matrix for the temperature, 

two additional matrices are required. Two successive iterations are stored 

in these. After the next iteration, the values in the temperature matrix 

are replaced with values given by eq. 6 above. Consequently, on the 

Hewlett-Packard 2I00A computer used, this technique could only be applied 

to target configurations involving a small control matrix. 

It is important not to apply the $*-process too early in a run, The 

early iterations tend to be atypical, and wildly erratic values might 

result if the method was applied during this phase. This is because, in 

a geometry defined by a N x N matrix, approximately N iterations are 

required for information about the boundary conditions at one face to
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percolate through to the other. Only after this do the temperatures 

settle down to a smooth path to the final values (see fig.7). The 

method should therefore be applied only well after the first n iterations. 

The S* process (fig.8) gives less dramatic results than over-relaxation, 

but nonetheless confers a very useful saving in computer execution time, 

when it can be used. Using both techniques, execution time can be reduced 

to a few minutes. 

The mechanics of the programs are described in greater detail in the 

Appendix, where they are reproduced ( pp. 3)-%6).
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COMPARISON WITH EXPERIMENT 

While the program was being prepared, attempts were made to test it 

by submitting to it simple thermal systems with known solutions : e.g. 

a oy linden whose top and bottom faces are held at uniform, fixed, known 

temperatures, The program yielded the correct answers. The test could be 

rendered more exacting by replacing the boundary conditions at the bottom 

face (i.e. a fixed temperature) by a heat transfer coefficient and coolant 

temperature, The top face boundary condition could be replaced by a beam 

power term, the beam being spread right across the face. These tests 

yielded the correct answers : viz. a uniform increase in temperature from 

bottom to top, it being constant at any given depth. 

However, the computations for these simple systems bring into play 

only twelve of the twenty-four equations in the program. It was felt 

that a more searching, experimental test should be carried out on an 

accelerator target actually being used in the Radiation Centre : namely, 

a beryllium target used for producing fast neutrons by means of the (p,n) 

and (d,n) reactions. These neutrons are moderated and used for neutron 

radiography or activation analysis. 

The general layout of the beam line used is shown in fig. 9. The ion 

beam enters from the left through 2" piping from the magnet room of the 

Dynamitron accelerator. It passes through two sets of quadrupole magnets, 

used for focussing and steering, into a larger 4" section of the line, via 

an adaptor bell and flexible bellows. This section ends with a I" copper 

water-cooled collimator in a vacuum box. The beam then enters the target 

chamber via a 2" bellows. A beam profile monitor is mounted in the 4" 

section of the pipe, between two 60 1, ion pumps used to maintain vacuum. 

The target itself is shown in fig. I0. The beryllium face exposed to 

the beam has been machined to a 60° cone to minimise thermal loading. 

Back-cooling of the target was not permitted because of the risk of burnout 

and subsequent admission of cooling water into the vacuum system, Consequently 

a coolant channel indented in the side of the target was used.
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The whole target was copper-plated, except on the face exposed to the beam. 

The target is held in the target chamber by a threaded steel backing 

plate, and two greased '0'-ring seals. 

The target chamber, constructed of stainless steel, has two 2" ports: 

one to allow the beam access to the target, and a separate angled viewing 

port which permits optical monitoring through a vacuum-sealed window. The 

chamber is immersed in a tank of de-ionised water to moderate the neutrons, 

Ancillary equipment mounted on the tank permits neutron radiography, or 

themal neutron activation analysis. 

A closed loop, continuous recirculation cooling circuit was used, 

employing de-ionised water as coolant, fed from a separate tank by a 

small rotary pump. A heat transfer coefficient of about 0.35 watts/cm.c 

was achieved, 

The temperature of the target face was measured with a Thermodot 

infra-red radiometer, mounted on adjustable rails so that it looked 

directly at the apex of the beryllium cone, Its' distance from the target 

could be varied. It was focussed visually before an experimental run, A 

television camera was mounted over the eyepiece for observing any hot-spots, 

The radiometer employs a lead sulphide detector. It can be adjusted for 

different target emissivities. The cooling water reservoir temperature 

was measured with an electronic thermometer. 

The system is aligned by means of a laser mounted on a fixed bracket 

on the Dynamitron, shining through a window along the beam path. The 

target and tank are disconnected from the beam line and replaced with a 

window to maintain vacuum, as the beam line must be open to the accelerator 

in order to give an unimpeded light path to the laser beam, The laser 

beam is aligned on a datum point on the opposite wall of the beam room, 

With the target reconnected, it only remains to adjust its' position by 

means of jacks fitted underneath the tank, until the laser spot is seen 

to be hitting the apex of the target cone on the monitor screen. Bellows 

couplings on the beam line take up any flexure during this operation,
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During experimental runs, the Dynamitron was operated at energies in 

excess of 2.5 MeV, the threshold for neutron production in beryllium, at 

beam currents of up to several hundred micro-amps on target. The beam 

profile monitor could be used for currents below I0QsA ; above this, it 

must be switched off to avoid damage to the collector wire. 

The main difficulty in making temperature measurements proved to be 

false readings resulting from spurious reflections of hot-spoih elsewhere 

in the beam line ; for, inevitably, some of the beam hits other components, 

such as beam stops or collimators, and the IR emitted reflects off the 

shiny surface of the beryllium. Sometimes current on a beam stop and 

radiometer reading could be correlated closely. Sometimes a hot-spot 

could be seen on the T.V. monitor, and could often be identified with a 

hot beam stop, rather than a genuine hot-spot on target. 

Furthermore, the beam would often be off-axis, causing heating away 

from the centre of the target where the radiometer was aimed. Hence, if 

any temperature was registered, it would correspond to an unknown region 

of the hot-spot. This was complicated by the shape of the target ; for a 

hot-spot, whether real or reflected from elsewhere, would show reflections 

from other parts of the cone if it was not centred exactly on the apex. 

The temperature reading registered was usually far from steady. This 

might be due to fluctuations in spot size, causing changes in temperature. 

More probably, it could be due to the beam spot wobbling in a Lissajou 

pattern : as different parts of the spot crossed the radiometer's field 

of view, different temperatures would be registered ; similarly, a wobbling 

hot-spot reflected from elsewhere, or a combination of the two effects, 

could be responsible, 

A further complication was the accumulation of 'crud' on the target 

surface, presumably consisting of carbonaceous material condensing from 

oil vapour in the vacuum system. Many of the hot-spots seen on the monitor 

were clearly due to such deposits, for when the beam was deflected by the 

operator, the characteristic pattern of glowing spots would remain un-
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changed, though sometimes varying in luminosity. This would give wholly 

spurious readings on the radiometer, 

As a consequence of these factors, we obtained no usable results ; i.e. 

readings which could be confidently identified as the temperature of the 

target. 

Accordingly, it was found necessary to consult the literature for data 

which might be used to test the program. KAS and NOVAK (60) conducted 

model experiments to test a calculation method of their own for deter- 

mining the heat loading on an accelerator target. 

Their targets, used for neutron generation, consisted of titanium 

tritide on thin (0.3 mm) molybdenum backing plates of 4.5 cm. diameter, 

Heat dissipation was by means of back-cooling by a thin (0.5 mm) water 

film. They sought the maximum permissible power as a function of water 

velocity, it having been decided that the maximum permissible temperature 

of the target was to be 110°C ; this was to suppress steam bubble form- 

ation at an over-pressure of 0.5 atmospheres. Their calculation method 

consisted of dividing the target area into two parts : (a) that compri- 

sing the beam spot ; and (b) the annular area around the spot. Thus, the 

heat transfer consists of two components : heat transfer directly from 

the spot to the water, easily calculable (it was assumed that temperature 

was uniform within the spot) ; and a component first conducted radially 

within the backing and then dissipated in the water over an annular area. 

This latter component was calculated by analogy with the heat transfer 

from cooling fins of uniform cross-section. Curves were obtained giving 

permissible power against cooling water velocity. 

As an experimental test for these calculations, Kas and Novak devised 

a heat test rig consisting of a copper rod, which took the part of the 

ion beam. It was heated electrically at its' upper end, and insulated 

over the rest of its' length. Two thermocouples measured the temperature 

gradient in the rod, from which the heat flow rate could be calculated. 

To the bottom end of the rod was soldered a molybdenum target backing
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plate (0.2 mm. thick). This was mounted in the accelerator target holder, 

The heat flow rate was increased until a temperature of IIO °C was obtained 

on the spot, for varying water flow rates, the water temperature being 

16°C, Two rods, giving effectively different beam diameters (0.7 & 1.0 cm) 

were used, The results they obtained agree well with their calculations. 

Their experimental points are reproduced in fig. 12. It was necessary 

to convert their water velocity values to heat transfer coefficient values 

by means of the semi-empirical Dittus-Boelter correlation ; viz : 

ob 08 
w= 0.023 x gt SS! Het (7) 

where K,@ oe) »pand V are, respectively, the thermal conductivity, density, 

specific heat, viscosity and flow velocity of the coolant, and D is the 

equivalent diameter of the coolant channel (67). For a thin, narrow 

cross-section of channel 
perimeter % a 

or, in the above case, as just twice the actual width of the channel 

channel, the latter may be approximated as 4 x 

(i.e. I mm.). 

For the calculated curves shown in fig. 12, RWELB was run with a fixed 

heat input of 1000 watts, with a coolant temperature of zero, for various 

values of heat transfer coefficient, From the results, the beam power 

necessary to give a maximum temperature of 94°C (i.e. II0 - 16) was 

obtained by simple proportion. The values obtained are plotted as a 

function of heat trensfer coefficient in fig. 12 (dotted lines). The 

agreement with the experimental points is quite poor. 

However, this may be because the system modelled by the RWELB program 

does not correspond very closely with the experimental set-up of Kas and 

Novak, An incident ion beam does not interact thermally with the target, 

but leaves the latter free to reach an appropriate temperature distribution: 

namely, some kind of bell-shaped pattern, with temperature decreasing 

radially outwards from the centre of the beam-spot. It is just such a case 

that RWELB is designed to simulate. Kas and Novak's heat rig, consisting 

as it does of a heated, insulated metal rod in direct thermal contact with
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the target face, would tend to force a 'top-hat' temperature distribution 

on the target ; i.e. one with a fairly uniform temperature within the 

simulated beam spot. This would make the overall temperature pattern, and 

hence the 'beam power! required to produce a given spot temperature, some- 

what different. 

RWELB can be readily modified to give a top-hat distribution of an 

initially assumed temperature (in this case 110°C) by setting the points 

inside the beam in the control matrix to a new value, which directs the 

program, during each iteration, to hold those points at the constant 

temperature, The heat input Q is set at zero, and the program allowed to 

iterate as before. The sub-routine which monitors the heat outflow from 

the target can then be used to give the heat input required to produce 

the given distribution when a steady-state has been reached (consequently, 

this sub-routine cannot be used to terminate the program ; instead, the 

program is run for a fixed number of iterations), These values are plotted 

in fig. 12 (unbroken lines). Considerably better agreement with experiment 

is obtained.
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RESULTS 
Computed results from RWELB are given in figs. 16-24, 

When designing a target, two thermal considerations have generally 

to be borne in mind : the need to ensure that maximum target temperature, 

T,(usually the temperature at the central point on the vacuum face); does 

not exceed some given limit(usually the melting point of the target mater- 

ial, but possibly lower) ; and the need to suppress boiling in the coolant 

channels, to minimise the possibility of 'burn-out' occuring. Accordingly, 

two curves have been given for each target configuration : one gives Tes 

as a function of various factors ; the other gives a comparable plot for 

,, the maximum temperature at a cooled surface of the target. eons 

Tyg the over-pressure in the coolant circuit necessary to avoid boiling 

can be determined from the vapour pressure curve of the coolant. 

Throughout, target radius has been assumed to be 2.5 cm. (I"), this 

being standard beam tube diameter on many target systems. Coolant temp- 

erature was fixed at 0°C, and beam power at I kW. Hence Taaxond Ti, for 

any value of Q can be calculated by simple proportion and adding on the 

actual coolant temperature, 

Two widely used target types were studied for purposes of comparison : 

A) @ flat metal dise uniformly cooled over the back face 3 B) a flat 

metal disc cooled uniformly around the edge. B is often used to minimise 

the catastrophic effects of ‘burn-out! and consequent target rupture, which 

in A might result in coolant entering the vacuum eyeton 

The heat transfer coefficient, H, for a liquid non-metallic coolant 

is given by eq. 7 above, the two controlable variables being channel 

width D and flow velocity V. H increases with V, and decreases slowly 

with D. Curves of H against V for water, for various D, are given in 

fig. 13. 

Liquid metals have been suggested for use with accelerator targets (525 

as they give much higher heat transfer coefficients. For these, another 

correlation (67) should be used :
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a= (ES ves” 
This is plotted in fig. I4 for the sodium-potassium alloy NaK. This has 

the advantage of being liquid at room temperature, but is dangerous to 

handle. For accelerator targets, a better choice would be mercury, despite 

its' toxicity (fig. I5). 

Various common target materials were considered, From a purely thermal 

standpoint, copper would be the ideal choice. However, the gamma-ray 

background of copper under proton bombardment is among the highest for 

common metals (68). Tantalum, much used for collimators, is a lot better 

in this regard, but its' conductivity is rather low (0.57). Molybdenum 

gives a lower background than tantalum at energies below 2.5 MeV, and 

has quite good conductivity (1.47). Better still is tungsten, which gives 

a very low gamma-ray yield coupled with good conductivity (1.78), and, 

moreover, a high melting-point. 

Fig. 16 gives results for the A configuration for a copper target, 

plotted as a function of target thickness, for various beam radii, and a 

heat transfer coefficient H=0.5, a readily obtainable figure. As expected, 

temperatures rise sharply as beam radius is decreased. It is noteworthy 

that the very thinnest target plate is not necessarily the best for effec- 

tive heat dissipation, As thickness is increased, Tat first falls to 

reach a minimum, beyond which only a modest increase occurs. Clearly, 

a target should ideally be designed with a thickness near the trough of 

the curves for the beam radii likely to be encountered. This shifts to 

lower thicknesses as the beam radius increases to cover the target plate. 

For a beam fully covering the target, of course, this effect vanishes, 

and a linear relation is found, the thinner targets giving better per- 

formance, 

Fig. I7 gives comparable curves for a copper target in the B config- 

uration. As expected, temperature falls steadily with thickness, but less 

steeply with increasing beam size. The overall temperature levels are also 

higher. The variation of TyaWith beam radius is very small over a wide



27 

range of beam sizes, This could be advantageous in an accelerator system 

which gives fluctuating, unpredictable beam sizes ; in the A configur- 

ation, this always entails the risk of a sudden burn-out condition. 

Figs. I8-19 give similar curves for the A and B configurations for 

tungsten, H = I.0. The same general trends are evident, though the general 

temperature level is higher due to the lower conductivity of tungsten. 

Figs. 20 give curves for a back-cooled beryllium plate, such as might 

be used for neutron generation, for various values of H. Fig. 21 gives 

curves for a similar aluminium target. Fig. 22 gives curves for a uranium 

target : these have been used for photonuclear neutron production using 

the bremsstrahlung gamma-rays from an incident electron beam.(5I). 

Finally, fig.23 gives curves for a more complex target shape : the 

beryllium neutron generation target of fig. 10, shown schematically in 

fig. II as it is divided up for the computations. Tyyand Tweare plotted 

against H for various beam radii. Again, Twavaries very little with beam 

radius, so only one curve has been plotted. This would make the target 

fairly immune to a 'burn-out' due to a sudden contraction in spot size. 

In contrast to the simpler target shapes, the hottest part of the 

target is not axially under the beam, but forms an axial ring, whose 

radius increases with beam radius (fig. 24).
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APPLICATIONS TO SPECIFIC TARGET DESIGNS 

As an application of the above computations, we may address ourselves 

to the problem of devising a high-current target suitable for use on the 

Dynamitron accelerator. Nominally, the latter can achieve 2 mA of beam 

current at energies up to 3 MeV ; i.e. beam powers up to 6 kW. The standard 

beam tube diameter at the target is 2", 

First, it might be useful to consider a target actually in use on this 

accelerator ; viz. the beryllium target for neutron generation shown in 

figs. 10 & II. Computations for this target are plotted in fig. 23. The 

heat transfer coefficient actually achieved with this target was about 

0.35 watts/em.c « In practice, the beam radii experienced on this line, 

as measured by the beam profile monitor, were usually about I cm. We may, 

rather arbitrarily, define a limiting temperature of 90% of the melting 

point of beryllium (i.e. 1150 'C) as the maximum allowable. The temperature 

shown in fig. 23, for I kW beam power, is 130 'C. Consequently, if beam 

spot temperature alone was the limiting factor, this target could tolerate 

up to) 1150/1530 kW, i.e. 8.8 kW of beam power, 

However, we must also consider the need to avoid boiling in the coolant 

channel, At a coolant temperature of I0 °C, with no pressurisation in the 

coolant circuit, T,,,must not exceed 90°C. From fig. 23, we see that the 

maximum permissible power is 90/97 kW, i.e. 0.93 kW. 

This figure could be raised by using a pressurised cooling circuit. 

From fig. 29, it will be seen that at an over-pressure of half an atmos- 

phere ( 71b/irt), boiling will not occur until the temperature reaches 

IIO'C. This would permit a power of 100/97 kW, i.e. I.03 kW ; while an 

over-pressure of one atmosphere would allow a power of 110/97 kW, i.e. 

1.15 kW. Clearly, no very dramatic improvement is possible by this means 

without invoking unreasonably high pressures. 

Alternatively, the heat transfer coefficient could be increased. A 

figure of H = 1.0 ought to be fairly readily obtainable with water coo- 

ling : this need only entail increasing the water flow rate by a factor
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of about 4 (see eq.7), which would present little difficulty. A power of 

2.2 kW could then be reached. This would give a spot temperature of only 

180°C. With an over-pressure of one atmosphere, 2.75 kW could be reached. 

The target design above was constrained by the requirement that there 

be no coolant directly behind the target, in case the target ruptured. 

If this rquirement is abandoned, substantially higher beam powers might 

be possible. Fig. 20 (a,b) gives the calculated curves for a back-cooled 

beryllium plate for H = 0.4, i.e. comparable to the figure actually 

obtained with the previous target. The thickness for minimum spot temp- 

erature, for a beam radius of I em, is about 0.8 cm. Boiling will occur 

at a beam power of about 600 watts, so this target is markedly inferior 

to the conical one above. H would have to be increased to about I.0 to 

give a performance to match the latter (fig. 20 &)h). 

Consequently, it would be worthwhile examining a system cooled at both 

the back face and round the edge. Curves for such a beryllium target are 

shown in fig. 29. As expected, it gives considerably better performance, 

which improves with increasing target thickness. For a thickness of I.5 cm 

and H=0.5, a beam power of 1.34 kW is obtainable, entailing a spot temp- 

erature of only 180°C. If the heat transfer coefficient is increased to 

I.0, 2.14 kW would be possible, always assuming an unpressurised coolant 

channel. For an over-pressure of one atmosphere, the figure could be 

increased to 2.6 kW. 

The relatively good performance of both the conical target and that 

with all-round cooling prompts the idea of combining both these features 

in one target, as in fig. 30, where the target consists of a 60° beryllium 

cone ( which effectively halves the beam loading on the target face ) of 

uniform thickness cooled over all its! back surface. Plots of temperature 

as a function of thickness and heat transfer coefficient are shown in 

fig. 3I. As before, beam radius is I em; the curves are normalised to a 

power of I kW. 

Ty, decreases with thickness, while Tyysexhibits a minimum at 2 om
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(for H = 0.5), or I.8 om (H = 1.0). At these thicknesses, powers of 2.9 

and 5.0 kW respectively would be attainable without pressurisation. Twax 

would reach 225’and 312’in each case ; as in the conical target examined 

above, this does not occur at the centre of the target, but in an axial 

ving around it (see fig. 24). 

A beam power of 6 kW might be attainable by a modest further increase 

in H, or by pressurisation : for a half-atmosphere over-pressure, 3.25 kW 

(H = 0.5) or 5.55 kw (H = 1.0) could be expected ; for one atmosphere, 

3.55 kW and 6.1 kW. Alternatively, or additionally, it might be possible 

to use a more diffuse beam spot at these high currents. 

Fig. 32 shows curves for an identical target made of copper, such as 

might be used as a backing for samples for (p,¥) analysis. This exhibits 

similar behaviour, although the general temperature level is somewhat 

lower. The minima of Tyoccur at thicknesses of 2.2 cm (H = 0.5) and 

2.0 om (H = I.0). At these thicknesses, powers of 3.2I and 5.62 kW are 

possible without pressurisation. With half an atmosphere over-pressure, 

3.57 and 6.25 kW could be atteined, while at one atmosphere 3.93 and 

6.88 kW might be reached. In the latter case, values of Teaof only 200 

and 260 would arise, which might be tolerable in many analytical appli- 

cations. 

It would thus appear that water cooling is adequate for a neutron 

generating target that will withstand the full rated beam power of the 

Dynamitron accelerator. It seems unnecessary to incur the technical 

difficulties associated with liquid-metal coolants,
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APPENDIX 

HP ALGOL PROGRAMS RWCON , RWELB & RWSLS 

RWOON 
The HP ALGOL program RWCON generates a control matrix H(R,Z) from an 

input matrix G(R,Z). G(R,Z) delineates the geometric shape of the target 

as an array of numbers defined by co-ordinates R,Z : R is the radius out- 

wards from the centre axis (R = 0), Z the distance from the base of the 

array (Z = 0). The target shape is assumed to be a right circular cylinder 

with the back, or side, or both, cooled ; possibly with indented coolant 

channels and a non-flat top face. The elements of G(R,Z) take various 

values according to the following convention : -I for a point outside 

the target, I for a point in or on the target, except at a cooled boundary, 

which is given the value 0. In addition the boundaries of the array must 

take the value -I ; i.e. the target shape must not completely fill the 

array. Such arrays are shown in figs. 25, 26 & 27 (a) for,respectively, 

a back-cooled target, a side-cooled target, and the beryllium target shown 

in figs. I0 & II. 

The size of the matrices G,H is defined in line 3 of the program (p.36). 

R takes values from 0 to N, Z from 0 to M. Line 6 defines a format for 

H(R,Z) 3 the coefficient in this format (6 in this case) must be M+I. 

Lines II & I2 type requests for the peripheral device required for 

feeding in G(R,Z), usually paper tape ; and for delivering H(R,Z) as 

output, usually magnetic or paper tape. The appropriate code numbers are 

then typed in (usually 5 for tape-reader, 6 for line-printer, 7 for mag- 

netic tape recorder), Lines 14 & 15 command the input device to read G(R,Z). 

Having read G(R,Z), the program scans this array ; it considers each 

point in G(R,Z) in relation to its' immediate neighbours and assigns it a 

numerical value (from I to 25) in H(R,Z), according to the scheme in 

Table I, which shows the geometrical configuration of each point in 

relation to any boundaries. This occupies lines I7 to I44 in the program, 

Lines 146, 147 command H(R,Z) to be read off on the output device.
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Various arrays H(R,Z) are reproduced in figs. 25, 26 & 27 (b). 

RWELB 
This program, using as input the control matrix H(R,Z) generated by 

RWCON above, performs the actual thermal computation described in 'Target 

Design! above, 

Lines 3-13 (p.39) formally declare all the variables, arrays and labels 

to be used in the program. Line 6 defines the size of the matrices H(R,Z), 

the control matrix, and T(R,Z), the matrix defining the temperature at 

each point. N and M must take the same values as in RWCON. Likewise, the 

coefficient in the format declaration (line 14) must be the same, i.e. 

M+ 1. Lines 15 & 16 define the input device for H(R,Z) (usually 7, for 

magnetic tape recorder), and the output device for T(R,Z) (usually 6, 

for line-printer), 

The program requires certain basic data defining the size and properties 

of the target ; also, certain constants necessary for the computation. 

These, set in lines I7-30, are : 

RADIUS : tt radius of the target in cm. 

HEIGHT : the total thickness of the target in cm, 

BEAM : the radius of the beam spot in om. 

Q : beam power in watts. 

K : the thermal conductivity of the target material in watts/emec . 

W : the heat transfer coefficient at the cooled boundaries in watts/cnf.C 

TC : the bulk temperature of the coolant in ‘Ct. 

EMS : the emissivity of the target face. 

SH : the radiation shape factor of the target face, usually set at 1.0. 

ST : Stefan's constant : 5.67 x 10 *watts/cm.sec. *K” : 

B : the relaxation coefficient, &, usually set at 1.75 . 

AK : the range of tolerance within which the heat outflow from the target 

must match Q to terminate the program ; i.e. if AK = 0.01 , heat 

output from the target is within T% of Q. 

OMI : output monitoring interval ; this determines the number of
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iterations between successive tests for heat balance. 

GUESS : the initial estimate of temperature. 

Lines 31-37 define some commonly occuring clusters of constants which 

would otherwise clutter up the equations. Lines 38-39 command the com- 

puter to read H(R,Z). 

Lines 40-4I set the value of the temperatures T(R,Z) to GUESS, 

Line 43 is the start of the iterative cycle. 

Line 44 updates two variables, COUNT and KOUNT, which register the 

number of iterations that have occured. 

Line 45 commands the computer to jump to line 69, the start of the 

computation proper, unless it is necessary to test for heat balance, 

i.e. unless KOUNT = OMI. If this is necessary, the block 46-68 is exe- 

cuted, This will be outlined in more detail below. 

The computation proper starts at line 70. The control matrix H(R,Z) 

is scanned, and at each point the computer is commanded to jump to the 

equation corresponding to that point. That equation is then executed 

before the program moves on to the next point. When the whole array has 

been scanned, the program jumps back to line 43 and the process is rep- 

eated. 

The iterative equations occupy lines 78-193, These equations are 

derived from the basic thermal equations given in Table 2 by making the 

following simplifying substitutions (lines 31-34 in RWSLB) : 

A =WK-6R*/az 

  

  

C =WKAZ 

D =wW-AR™ 

B= “AR BZ 

RADIUS HEIGHT 
where Reo? Ze Wo? and W=H. 

In addition, the relaxation equation (5 above) has been applied. 

These equations apply to a target with no heat input. It will be seen 

from Table I that equations I, 2, 3, 7 & I7, i.e. those for elements 

incorporating a flat top face, require in addition a heat input term if
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they are covered by the ion beam ; i.e. if RX, the value of R at the 

beam edge, defined as (N-I) x BEAM/RADIUS (line 35). This heat input 

term consists of o/tmeak), i.e. beam power per unit area, multiplied 

by the area of the element in question and the relaxation coefficient B, 

divided by the same weighting factor as in the main equation, 

Similarly, equations I, 2, 3 & I7 require a negative heat input term 

to represent radiation from the top face, denoted by the variable RAD 

in the equations, As well as being used to adjust the equations, RAD is 

summed by means of a variable RADSUM as the control matrix is scanned ; 

at the end of each iteration, RADSUM therefore represents the total heat 

lost by radiation. 

Points corresponding to equation 25 are outside the target and play 

no part in the computation. Equation 25 sets these ' temperatures! to a 

large number, e.g. 10° « This overloads the format and is printed as a 

dollar sign in the output ; thus, it can readily be distinguished from 

"bona fide’ temperature results. 

At line 45, if KOUNT = OMI, the block 46-68 tests the temperatures 

for heat balance, Only elements containing a cooled boundary (i.e. 10-21) 

need be considered, The control matrix is again scanned, and these elements 

are singled out : the variable J represents the heat conductance coef- 

ficient across the cooled boundary for the particular element, which when 

multiplied by the temperature between element and coolant gives the heat 

lost across that boundary. The variable F sums the various J's at each 

point in the scan, to finally give total heat lost to the coolant. For 

heat balance, F must equal Q - RADSUM. This is tested by using the toler- 

ance factor AK ; i.e. to terminate the program : 

( I - AK )-( Q - RADSUM) = F—=( I + AK )-( Q - RADSUM) . 

If this criterion is satisfied, the program jumps to line 197. Following 

this are the output commands which yield the matrix T(R,Z) on the spec- 

ified output device.
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RVELS 

This program (p.43) is identical to RWELB above, with the addition of 

lines 45-62 which perform the Aitken $ technique. Two temperature matrices 

TYTT(R,Z) and TTT(R,Z) are required, as well as T(R,Z). After the first 

2M iterations, the current temperatures in T(R,Z) are stored in TTTT(R,Z). 

After a further IO iterations, we have three evenly spaced temperature 

iterates TTTT, TTT, and T, In lines 60-61, the temperatures are then set 

equal to the expression in eq. 6 above, which will probably be much nearer 

the final values, 

RWELS can only be used for quite small matrices, due to the computer 

storage capacity required for the three temperature matrices, in addition 

to the control matrix H(R,Z).
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PROGRAM RWCON 

HPAL,L,"RWCON" 
BEGIN 
EQUATE Ne1O,Me5; 
INTEGER R,Z,LUT,LUO? 
INTEGER ARRAY Gy/H[OIN, OEM) 7 
FORMAT Fi(o(x,12))+ 
FORMAT F2("INPUT DEVICE&e")} 
FORMAT F3("OUTPUT DEVICE Se")? 
FORMAT F4("RWCON FINISHED"); 
& 
WRITE(1,F2)7  READ(1,*,LUI)} 
WRITE(L,F3)F  READ(L)*, LUO) 
& 

READ(LUI,F1,FOR Re® TO N DO 

FOR Z#@ TO M DO GIR,Z))3 
& 
FOR Rev TO N DO 
FOR Ze@ TO M OO HER, Z) e257 
FOR Rea TO w DO 
FOR Ze1 TO M=i DO 
BEGIN 
IF GIR, Z)5@ THEN HEIR, Z) e217 
IF GIR,Z}>@ THEN 

BEGIN 
IF G(R,Z#1)>@ THEN 

BEGIN 
IF GEIR,Z"1)>80 THEN HIR,2) ¢22; 
IF GER,Ze4)<@ THEN HIR,Z) 6247 
END; 

IF GUR,Z+1) <0 THEN H(R,Z) 237 
END? 

END; 
FOR Ret TO Net 00 
FOR Z*1 TO Mel 00 
BEGIN 
IF GUR,Z) 81 THEN 
BEGIN 

IF G(R#1,2) 280 THEN BEGIN 

IF G(ke1,Z2)>0 THEN BEGIN 
IF G(R,Z2+1) <0 THEN BEGIN 
IF G(R,Ze1]>6 THEN HIR,Z] 13 
END# END? END? 
IF GCR*1,Z)>8@ THEN BEGIN 
IF G[Ret,z)>0 THEN BEGIN 
IF G(R,Z+#1)>@ THEN BEGIN 
IF GURet,Z#1]<¢@ THEN BEGIN 
IF G(R,Z=1)>@ THEN H[R,Z) 2) 
END} END} END# END} 
IF GCR+1,2) >80 THEN BEGIN 
IF GURe1,Z) <6 THEN BEGIN 
IF GER,2+1)< THEN BEGIN 
IF GUIR,Z=1)>0 THEN H(R,Z) ©37 
END} END? END? 
IF GER*1,Z2)>80 THEN BEGIN 
IF G[Rel,Z) > THEN BEGIN 
IF GUR,Z+#1)>@ THEN BEGIN 
IF GUR,Z91] <0 THEN H(R,Z) #43 
ENO} END? END?
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0065 
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0077 
2078 
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0080 
0261 
0082 
OO8S 
2084 
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0086 
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0088 
0089 

2090 
0091 
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0094 
@095 
0096 

0097 
0098 
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0101 
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8108 
0104 
0145 
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0117 
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@119 
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@121 
@122 

IF G(R#1,Z)<@ THEN BEGIN 
IF G(Ret,Z)>0 THEN BEGIN 
1F GCR,Z+1)>8@ THEN BEGIN 
IF GER,Ze1)>80 THEN HER, Z] +55 
END? END? ENDI 
IF GUR¥1,Z] <0 THEN BEGIN 
IF G(Rw1,Z)>8 THEN BEGIN 
IF GUR,Z#1) 20 THEN BEGIN 
IF GOR,Ze4) <6 THEN HER,2) #67 
END} END? ENDI 
IF GUR+1,2) <0 THEN BEGIN 
IF G(Ret,Z)>@ THEN BEGIN 
IF GCRpZ¥1) <0 THEN BEGIN 
IF GUR,Ze1)>0 THEN HOER,Z)¢73 
ENDs END; END} 
IF GUR+1,Z) 284 THEN BEGIN 
IF G(Re{,Z2)>@ THEN BEGIN 
IF GUR,Z+1)25® THEN BEGIN 

IF GURw1,Z+1]780 THEN BEGIN 
IF GUR,Zei) #0 THEN H{RpZ) ©8F 

END} END} ENOF END} 
IF GUR#1,Z2)>@ THEN BEGIN 
IF GlR#1,Z2)<@ THEN BEGIN 
IF GUIR,Z#1)] 70 THEN BEGIN 
IF G(R,Ze1)>@ THEN H[R,2) «97 
END# END} END? 

END; 
IF GER,Z)®@ THEN 
BEGIN 

IF G(R+1,Z) 88 THEN BEGIN 

IF G(R=t,Z)®# THEN BEGIN 
IF G(R, Z*1) <0 THEN BEGIN 
IF GUR,Zei) > THEN HR, Z) 10; 
END} END? END? , 
IF G(R+1,Z2) #@ THEN BEGIN 

IF GUR=1,Z2) #0 THEN BEGIN 
IF GUIR,;Z+1]) 70 THEN BEGIN 
IF G(R,Ze4) <@ THEN HIR,Z) e117 

END? END} ENOF 
IF GUR+1,Z]) <0 THEN BEGIN 
IF GORw1,2)>0 THEN BEGIN 
LF G(R,Z*1) 8@ THEN BEGIN 

IF G[R,Ze4)5@ THEN HIR,Z) #127 
END# END} END? 
IF GO(R+1,Z] <0 THEN BEGIN 
IF GOlRew1,Z)>0 THEN BEGIN 
IF G(R,Z*1) 34 THEN BEGIN 
IF G(R,Z#1) <0 THEN HIR,Z) #137 
END? END} END? 
IF G{R+1,Z2] <0 THEN BEGIN 
IF G[Re1,Z) 80 THEN BEGIN 
IF G(R,Z¥1)>0 THEN BEGIN 
IF GCR,Z91) <0 THEN H(R,2Z) ©1435 

END? ENDF END? 
IF GUR+1,2] <6 THEN BEGIN 
1F G(Rei,Z) 50 THEN BEGIN 
IF GUR,Z*1) #0 THEN BEGIN 
IF GER,Zei) <0 THEN HIR,Z] #15; 
END? END} ENUF 
IF GUR*1,Z2) <0 THEN BEGIN 
IF G[Re1,2)*@ THEN BEGIN 
IF GIR,Z#1) <0 THEN BEGIN 
IF GR,Ze1}7@ THEN H(R,Z) #167 
ENO ENDF ENDS
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IF -GtR#1,2) <@ THEN BEGIN 

IF G(Re1,Z) > THEN BEGIN 
IF G{R,Z#1) <0 THEN BEGIN 

IF G(R, Zi) #@ THEN HIR,Z) e177 

END} END? ENDOF 

IF GUR#1,Z)<@ THEN BEGIN 

IF G(Ret,Z] #4 THEN BEGIN 
IF GER, Z+1)4@ THEN BEGIN 

IF GUR,Z=1) ®@ THEN H(R,Z) 18; 

END} END# ENDF 

IF GER+1,Z2) 8@ THEN BEGIN 

IF G(Rei,Z)>0 THEN BEGIN 

IF G{R,Z+#1] 20 THEN BEGIN 

IF GOR, Zi] #U THEN HUR,Z) 194 
END# END# ENDI 
IF GUR#1,2] ®@ THEN BEGIN 

IF G[Re1,Z)>0 THEN BEGIN 

IF GER,Z*1) 8% THEN BEGIN 

IF G(R, Ze4)>@ THEN HOR, 2) e207 

END? END? END? 

END; 
END; 

& 
WRITE (LUO,F1,FOR Re” TO N DO 

FOR Z#0 TO M DO HtRezl)? 
WRITE (1, F4) > 
ENOS 
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PROGRAM RWELB 

HPAL +L, "RWELB" 
BEGIN 
REAL BEAM,AK,RADIUS, HEIGHT, EMS, SH,ST»+SBypRAD,/RADSUM ATT Fy 

A,B,C,D,E,QeWeKed,TRZ, TCC} 
INTEGER GUESS,LUI,;LUO,OMI,COUNT,KOUNT Ly TCyXpReZ? 
EQUATE Ne1@,MeSe 

LABEL START, ITER,NEWON FINAL, L4,L2,L3,L4,L5,LO,L7,L8,L9y 
Lia,b11,612,613,L14,L15,L16,L17,L18,L19,L20,L21, 
L22,L23,le4,Les; 

SWITCH SeLi,Le,bo,L4,L5,L6,L7,L6,L9,LiIG,L11,L12,L13, 
L14,L15)L16,L17,L18,L19,L20,L21,L22,L23,124,L257 

REAL ARRAY TCOIN, OEM) 5 
INTEGER ARRAY H(OIN,@5M)? 
FORMAT F1(6(X,12))? 
LUIleS?; 
LU0+6; 
RAOIUSe1 07 
HEIGHT@1. 07 
BEAMeQ.57 
Del ld; 
WoL .OF 
Kel 7 
TCeO, OF 
Bey ,57 
omIeiar 
AKO ,0057 
ENS@1.03 
SHe#1, 07 
ST#5,67' 9125 
GUESS¢3'2; 

AGPI&K% (CKRADIUS/ (NL) ) T2)/(HEIGHT/ (Mw2)) 5 
CePIwKeHEIGHTs (Me2)7 
DePlawe((RAOTUS/(Nw1)) T2)7 
E@PLeWeRADIUSSHEIGHT/ (C(NwL) *(Mm2) 7 
X@ (Nw) * (BEAM/RADIUS)} 
SBeEMS*SH*ST? 
TCCeTCH273) 
READ(LUI,F1,FOR Red TO N DO 

FOR Zea TO M OO HtR,Z2))3 
FOR R@d TO N 00 

FOR Ze2 TO M DO TIR+Z) GUESS? 
COUNTe@# KOUNT#O; 
STARTS 
COUNT@COUNT+1# KOUNT#KOUNT#13 
IF KOUNTHOMI THEN GO TO ITER} 
KOUNT+O} Fed; Jeo? 
FOR Reg TO N DO 

FOR Ze@ TQ M 00 
BEGIN 

Jee? 
IF H(R,Z) 310 THEN Je2uDuR] 
IF HER,Z) 811 THEN Je2eDeR7 
IF HUR,Z) 812 THEN Je2eEeR] 
IF HER, Z) 81d THEN JeEwR] 

IF HUR»Z)814 THEN Je@Dw(Rel/4)7 

IF HER, Z) #15 THEN Je2e(E*D) *Ri 

IF HER,Z)316 THEN JeDe(Rel/4)i | 
LIF HER, 2) 817 THEN JeExR? 
IF HER,Z)318 THEN’ Je2w6 (bed) wR?
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40 
IF HOUR, Z) 819 THEN JeEwReDa(Re1/4);7 

IF HOR,Z) 820 THEN JeEwR#Oe(RH1/4)7 

IF H(R,Z) 821 THEN JeD/4; 
FeFe Ie (TUR, Z)=TC)? 
ENDF 
IF F>( LAK) *Q"RADSUM THEN 
BEGIN 
IF FeC(1#AK) *Q@RADSUM THEN GO TO FINAL? 
END}; 
ITER? RADSUMegs 
FOR Re®@ TO N DO 
FOR Z*M STEP =1 UNTIL @ DO 
BEGIN 
TRZ©TOIR,2) 4273) 
TT¢TRZT4@TCOT4? 
LOHR, Z)7 
GO TO STLIF 

Lit TER, Z)#Bw(Cw(Rel/2) aT (Ret,Z) Ce (R+1/2) eT IR41,Z) 
+2HAKReT (Re ZL) )/ C2" (AC) eR) 

* CLeB)eTCR,Z)3 
RAD@(2eD*R/W) HSB TT? 
TUR, Z) @T [Re 2) mBeRAD/ (2m (CAC) #R)F 
RADSUM@RADSUM#RAD} 
IF RSX THEN TER? ZI @T(R,Z) +B eO/ ((XT2) we CAHC) 7 
IF ReX THEN TIR/ ZI TCR, Z) + (Bee (Rel/4)/(XT2))/ 

(2eRe (ASC) )F 
GO TO NEWON; 

L2 % TURpZlepx (Cm (Rel/2) aT (Rel, Z) +2eCu(RH1/2) aT (RL, Z) 
+2wAwReT (Re Zl) Aw (R414) eT IR, Z41))/ 
(CHCORRHL/2) +An(SaRe1/4)) + (LeB)eTIR, ZI)? 

RAD] (De (Rel/4)/N) wSBwTT? 

TIR,» Z] @T [ReZ) @BRRAD/ (Cw (SHR41/2) HAw(SHRo1/4) 7 
RADSUM*#RADSUM#RAD; 
IF ResX THEN TIR,Z]@T(R,Z) * (Bee (Rel/4)/(xt2))/ 

(Cw (SaRol/2)4An(SuRel 7/4) dF 
GO TO NEWON? 

LS 3 TER, Z)@Bw(CuCRel/2) aTIR+1,2) #AM(REL/4) wT OIRp Ze) )/ 

(Cw(Re1/2)4Ax(R¥1/4)) + CheB) eT tRe217 
RAD@ (Ow (R*1/4)/H) *SHeTT? * 
TER, Z)@T ER, Z) mBMRAD/ (Cu (RHL/2) AR (RH1/4))7 
RADSUM@RADSUM#RAD} 
IF ksx THEN TUR, ZI] @TER, ZI + (BwGu (R174) /(XT2))/ 

(Cw CRH1/2) Aw (RH1/4))7 
GO TO NEWON? 

L4 3 TER, Zl eB *(CH(Rel/2) aT (R1,2) +Cw(RH1/2) eT (R41,Z) 

F2KAKRET OCR» ZHL))/(2e (AC) HR) + (1 9B) eTIR, 2) 7 
GO TO NEWON? 

L5 § TER, Z) eB eC2xCe (Rel /2) eT (Rel, Z) tAm(Re1/4) a (TIR,Ze1) 
#TOR¢ ZL) ))/C2mC a (Rel /2) +2HAw (RL /4)) 
* (imB)eT(R,Z)7 

GO TO NEWON; 
LO § TR, Z] eB e(CH(ReL/2) eT (Ret, Z) HAR (REL/4) wT ERA Z41))/ 

(Ca CRel/2)+Ax(R1/4)) + CLeB)*TER,Z)3 
GO TO NEWON; 

L7 & TUR, Zl ebaCCHCReL/2) eT (Rel, Z) tae (Rel/4) eT CR, Ze1))/ 
¥ (Cu(Rel/2)eAn(Ro1/4)) + (Leb) *eTIR,ZI7 

RAD@® (Ow (Rel /4)/W) xSBaTTE 

TIR, Z)@T [Re Z} mBXRAD/ (C#(Re1/2) AR (Re1/4) dF 
RADSUM#RADSUM#RAD} 
IF X®NwL THEN TER, Z] @TCR,Z) 4 (BeGe(Re1/4)/ (X82) )/ 

(Ce (Rel/2)¢Ax(Rel/4))7 
GO TO NEWON;
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TUR, Z) Be (2aCw(Re1/2) aT (Ret, 2) +2uCu(R4i/2) aT (Rad, 2) 

F2KAMRECTIRe Zed) TER e241) 1) 7 (4m CAFC) HR) 
+ (LeB)eTO(R 217 

GO TO NEWON; 
TER, Z) eBeC2eCHCREL/2) KT (RoL, 2) tA (R41/4) w (TER, 201) 

#T Re Z41)))/C2eCH(RHL/2) +2eAw (RH1/4)) 

+ (LeB) eTiRe 217 

GU TO NEWON? 
TUR Z] #Bx(CHCReL/2) eT (Rel, Z) +Ce CR /2) wT (R17 Z) 

#2eAwReT IR, Zt) e2e0eReTC) / (20 (A+CHD) eR) 

+ CheB)aTIR 27 

GO TO NEWON; 
TUR, Z) eBe(CH(Rel/2) aT (Rel, Z)+Ce (Rei /2) aT (Rote Z) 

+2eARRET (IR, 241) #2eD#R*TC)/ (2x CACHD) HR) 
+ (LeB) eTIRGZIF 

GO TO NEWON; 
TUR, Z) Be (2HCu(ReL/2) eT (Ret, Z) tAw (Rel /4) (TER Zo 1) 

#T (Re Z41) ) +2eERReTC)/C2eCe (Rel /2) 
+2nAm(ReL/4)#2eEeR) + CLeB)*eTIR ZIP 

GO TO NEWON? 
TUR, Z) #BR(CHCRML/2) WT (Ret, Z) tA (RL /4) wT (Ry LHL) 

FEMRATC)/(CR(RL/2) HAR (RO1/4) EWR) 
* CleB)e TER, Z)7 

GO TO NEWON? 
TIR, Zl eae (Ce CReL/2) eT (Ret, 2] tam (Rel/4) eT (Re Z 41) 

+O u (Rel /4) aTC)/ (Cu (Rel/2)+(AtD) # (Rel /4)) 
* CLeB)eT(R 233 

GO TO NEWON? 

TLR, Z)#Bw(CHCRm1/2) eT (Red, Z) tAw(Rel/4) aT (Ro 24d) 
#2e (EHD) MRATC)/ (Ce (ROL/2) Aw (Rol /4) Hu (E 
+0) #R) + (LeB)eTC(R,Z)7 

GO TO NEWON? 
TUR Z)eBe(CHCR@1/2) *T (Rel, Z) tam (Rel /4) aT CR Zed) 

#0 we (Rel /4) eTC)/ (Ce (ReL/2) + (A+D) #(Re1/4)) 
+ (LeB)eTEReZ1F 

GO TO NEWON? 

TIR, Z]eBw(CHCReL/2) eT (Rel, Z) Aw (Rel/4) aT (ReZed) 

+EwRwTC) / (Ce (Rei/2) tam (Re1/4) +EwR) 
+ (leB)eTCRe ZF 

IF XmNeL THEN TUR, ZI @T UR, 2) 4 (Bee (Rel /4)/(X2))/ 
(Ce (Re1/2) #Aw(ReL/4) HERR) F 

GO TO NEWON? 
TIR, 2] eRe (Cu CReL/2) eT (Rel, Z) Ax (Re1/4) xT (Ry Zed) 

#2% (EHD) wRaTC)/ (Cw (Rei/2) +Ax (Rol /4) een (E+) 

eR) oo (LeB)wTOR,2)5 

GO TO NEWON] 
TUR, Z) eBe (2xCu(Rel/2) aT (Rel, Z) +Ce(R+1/2) eT (R+1,Z) 

+2WARRET(R, ZL) tam (ROL/4) TER, Zed) te aRe TC 

Dw (RL/4) HTC) (Cw (SaROL/2) Aw CSmRe1/ 4) 
FERR+DH(RHL/4)) + (LOB) *TER,ZI77 

GO TO NEWON; 
TUR, Z) eB C2xCw(ReL/2) eT (Rel, Z) eCu(Rel/2) eT IR+1) 2) 

F2eAKRAT(R, Zed) tAm(ReL/4) eT IR, 241) HERR aT 
+O (CREL/4) *TC)/ (Cm (SeROL/2) HAw (SHRe1/ 4) 

+EeR #De(R#1/4)) + CleB) *eTIR,Z)7 
GO TO NEWON? 
TIR, Zee CC(C/2) HT IRL, Z) + CASA) eTIR»Z4h) (0/4) eTC)/ 

(C/2HA/G4#D/4)) *CL9BIKTIR,Z)} 
GU TO NEWON? 
TUR» Z)eBRC(CHTIRL ZI CASA) KCTIRe ZH] +T IR» Zel)))/ 

(C#A/2)) * (LeB)eTIR, 217



0184 
0185 
8166 
0187 
0186 
0189 
0190 
O191 
0192 
0193 
0194 
0195 
0196 
0197 
0198 
@199 
0200 
0201 

Less 

Leas 

Less 
NEWONGS 
GO TO 
FINALS 

42 

GO TO NEWON? 
TIR Zeb *CC(C/2) eT IR+1L + Z)+(A/4) TR, Zm1) #07 

C4eCx*2)02/(C/24A/4)) + CleB)wTERe ZI? 
RAD@(D0/(4eW) ) aSBuTT? 
TUR, Z) @T (Re Z)"BeRAD/ (C/24A/4) 7 
RADSUM@RADSUM+RAD] 
GO TO NEWON; 
TUR, Z]#Be(C(C/2) eT (R41, 2) 4 (A/4) eT IR, 24h) )/ 

(C/24A/4))*CleB)*TIR, 217 
GO TO NEWON? 
TIR»Z] +1 000400} GO TO NEWON} 

ENOF : 
START} 

WRITE CLUO,#(X,15) COUNT)? 
WRITE (LUO,#(6(X,I3)),FOR Rew TON DO 
FOR Ze@ TO mM DO TER,2))} 
ENDS



0001 
aa02 
a0a5 
0004 
0005 
0006 
0007 
0008 
8009 
0010 
OO11 
0612 
0018 
aa14 
0015 
0016 
0217 
0018 
@B19 
0020 
a221 
a022 
0023 
9024 
025 
2026 
0027 
0028 
029 
0asu 
031 
0032 
0035 
0034 
0035 
8036 
2037 
0038 
20389 
0040 
0041 
0042 
0043 
0044 
045 
0246 
0047 
0046 
0049 
8050 
0051 
0052 

| 0853 
0654 
0055 
0056 
‘0057 
0658 
0059 
Q860 

0261 

PROGRAM RWELS 

HPALy Ly "RWELS" 
BEGIN 
REAL BEAM, AK,RADIUS, HEIGHT, EMS,SH,ST»SB,RAD,RADSUM,TT/F, 

Ay, Cp O,ErQeWe Kod, TRZ,TCCH 
INTEGER GUESS,LUI,LUO,OMI,COUNT,KOUNT; Le TC eX pReZ? 
EQUATE Ne10,MeS7 
LABEL START,ITER,NEWON,PINAL,L1,L2,L5,L4,L5,L6,L7,L8,L9, 

L10,b11,612,613,014,L15,L16,L17,L18,L19,L20,L21, 
L22,L23,L24,L25; 

SWITCH SeL1,L2,63,L4,L5,L6,L7,L8,L9,L1O,L11,L12,L13, 
L14,L15,L96,L17,118,L19,L20,121,L22,L23,124,L25F 

REAL ARRAY TTTT,TTT,TIOIN, Gime 
INTEGER ARRAY H[@3N,O8M}F 
FORMAT F1(6(X,12))7 

LUIeS; 
LUO+6; 
RADIUS#1,03 
HEIGHT@1.07 
BEAMeb, 5; 
Qed; 
Hol.Q? 
Ke1,07 

TCed,oF 
Be1,5) 
OMI+10+ 
AKO, 0053 
EMSe1,07 
SHelevi 
STe5,67' e127 
GUESS#3'27 
API eke ((RADIUS/(N@1)) 12) /CHEIGHT/ (Mm2))7 
CePIwKwHEIGHT/ (Mm2)7 
D@PIeWe(CRADIUS/(Nm1)) 8207 
E@P IL aWeRADIUSRHEIGHT/ ((Nw1) me (Me2)) 7 
X@(N@1L) *(BEAM/RADIUS)# 
SBEEMSwSHxST; 
TCC#TC+2737 
READ(LUI,F1,FOR Re® TO N 00 

FOR Z*®@ TO M DO HIR,2))7 
FOR Rea TO N 00 
FOR Ze@ TO M DO TIR+Z) *GUESS} 
COUNT#a? KOUNT#O@s 
STARTS 
COUNT*COUNT+1; KOUNT@#KOUNT#1) 
IF COUNTS2«M THEN 
BEGIN 
FOR Reg TO N DO 
FOR Z#2 TO M DO 
TTTTCR» 2] e¢TCR,Z)7 
END? 
IF COUNT#2*M*#1@ THEN 
BEGIN 
FOR R¢@ TO N DO 
FOR Z#@ TO M OO TITER» Z)*TIReZ)5 

END} 
IF COUNT=2eM#2@ THEN 
BEGIN 
FOR Re@ TO N DO 
FOR Z*@ To M DO 
TIR¢ ZI@CTTTTIRe ZIMTCR» ZI eTTT CR, ZI) 42) 7 

CTTTT(R, ZI+T(R,Z) e2eTTTIR,21)7



0062 
0063 
0064 
0065 
0066 
0067 
@068 
9069 
0270 

0071 
0072 
20738 
2074 
Q075 
0076 
0077 
0278 
0079 
2080 
0081 
0082 
0083 
2084 
2085 
0086 
0087 
0086 
0089 
0090 
0091 
@e92 
0095 
8094 
8095 
0096 
0097 
0098 
Q099 
0100 

O101 
0102 
105 
0104 
®105 
0106 
0107 
0108 
0109 
o110 
0111 
o112 
@1135 
0114 
0115 
@116 
O117 
0118 
O119 
e120 
121 
122 
0125 
6124 
ares 

END; 4d 
IF KOUNTHOMI THEN GO TO ITER? 
KOUNT#O} Fed; Jeos 
FOR Rea TO N DO 
FOR Z@@ TO M DO 
BEGIN 
Jeo; 
IF HER, Z) #10 THEN Je2uDwR} 
IF HER» Z) 811 THEN Je2nDeR; 
IF HER,Z) 812 THEN Je2nEuR;? 
IF H(R,/Z) 813 THEN JeEwR? 
IF HIR,Z) 14 THEN JeDe(Rel/a)7 
IF HOR,Z) 815 THEN J#2w(E#D) wR} 
IF HOR, Z) 816 THEN J@Dw(Re1/4); 
IF HUR,¢Z) 817 THEN JeEwR? 
IF HER,Z) 818 THEN Je2w(E4D) wRe 
IF H(R,)Z) #19 THEN JeEwR+Da(R¥i/4)7 
IF HER,Z) 820 THEN JeEwR+Ow(R¥1/4)7 
IF HCR,Z) 821 THEN JeD/47 
FeFese(T(R» Zim TC)? 
END} 
IF F>(L"AK) wGeRADSUM THEN 
BEGIN 
IF F€(1+AK)*Q"RADSUM THEN GO TO FINAL? 
END? 
ITER’ RADSUM#@? 
FOR R@®@ TO N DO 
FOR ZeM STEP =1 UNTIL @ DO 
BEGIN 
TR2eT(R,Z) 42737 
TTeTRZMA@TCORA? 
LeHIR,Z) + 
GO TO StLiy 

L1 8 TUR, Z)@Ba(CH(Rel/2) eT (Rel, Z) #Ca(R41/2) wT (R12) 
F2KAMRET IR, 291) )/ 02" (AC) HR) 
* CimB)aT(R, 237 

RAD@(2#D*R/W) RSBRTT? 
TUR» Z) @T (Re Z) "BeRAD/ (2m (AC) #R)7 

RADSUM@#RADSUM+RAD? 
IF R&X THEN TER Z) TOR, Z) 4B *O/((Xt2) * (AC) 7 
IF RX THEN TIER Z) TER, 2) + (BeOn(Re1/4)/(xX72))/ 

(2eRe(AHC))F 
GO TO NEWON; 

L2 8 TER, Z)#B «(Cm (RWL/2) eT (ROL, Z) H2KCH(RHL/2) HT IROL EZ) 
+2HAMRETIR,» Zl) Aw (ROL/4) eT (R, 241) )/ 

(Ce (SHReL/2) ¢An(SHRo1/4)) + (Leb) eTIR, ZI? 
RAD@(DO*(Re1/4)/W) *SBxTT; 
TER, 2) eT CRypZ) @BeRAD/ (Cw (SeR¥1/2) eam (SHRH1/4))7 
RADSUM@#RADSUM#RAD? 
IF ReeX THEN TIR,»ZI@TIR,Z) #(BeOu(Rel/ay/(xt2))/ 

(Cu (SHR+1/2) Ax (SHRO1/4) 7 
GO TO NEWON? 

LS t TER, Z] #Be(Cw(Rei/2) aT (Rel,Z) +A (RE1/4) eT IR, Ze1I)/ 

.  COW(R#L/2) 4Aw(R41/4)) + (LeB)aT (Ry Z) 5 
RAD] (CO*C(RH1/4)/W) eSBeTT] 
TUR, Z]¢T (Rp Z) @BeRAD/(Cw(Re1/2) +A (RH1/4) 7 
RADSUM@RADSUM*RAD} 
IF R<X THEN TIR, ZI @T (Re Z) #(BeOa(R41/4) /(X42))/ 

(Cw CRe1/2)eAw(RH1/4) 17 
GO TO NEWON; 

L4 8 TER, Z)#Bx(CHe (Rel /2) aT (Rel, Z)+CH(RO1/2) eT IROL eZ 
*2KAMRHTIRG Z41))/(C2e(AtC) HRI HCL 9B KTIR, ZF 

GO TO NEWON;



0126 

0127 
0128 
0129 
0130 
0131 
0132 
0133 
0134 
0135 
0136 
0137 
0158 
0139 
8140 
O141 
0142 
0143 
0144 
0145 
0146 
0147 
0148 
6149 
0152 

O154 
0152 
0153 
0154 
@155 
@156 
0157 
0158 
8159 
Q160 
@161 
9162 
0165 
@164 
@165 
8166 
@167 
a168 
0169 
0170 
O1L71 
0172 
0173 
ai74 
0175 
0176 
0177 
0178 
@179 
0160 
0181 
182 
0183 
8184 
0185 
0186 

Lo & 

Lo 3 

aed 

Let 

Lo 3 

Ligs 

bis 

Lies 

Lids 

Lia: 

Liss 

L163 

Li7s 

Liss 

45 

TUR» Z) #oe(2kCw(ReL/2) eT (Rel, Z) tAw(Rel/4) (TER, Ze 1) | 

+TIR  ZH1])) 7 (2aCe (Ret /2) +2nAw (Red /4)) 

+ CleB)eTIR, 217 
GO TO NEWON; 
TIR, Zeb e(CxCRe1/2) eT (Red, Z) HAR (RHL/4) eT IR, ZL) )/ 

(Cw(ReL/2) ean (RH1/4)) + (LeB) TER, Z)7 

GO TO NEWON} 
TUR, Z) #Bx(CHCReL/2I KT (ROL, Z) Am (ReL/4) eT (Reel) )/ 

(Cw(ReL/2Z2)4Am(ReL/4)) & CLeB)eTIR, ZF 

RAD@(De(Re1/4)/W) *SBRTTH 
TER, Z] eT (Rp Z) eBeRAD/ (Cw (Rel/2) Am (Rel/4))F 
RADSUM@RADSUM#RAD? 
IF XeNewl THEN TIR,ZI@TER,Z)4(BeQw(Rel/4)/(xXt2))/ 

(C#(Re1/2) 4AR(Re1L/4))7 
GO TO NEWON) 
TIRpZ) @B*(2WCw (Rel /2) eT (Rel, 2) 2eCu(RO1/2) eT (Rel, Z) 

+2AMRACTIRe Ze] #T (Re 241) 2) / (4m CAFC) eR) 
* CleB)eTIR 213 

GO TO NEWON] 
TIR,»Z) eB (2eCHCRHL/2) eT (Rot, Z) HAM(ROL/4) w(T IR Za 1) 

#T IR ZL) ))/ (2nCu(RHL/2) tem Aw(RH1/4)) 

* (LeB)*TOER,Z)F 
GO TO NEWON} 
TL PZ) Be (Cw(Rol/2) aT (Ret, Z) #Ce(Ro1/2) wT (Red Z) 

#2nARReT IR, ZO1) #2eORRHTC) / (2 (ASCHD) eR) 

* (LeB)eTIR, 217 
GO TO NEWON} ~ 
TUR, Z] Be (CH (ReL/2) aT (Rel, Z) Cu (Rel /2) aT CRod eZ) 

H2eAMRHTIR 241) #2eDKRHTC) / (2m (AC HD) HR) 

+ CLeB)eTCR)Z)) 
GO TO NEWON? 
TR Z] eB" (2xCu(Rel/2) aT (Rel, Z) tam (Rel /4)u(T (Ry Zed) 

#T IR, Z#1) )#2KERReTC) /(2RCe(ReL/2) 
+2eAn(Rel/4)+2nEeR) + (LB) "TER, Z)7 

GO TO NEWON? 

TIR,Z)eBx (Ce (Rel/2) aT (Rel, Z) eae (Rel /4) eT (Ry 24h) 
eEaRuTC)/ (Cm (Rw1/2) Am (RoL/4) HERR) 
+ CleB)eTIR 215 

GO TO NEWON} 

TUR» ZI] Be (Cw CReA/2) eT (Rel, Z) tAe(Rel/4) eT (Re 24) 
eDw(Rel/4)aTC)/ (Ce (R1/2) #(AeD) w(Rel/4)) 

+ (leB)eTIR 217 
GO TO NEWON; 

TUR, Z] @Be(CHCRel/2) eT (Rei,Z) tAw(Rel/4) eT (R241) 
+2u (ED) eReETCI/(CH(RO1L/2) Aw (Rel /4) Hou (CE 

+D)¥R) + (4eB)eTOR ZIP 
GO TO NEWON; 
TUR ZI #B*(CHCROL/2) eT IReL,Z) tax (Rel /4) eT IR, Ze) 

+Dw(Re1/4)eTC)/ (Cw (RmL/2) 4 (A40) # (Rel 4)) 
+ CLeB)eTER, ZI} 

GO TO NEWON; 
TER,» Z)ebe(CH(ReL/2) wT Ret, 2) Am (Re1/4) eT IR, Ze1) 

+E eRe TC) / (Cw (Rel/2) Aw (RO1/4) +E eR) 
* CleB)eTtk, 217 

IF XeNwt THEN TUR, Z]@TER,Z2) + (BeQe (Rel /4)/(XT2))/ 

COw (Rel /2) eam (Rel /a) FERRY G 

R 

GO TO NEWON; 
TUR», Z) ee (CH (Rel/2) eT (Rel, Z) tAw (Rel /4) eT (ReZ91) 

+2e(E*D) RRHTCI/(Cw(ROL/2) +Ak(Ro1/4) +20 (EHD) 
*R) o# (1eB)*TIR ZF 

GO TO NEWON?



0187 
0188 
0189 
0190 
191 
2192 
8198 
0194 
0195 
@196 
0197 
0198 
0199 
2200 
G201 
G2b2 
0203 
0204 
@205 
@206 
0287 
0228 
0209 
0216 
o2i1 
0212 
0213 
214 
0215 
0216 
0217 
0218 
9219 

46 

LI9s TUR, Z) #Bx(2eCw(Rel/2) eT (Rel,Z) +Ce(Re1/2) eT CR¥1,Z) 
+2eARRWT OR, Z41) tAn(RO1L/4) wT IR, Zed) eee ReTC 
HOw (RL/4) HTC) / (Ce (SeRO1L/2) HAW (SeRe1/4) 
HERD a (ROL/4)) & (LOB) eTIR,ZI77 

GO TO NEWON? 
L208 TER, Z])eBx(2xCw(Rel/2) eT (Rel, Z) #Ce(R1/2) eT (R152) 

H2RKARRKTOIR, 21) tAw(ROL/4) eT IR, ZH) HERR ATC 

Dw (RHL/4) HTC) / (CH (S#ReL/2) +An(SHReL/4) 
+EWR #Dw(R#1/4)) © Cheb) *TER,Z)7 

GO TO NEWON; 
Les TER, ZI eB CCCC/2) eT IRL, Z) + (ASS) eT IR 24h) #(0/4) «TC)/ 

(C/24A/44D/4)) 4 (leB)*TIR, 2) 7 
GO TO NEWON? 

L223 TUIR:Z)eBe(CCHTIR+L ZI #CA/4) a CT ER ZHlI +T (Re Zed) ))/ 
(C#A/2)) * (Leb) *TIR, 21? 

GO TO NEWON? 
L233 TIER» Z)epeCC(C/2) eT IRL, ZI) + (A/4) eT EIR, Z01) +07 

C4u(x92)))7(C/24A/4)) & CieB)*TEIR ZF 
RAD@(D/(4uN)) HSB aTT? 
TER, Z) @T (Re Z) "BeRAD/ (C/24A/4)7 

RADSUM@RADSUM#RAD? 
GO TO NEWON} 

L2at TER, Z]eBe(C(C/2) HT (RL, Z) 4 (A/4) aT IR, Z41))/ 
(C/24A/4)) *(1 eB) aT IR, Z)F 

GO TO NEWON; 
L25% T(R,Z) #1900000) GO TO NEWON? 
NEWONS END? 
GO TO START? 
FINALS 
WRITE (LUO,#(X,15) »COUNT)? a 
WRITE (LUO,#(6(X%+13)),/FOR R#B TO N DO 
FOR Z#@ TO m OO TIR+Z))3 X 
ENDS
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FIG. 27 : BSRYLLIUM TARGET (cf. figs. I0-IT)
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FIG. 29 ; Beryllium Target
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FIG. 31 ; Conical Beryllium Target 
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