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,AN !MPROV~D HELIUM~3 NEUTRON SPECTROMETER . 

William ·A. Bair 

Lawrence Radiation Laboratory 
University of California 

Berkeley, ·California 

ABSTRAC.T 

This report is a preliminary analysis of a 3He neutron spectrometer 

being developed at the Lawrence Radiation Laboratory, Berkeley •. The 

spectrometer will be capable of presenting neutron spectra to ari upper 

. limit of 14.0 MeV. The spe<;trometer employs a 3He-Kr gas mixture in 

a proportiona.l counter, and the reactions 3He(n, p)T and 3He(n, d)D are 

utilized to obtain the incident neutron energies. 
. 3 

Recoils from He, Kr, 

and the stabilizing gas (COz) are electronicaily removed from the spectra, 

by taking advantage of the shorter rise times of the recoil pulses. An . . . 
analytic analysis of the rise time discrimination pulse· rejection, the wall 

effects, and the spectrometer efficiency is presented. 

The computer program for the removal of the above corrections is 

lengthy,· and although an outline of the methods of machine computation 

is presented, this concept is not carried to fruition, Instead a computer 

program and an "inversion matrix" are developed (base.d on the analytic 

analysis presented) by means of a "random probability analysis, 11 The 

. !'.inversion matrix" should permit the correction of a raw neutron spectrum· 

output fro'm a multichannel analyzer to a final neutron spectrum by 

.• .. 
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correcting in a single operation !or: (a) rise time discrimination, 

(b) wall effects, and (c) spectrometer efficiency.· 
· ...... 

Appendices include a table of comparative physical and operational 

characteristics of ali 3He proportional counters and ionization chambers 

constructed, and reported in the technical literature to date (Fall 1965). 

The. complete electronic circuitry necessary to construct the rise ti!l1.e 

discriminator units, and the computer program 11 CATMAN 11 developed 

for the random probability analysis are also presented as separate 

appendices. 
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I~ INTRODUCTION 

·A~ Background and Purpose 

This report concerning an improved 3He neutron spectrometer is 

· a preliminary report concerning the theory, de sign, and construction 

of a 3He neutron spectrometer by the Health Physics Department of the . . . 

Lawrence Radiation Laboratory.' The. actual operation and performance 

of the spectrometer will be the subject of a later report by the Health 

Physics Department and will be authored by Mr. Wai-Kit Quon. 

The detection of neutrons and especially the measurement of their 

energy have from the first attempts presented a more difficult problem 

than the other common nuclear particles. This difficulty is because th~ 

usual methods depend on effects resulting fro~ charges on the particles • 

Most methods of neutron detection depend upon the scattering of particles 

after a collisio.n with. the neutron, and the measurement of the energy 

deposited by the scattered charged particles. The drawback to any 

method that is ~esigned to measure neutron spectra which is based on 

scattering lies in the conversion of the definite energy of the incident 

neutron to a continuum of energies of th~ recoiling parti~le~ To avoid 

this continuum o£ energies, a neutroh induced nuclear transformation 

was sought in which the energy release would correspond unambiguously 

·. to the neutron energy. Investigations of several potential reactions, 

and the elimination of those that had. sharp resonances, low lying energy·:! 

st.ates in the residual nucleus, and large positive--or any magnitude 

f 
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negativ~ Q values, led to the selection 9£ the following reaction: 

1n 0 + 3He2-;)3Hl' + 1H1 + O. 764 MeV! 

In addition, the 3He(n, p)'r eros s section is fairly large and varies 

·smoothly with energy, and the ability to discriminate against r rays. 

enhances this selection for the tas:L< of. neutron spectroscopy. Now, if 

the charged particles produced by the neutron interaction were to be . . 

completely stopped in the active volume of a proportional counter, the 

ionization ca.u sed by the loss of particle energy would be equal to the 

energies of the charged particles. This energy would then appear as·. 

free electrons and positive ions within the active volume. If an elec-

trical field gradient is present, the electrons would migrate to the· 

anode, and the charge deposited by th~· electrons would b~ proportional 

to the energy, En of the incoming neutron. 

Several experimenters have examined the neutron interactions with 

the 3He nucleu~, and have constructed. neutron detectors, ·and to a 

1. 't d t t . t t l-l 3 '1' . t' l t 1m1 e ex en , neu ron spec rometer s. ut1 1z1ng proper tona coun er s 

and ionization chambers. The work of the majority ofthe p~evious · 

experirl).enter s has, in general, concerned itself with the neutron energy 

. . . 

spectra of only a few MeV, although Sayres reports success with·neutron 

energies upto 8. 1 Mev10 and the measurement of across section at 

.· ·. . 5 14 
17. 5 MeV, ' using monoenergetic neutrons. 

In the majority of the previous work accomplished,· two problems 

seem to inhibit the usefulness of a 3He ne~tron spectrometer • 
. .;.· ·,, 

"' . " ... ~ ' 
I· .. 

... 



• 'II 

Fir et, an ambiguity arise e from the fact that 3He has a relatively 

large cross section for elastic scattering. 
. 3 3 The elastic He(n, n) He 

cross section is equal to. the· nonelastic cross section at. 072 MeV, but 

increl:l.ses rapidly with increasing energy. At 4. 2 MeV the elas.tic cross 

section is 4. 6 times as large as the inelastic eros s section, The ratio 

decreases slightly with further increasing energy, but the elastic cross 

section is at least double the inelastic cross section from 0. 25 MeV to 

'14 MeV. The probability of an undesired recoil pulse is thus at least 

twice the probability of a de sired inelastic .collision. Unfortunately, the 

recoil events, in addition to being more probable, also produce a 

continuum of energy pulses from 3/4 En to zero depending upon the angle 

that the incoming .neutrons strike a 3Henucleus •. This prevents utilizing 
' . 

any simple subtraction process in the determination of the initial neutron 

spectra. 

· Second,· . the·. possibility of a. nuclear e.vent occurring in an orienta-. 

tion such that the ch.arged partiCles produced by the event inter·sect the 

walls of the containing vessel before expending their full energy was 

recognized, This phenomena gives rise to a count that is of less energy 

than a. count that goes full track in the gas medium ... , ·3He nonelastic 

·collisions with high energy neutrons produce tracks'that are of consider-

able length in relation to the dimensions of the proportional counter, and 
.. : 

the wall correction effects increase significantly with increasing neutron. . . . 

energies. 
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Solutions to the above tV/O problems were attempted in various 

8,9,15 . 
manners. Brown. constructed a 11wall-less11 counter CO:r:t;lposed 

of a peripheral ring of 16 small counters surrounding a central count-

'ing wire and an anticoincidence c~rcuit to remove the wall effe'cts. He 

then developed a computer program to unfold the 3He recoil events. 
•'•-. 16 . . 

Brown's work was extended by Wang who developed a computer program 

to unfold the ''wall effects" in addition to the 11 recoil events. 11 Sayres 

and Coppola
10 

developed a 11 risetime discriminator 11 circuitry that 

. removes the recoil events (and a fraction of the de sired events) by taking 

advantage of the shorter ~rack length of a 3He recoil in comparison with 

the larger track lengths of the inelastic particles produced by neutron 

interaction with a 3He nu~leus, Batchelor 
3

' 
4 

uses an approximate method 

of computation to remove the wall effects which appears to be useful at 

low energies, and ·short range of track in relationship to the counter 

dimensions. 

The purpose of this paper is to attempt to combin~ the removal oi. 

·the 3He(n, n) 3He .recoil effect developed by Sayre~~ 0 with the unfolding 
. . 

of the wall effect deveioped by Brown 9 and Wang, 16 It is further the 

purpose of this paper to report attempts to extend the energy r.ange of 

the 3He proportional counter to 14. 0 MeV (which appear.s to be about a 

practical upper limit for these devices) and to develop a means whereby· 
. . . 

.. -· 

..... 

.... ':' 
•r.'' • 

the spectrometer can be utilized with some degree of 4 Jt efficiency. The ... 

spectrometer will be used by the Health Phy.sic s Department, Lawrence 
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Radiation Laboratory, Berkeley for radiation survey~--hence the 

.requirement for 4lt sensitivity, 

B. De scription of the Spectrometer 

The experiment.~! apparatu.s for this 3He s~ectrometer consists 

of a proportional counter, electronic components, and a computer 

program. 

1, Proportional counter 

The proportional counter is a cylindrical tube with an active length 

of 15 inches, a 4-inch outside diameter, and a wall thickness of 0. 035 

inch. The diameter of the anode wire is 0. 003 inch. The proportional 

counter is designed with independently adjustable field tubes. Cas 

filling is 10 atmosph~:res of krypton, ~atmospheres of high purity 3He 

{less than l0- 10% tritium), 17and 1/2% C02 a13 a stabilizing gas. The 

tube was specially constructed by the Texas Nuclear Cor~;>oration for 

this spectrometer. A line diagram showing the tube and pertinent 

dimensions are shown in Fig. 1. 
0 035 . t . 1 . 1n. s a1n e s s t s ee u mg 

.1 
'; 

· 4 ini 

j_ . '['003 in diam. 

_, 0 15in;, 

l 
.: I I ' '·, 

~:. 

15 in . 

Fig. 1.. 3He proportional counter tube 

, 

Field tubes 
are independently 
adjustable 
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A di~cussioP: ofthe design param,eters and the design.·variables 

is. i.ncluded in Appendix A. 

2, Electronic components 

The electroni~ components ar.e 'designe?- to be able to distinguish· 

between a pulse generated from a 3He. recoil>:< and ·a 3 H~ inelas~ic event. 

To under stand the operation of the electronics (a detailed de scription. . . . 

'of which'appears in Appendix A), it is first necessary to understand. 

what the electronics are to accomplish. Basically, the length of track 

o£ a 3He recoil (or any heavy particle recoi_l), is dependent upon the 

mass of the incident particle, the mass and charge of the recoil particle, 

the energy of the incident particle, the scattering angle, and the compo:~i-

tion of the absorbing medium." (An analysis of the collision dynamics 

involved are included in Appendix B.) In general it can be stated that 

for equal recoil energies; a heavier particle •. or a particle of the same 

mass but a higi:er atomic number, will traverse a: shorter distance in 

the same stopping medium than a particle of less mass, In a propor;. 

tional counter, a :.track1's radial component from the center wire determines 

. . . . 

the length of time. that it takes to collect the charge, i.e. the pulse rise 

time. Since the track length of the recoils is alway~Jess than the track 

' ' ;........ ... 
lengths of th~ disintegration particles (which are the desi~ed events), it 

is possible to select a rise time that will effectively exclude all recoil 

:>;cThe 1 1 f h k arrangement a so sel:"ve s to e iminate recoils rom t. e rypton gas 

and the C02 . 

• 

·I 
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· events, yet retain a certain portion of the de sired events which will 

have a longer rise time because of their longer track lengths. 

Unfortunately, the rise time criterion also eliminates many 11 good 

pulses 11 whose tracks are oriented with respect to the center. wire in 

such a way that their rise times ar"e within the discrimination criterion. 

The electronic circuitry developed in Appendix A is de signed to 

accomplish this pulse rise time discrimination, 

3. Computer program 

.The compute1· program is developed to accomplish the "unfold,ing" 

. of the wall effects and to restore those desired pulses which were 

electronically eliminated by rise time discrimination. The wall effects 

computer pr,ogral:n follow~ tl;le method: outlined by Wang·, 16 but is not 

identical. Differences are primarily in the ~amputation of the probability 

function P(E~ Ei) which is the probability per unit energy, that the·. 

reaction produ~'ts of energy E will deposit energy·Ei inside the sensitive 

volume due. to the wall effect. In addition, a new probability function· is 
. . 

. analytically dev.eloped to replace mathematically the valid pulses which 

were eliminated. du·e to rise time discrimination. An inversion matrix 

is proposed which will combine the two probability functions, and enable 

a complete reconstruction of the neutron spectra, above ~ minimum 

energy that is determined by our rise time d~scrimator setting,' ·The 

neu~ron sp~ctrum. below this l'rl:inimum energy cutoff level is unfortunateiy 

lost' in the process of recoil elimination. 

/ 
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Unfortunately, ·the computer program analytically developed in 

this paper requires so much computer time that it was not considered 

warranted to carry it to completion, Instead, a random probability 

analysis was carried out, and the. inversion matrix was developed on 

the basis of these random probability calculations. An outline of the 

random probability method is included in Section II-E and Appendix E. 

'' 
. ' ,,i 

' ' ,-. ~ . . 
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u. DEVELOPMEN.T OF THE 3He SPECTROMETER 
' . . . 

A~ Helium-3 and Neutron Interactions 

A neutron can interact with a 3He nucl~us in fiv~ possible ways. 

These reactions which are energy: dependent are as follows: 

1, . 3He(n, p)T for neutrons of all en"ergie s 

2. 
3
He(n,n) 3He for.neutrons of all energies 

3, 
3 . . 
He(n, d)D for neutrons of energies.:::::: 4. 36 MeV 

4. 3He(n, pn)D. for neutrons of energies> 7. 32 MeV 

3 1 . . : 
5. · He(n,p2n) H for neutrons of energies.,;:-10.3 MeV 

The cross sections for these reactions are reasonably well known 

in the 'energy range 0. 001 eV to 14, 0 Mev18 with the exception of the 

3He(n, pn)D for which: no data are avai~able. It is assumed that this 

exceptional case has a small cross section, e.ven though it is energeti'"' 

. ··~ .. 

cally possible, A comparat,ive chart o£ the other. reaction eros s sections 

is. included as lfig. ·2 .. In addition to th~ 3He(n, pn)D reaction, the 

3He(n, p2n) 1H ,·reaction will not be considered in the determination of" 

either wall effects or rise-time discrimination. The r'easons for this 

omission are: 

, a. At the maximum energy expected t'o be encounter.ed in this proportional 

counter (i.e. 14,0 MeV), the (n, 2n) cross section is only 15o/o of the total 

. . 
non-elastic cross section • · 

b. The neutron induced disintegration of the,.
3

He n~cle':ls invol~es four 

separate product particles~ -only two of which are charged, Four particle . . 
/ 

(~ . ·, 



dynamics a:re ;complicated, and the energy impa:r;-ted to the various 

particles may span a wide range of v:ariables, · Not~, however, that-the 

threshold for this reaction is 10.3 MeV and the kinetic energy of the 

charged particles produced by even a 14.0 MeV incomi.ng neutron cannot 

exceed 3. 7 MeV •. Since some of the energy of the incoming neutron will 

undoubtedly be carried away as kinetic energy of the two product neutrons, 

·it is highly probable that the sum of the charged-particle kinetic energies 

will be less than 3. 7 MeV.· Pulses from a 14,0 MeV neutron (n, 2n) 

reaction would thus appear on a multichann,el analy..zer at less than 3. 7 

MeV, Referring to Fig. 2, it is to be noted that the eros s section of the 

3He(n, p)T .reaction is fairly ~onstant between about 0, 4 and 2, 5 MeV, and· 

,the cross section at these energies i~ at least 14 times as great as the 

.· (n, 2n):reaction at 14.0 MeV. D1stortions of t.he neutron spectra would 
····· .... 

thus.appear above 10,3 MeV at essentially Oo/o at threshold, up to a 

... 

maximum of 15% at 14.0 MeV. This distortion w6uld.aho manifest 

· itself as. a lower energy pulse, (<3, 7 MeV) but the allocation of reaction 

. particle kinetic energies would result in an energy distribution that would. . . . . . 

not be unique,. but rather span from 0 to 3. 7: MeV. For a continuous 

neutron spectra this 11 lower energy. distortion" is not considered serious 

due to the more probable (n, p) reaction at these lower· ·energies which 

would essentially mask these degenerate pulses from higher energies, 

If we were to consider only single interactions within the active 

volume o£ our container (i~ e. no m.ultiple. scattering events), and to 
• 

.. . ; 
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'likewise cc;ll'lsider no neutron disintegration interactions with the material 

in the container walls, we would find that (after recoils are eliminated 

by rise-time discrimination and wall effects mathematically resolved)· 

three reactions which would still tend to disturb our spectrum (irrespective 

of all corrections). These reactions therefore limit the maximum 

efficiency of our spectrometer. The three interactions are: 

1. The disturbance of the energy spectrum above 10. 3 MeV and below 

·3. 7 MeV fro~ the 3He(n, p.2i1) 1 H. reaction . 

2. The. disturbances of the energy spectrum above 7. 32 MeV and below 
' ' -/ 

. 6. 68 MeV from the 3He(n, pn.)D. reaction (if. this reaction does in fact occur). 

3 •. The disturbance. of the energy spectrum at all energies due to the 

>:< 
neutron induced krypton disintegratio~s. 

The cumulative error introduced by neglecting these reactions is 

unknown. 

·- .. i. -. • 
The remainder of this paper is to be divided 'into four- parts. -The-· 

plan of "unfolding" the raw spectra to develop a complete neutron spectrum 

is as follows: 

Development of .a. probability' Junction· to. replace. the pulses eliminated 

by 11 rise-time discrimination; 11 (II-B) 

Development of a probability function to remove the wall and end 

~:< 

This problem is discussed in detail in Appendix A, although no attempt 
is made to correct the spectrum. 

.. 

.. \•'•' 

... 

~- .. 



. . .,;:. . ..., 
\:_.;_~, \ ' 

...... . ·, .. 1 

-13-

•. 

effects. (II-C) 

Combination of the two correction factors to reconstruct the neutron ... 
spectra. (II~D). 

Reasons for_ anddevelopment-~f a random probability inversion 

. 
matrix in lieu of the above· II-D. (II-E) 

Finally, it should be mentioned here that the work leading to the 

·mathematical expressions for wall and end effects is primarily a restate-

. 9 
ment of the work of Dr. W. R. Brown and Mr. H. T. Wang 16 , although 

· some modifications have been made to the analysis '_9£ the later author. 
~ . . . . . 

A number of their drawings, graphs, and formulas are repeated in this 

. text for. continuity and to facilitate explanations. They will be designated 

· by a "dagger" (t ). lf. attributed to Dr, Brown, and by a "double dagger" 

(ff)if developed by Mr. Wang • 

. B. Development of a Probability Function to Replace Pulses. 
Eliminated by ''Rise-time Discrimination" 

·As a· result of the arbitrary orientations of the disintegration particles . . . ~ 

. of. the 3He(n, p)T and the. 3He(n, d)D reactions, some tracks .will be posi- . 

. tioned such that the time difference between the arrival of-the fil."st 

electron and the last electron to the central counting wire will be quite 

short, This situation will occur when the radial component of the track 

lengths is small, ~r when the event takes place near the central portion. 

., or' the counter where the electrical field g~adient is high. In both of these 

orientations the count .produced by a "valid event" will be rejected by the 

.• 
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As can be aeen in Fig. 3, the electrical field gradient at regions 

beyond about 1 em from the cathode varies very slowly .. After the 

electron passes this point in its inward radial drift,· the field gradient 

sharply increases, If we assume. a: direct proportionality between the 

drift speed and the ·E~ ratio, we can obtain an expression in cylindrical 

geometry for the time it requires for an electron to reach the cathode, i, e. 

r 

t = 1 dr (2) 
m(E/P) 

' . 19 
·where. m, the electron mobility is the slope of the speed vs E/P curve. 

. . 
Measurement.~ 19

' 
20 

of drift speed for ·3He and Kr with 0. So/o C0
2 

indicate 

that wi~hin the limi~ed ~ange of E/P which is the most important in deter

'- . 
mining the drift.time of electrons for cylindrical proportional counters, 
. . . 

that this assumption of linearity does not appear to be unreasonable. 

Substituting the expression for field strength in the case of cylindrical 

coaxial geometry; we obtain the electron dri~t time from any radial . 

position r. 

.. 

r 
(' I 

) 
dr 

. ~ Vo ) r· m 
a rPin ~· 

t ·- -1 ~-
2 

[d: 
1 

m 

= l p in 
m V0 :: ·1 r dr 

(3) 

2 
r 

Since T is very small, the time.necessary to .travel from.the surface o£:: 

the anode to the geometrical center is negligible, 
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The d~velopment of Eq. 2 and 3 follows _the logic developed by 

·Harling. 19 

We still must determine however, some means of combining the 

mobilities of the electrons in a ''gas mixture!! since data is available 

only for mixtures of individual noble gases and moderating gases, A 

theoretical development of this ".gas mixture" mobility problem was 

presented by Staub., 21 however the necessary gas constants are not 

availabie to compute the final result. We must therefore make use of 

assumption (d) and assume that as a first approximation, the electron 

mobilities behave as do ionic mobilities, 

While it is realized that no simple theory can account for the electron · 

diffusion, attachment, recombination,. and a~itation velocity, as_ the 

electron moves through a changing field gradi~nt, it is considered that 

this approximation will cause at most an error of a constant factor. The 

electron mobilities are- thus assumed to follow the same .. physical. laws·-

as do ions--although it is realized that the situation is considerably more 

complex for the fast moving electrons.· 

St~ub' s method of c~mbining ion mobilities 21 is as follows: 

1 = .P.l 

. Jl12 
p 

1 -
fll. 

1 

P2 
where Jll 2 :;:: the ion mobility· in the gas. mixture 

Jl1, 2 = the ion mobility in the component gases. 

P1, 2 = partial pressures of the component gases 

P = P
1 

+ P 2 :;: total gas pressure, 
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Substituting rn (~he electro:p. mobility) for p we have: 

= mmix Ptot 

1 

mKr 

Using the sources explained in the: footnote,* we find t.hat for our tube 

. ·, ... v --1 ) = 0. 3 em p-sec~ fern ··em · -.:Hg ::: 

= 1~ 0 cm/p sec~ ( c~ cm· 1 Hg) · 

PHe = 2. 01 atmosphere 

PKr 10.05 atmospheres 

·Substitution of the a~ove values into Eq. 4 yields mmix = 0. 72 
··. v . . . ' 

;c~-sec·km • ~ni1 Hg). Utilizing this val";le in Eq. 3 and the appropriate 

··counter dimensions we can plot migration time for an electron from any 

radial point in the counter. This has been accomplished in Fig. 4.for 

representative counter operating voltages, 

2, Jtise time. Rise time of the pulse has been defined as the time 

(4) 

. difference between the arrival of the first electron at the central cou:p.ting 

wire and the arrival of the last electron, By use of assumptions (c) and (d) 
• 

-:r.:-----· - . ' . . . . . . 20 
),cThe mobility factor for Kr was taken from the data of English and Hanna,. 
The .mobility factor for the helium h taken from the data o£ Friede s and 
Chrien, 11 which is plotted in reference 19 (Harling),. The reason for this 
use of Friedes and Chrien 1 s data rather than Harling's is that Harling, 
(1) ~ade his measurements using 4He with only small amounts of 3He, and 
(2) he used substantial percentages of C02. Although drift velocity of 

·electrons in 3He appears to be rather insensitive to moderating gases, the 
C02 content of Friedes and Chrien was considerably less than that utilized 
by Harling . 
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we have been able to determine migration time, and have formulated 

· an expression for the time for an electron to transit any radial distance, 

Thus the rise time (tr) can be expressed as 

Note that this is identical to the time that it takes an electron at 

position rf: ·(furthest distance) to migrate torn (nearest distance) if. we 

charge the limits of Eq, 3 from r to rf and· r a to rn. We have 

previously noted that the field gradient charges very slowly beyond about 

1 em from the anode wire (see Fig. 3). Therefore, if we select our rise 

time discriminator in such a manner th~t pulses which spend their full 

energy within the active volume. enclosed by a 1 em radius, are rejected. 

We can see that the assumption regarding the linear dependence of 

mobility and E/P is not too serious a concept since the pulses which 

depart from ti:is assumed linear ."dependence{at high E/P values) are 

automatically eliminated, As it turns 'out, the 11 dead volume 11 of our· 

counter will e~tend to about 2, 75 em, ... as will .be shown later, Pulses 

which originate in the ''dead volume 11 and extend outwards will be treated 

in detail later, as will pulses which do the reverse. .(Section II-B. 7) 
' ' 

.. . 
3.. Electron production. From the above, we now have a means of 

(5) 

. calculating rise times for electrons. that are located at various radial (.; 

distances in the counter active volume. 

'1·· 

::., 
~ !:· 

We do not, however, have any 

indication of where these electrons will be located--in fact there will be 

'' 
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millions of electrons generated along the path length'of a charged 

particle that is stopped in the gas medium. Let us now turn our attention 

to the formation of these electrons in a gas medium. We have previously 

discus sed the various reactions ~hat can occur with a 3He neutron inter-

action,. and have determined that only three of the five potential reactions 

are of interest in our counter. Neglecting the energy distribution within 

)!C 

the three events for the moment, let us now determine the ranges of 

the various particles in the gas medium, 

· Friedlander a~d Kennedy22 pre sent an ·empiri'ca."l relationship for the 

. determination of the ranges of charged particles in a gas mixture. This 

relationship, adapted for our specific usage, can be us.ed to determine 

the ranges of protons, tritons, deuterQns, and 
3

He recoils as follows: 

Range formulas for the individual gases (mg/ cm2) 

Protons 

Rp in Kr (E) = Rp in air (E) [1. 89 0. 25 log 10 (E)] .. o. 36 
. . 

Rp in He (E) = ·. Rp in air (E) [o. 82 + o. 043 log1o (E)] 

3He Reco,ils 

(6a) 

R3fle in Kr (E)= ! fRp in air m fi, 89 - ~. 25 log10 (~)J- 0, 3f . 
r . . . . (6b) 

3 (E)r . (E)J R3He in ~e (E)= 
4 

Rp in air 3 LO. 82 + 0. 043 log10 ·3 .. 

~;<The energy distribution is discusse4 in Appendix C an~ in Section II-·B.· 6~. 

·.·~ 

.. 

; .. 
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Tritons · · 1 

RT in Kr (E) 

RT in He (E) 

Deutorons 

Rd in Kr (E)· 

Rd in He (E) 

-23 .. 

= 3 {Rp in air (¥) rJ, B? -0.25 log10 (j'-)]· 0, 3~ · 
. . ·. . ) ( 6c) 

-. 3 Rp in air (~) [o. 82 + 0, 043 log 10 (f ] ·. . 

= 2 {Rpin .air m (1. 89 • 0. 25 log!O m )· 0. 3~ 
. . ( ) . ( ) -(6d) 

= 2 Rp in air !f [o. 82_ + o. 043 loglO ~ ] · . 

The particle ranges can be converted into centimeters by use of the 

relationship: 

h . Rtot (mg/ cm2) 
.A. (em) = __..;~-·------

( PHe) pHe + (PKr) PKr 
. 14.7 14.7 

(7) 

. " 

'where 1L is the particle range in centimeters in the gas mixture, 
'· ' . . 

P = partial pressure of the individufil gases (psi) 

P = gas density at STP 

' 
Rtot =total particle range in the gas mixture (see below) 

' .· 
1 + (8) 

W = w~ight fraction, W:fie + WKr = 1 

PHe PHe 
WHe= · 

PHe PHe + PKr PKr 

WK.r=·. 
PKr f>Kr = 1 .. WHe 

PHe PHe + PKr PKr 

... 
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where 

P = pal;'tial pressure of gas (psi) 

P = gas density at STP 

PHe = 0. ~6629 g/lit<:r (t) 

PKr = 3. 455 g/liter ·(t.>: 

. . 
The above relationships enable us to conveniently compute the 

ranges of the charged particle in the gas mixtures, and are' amenable 

to machine computation. The ranges computed as aboye are plotted in 

Fig. 5 for comparison. Note the substantial differe'' j in the length of. 
·~--
. ' 

. the track for various particles of the same energy--particularly above· 

about 1. 0 MeV. It is this difference in track length that will enable 

us to remove the recoil spectrum from our spectrometer·. 

4 .. Rise time discriminator values. The rise. time discriminator setting 

for the pulse 6 can now be determined since we now have a means of 

determining the--pufs-e -rlse tin1e s ·and the len-gth of. track of various .. _ . ' . . ' -· ~ - -

particles in the gas medium. If we recognize that it is only the radial 

component of the track length that is important in: our determination of 

rise time descrimination, we can select the most unfavorable recoil 

situation that may be encountered. Setting the discriminator at the rise 

(1) The maximum energy that can be imparted to a recoil nucleus, and 

(2) the longest rise time that this maximum energy recoil can cause, due 

.. 

... 
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to its geometrical po si~ion in the counter. 

Appendix B (Case 1) summarizes the maximum energy that can be 

imparted to the various recoil nuclei. It can be readily seen that the 

3He nucleus can absorb. up to a maximum of 3/4 the energy of the incident 

neutron. The other possibilities for energy absor-ption are of consider

ably smaller' magnitude. The 3He recoil is thus selected as the r~~oil 

of concern. The ranges of the other recoil particles in the gas mixture 

is likewise less for equal energies when compared with 3He. The worst 

geometrical case that can occur is if the track .length of the recoil 3He· 

·nucleus is oriented in a directly radial position with one end of the 

track at an infinite siinal distance from the wall of the cathode. This 

positioning is illustrated in Fig. 6. 

Rise time discriminator setting can the~ be determined by: 

(1) calculating the maximum recoil energy that can be imparted 

.~E3H·- ~ (maxr=- o. 75 EN (max) 
e --

(2) determining the path length in the gas mediull1,l(E3He (max))from 

the equations presented in Part II-B1,2 • 

. (3) determine maximum rise time by substituting into Eq.' S;the value· 

b, the radius of tpe cathode, for rf, and 

·- ...... ·. ' .. 

This rise time discriminator setting (tr
1

) will then exclude all recoil~ 

from the resultant spectra. 

.. 



i .:1:i ~-.; 
' ....... \ \. ~ .. 
· .. ..;. ... 

. ~ 

. . 

... .... .. 

't ·. 

' ' 

. I 

Fig. 6. 
3

He recoil track position to give maximum pulse 
rise time~ 

· ........ 

·s. Determination of radial positions of the nearest (rp) and furthest (rf) 

electrons from ·the a~ode for 3He(n, p)T and 3He(n, d)D reactions . 

. Consider the fact that to define the positioning of any event in space, it is 

necessary to define six degrees of freedom.:· Three of these degrees of I 

freedom are necessary to define the positioning of the center of gravity, 

. and thr.ee are ,required to explain the orientation of the event with respect 

to the center of gravity. For t}?.e purposes of discussion, let us assume 

that we can define the "center of gravity" as the 'position where the neutron . . . 
strikes a 3He atom. Since the reaction occurs within the boundaries of 

the counting tube, we can define the positioning o£ the event (center o! 

; 

gravity) in cylindrical coordinates of radius, length, and angular de pendepce • 

The operation of the counter, however, is independent of the positioninget 

of the event in terms of length (except for end eff'e-,..~/ 1 which will be 

discus sed later) and c~mpletely independent ~£ any angular relationship, 
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with respect to the anode wire. This means that the positioning of the 

center. of gravity can be defined in.terms, of a single parameter r. 

To define the orientation ~f the resultant ionization tracks produced 

by 3He disintegration let us first tu,rn our. attention to the 3He(n, p)T 

reaction. For a neutron of given energy En, and given resultant proton 

energy Ep, we can determine the energy ET of the triton particle and the 

laboratory angle aL between the proton vector and the triton vector by 

use of the relationships developed in Appendix B. 

ET (9) . 

·· ..... 
and 

•. 

(2 ET +On, p) 

. 2J3 ET Ep: 
(1 0) 

Note t~at a is always obtuse in the laboratory system of coordinates. 

Let us P.oV:- de-frne a-coordinate system. -The -cooJ:!.dinate_ syste.m_~or __ 

our calculations is selected as follows: 

. (1) The eve~t occur's at a perpendicular radial distance r 0 from the 

center line·of the anode. The end point of r 0 defines the zero. point 

(0, 0, 0) o£ the coordinate axis, 

(2) The z axis is selected to ·include the vector r and extensions thereof•; 

(3) The X axis extends parallel to the anode wire and passes through 

the point (0, 0, 0). 

:,i 
. ·7 
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(4) The y axis passes through the point (0, 0~ 0) defined as above, 

and is mutually perpendicular to the X and Z axis, 

z 

(O. o. 0) I/ 
~/~~,--x 

y ro 

. anode wire 

Fig. 7 •. Selection of coordinate system. 

With this selection of coordinate axis,· the event is angularly independent 

of the center anode wire. Cal~ulations of the path orientations of the 

ionizing track.s. will be made in terms of polar coordinates using these· 

axes as reference lines. We must now determin·e the distances of the. 

nearest and farthest electrons from the anode wire. For the purpose . . 

o£_ iliustration let us visualize. the Ep and ET track lengths as solid lines. 

The orientation of these two vectors can have three 9-'egrees of freedom. .. . . , . 

Let us select the three rotational axes as shown h: _;ig. 8. 
. . . ' -~ . ., 

Neglecting for the moment the E'T vector, let us turn our attention l 

to the Ep vector. 

We are able to define ~ position r 2 which we call the tip of the Ep 

r·. ,. 
-~ 

1 
·'A! 
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. Rotation about 
the x axis 

A smuthal rotation 
around the z axis 

Fig. 8. Rotational a~es. 

wire 

· Rotation about Ep 
vector · 

.vector •. (We will refer to the Ep vector, although in reality we are 

speaking of a definite' length of p~th of a proton of set energy in the. · 

' 
counter g.as medium.) We can comple~ely describe this point r 2 with 

respect to our coordinate axis by the···polar an~le Q2, ·the asmuthal angle 

~ 2 and .the length of tl~e. vector EJ? .. We can thus determ~ne ,r 2 (Ep, g2, ~2) 

.x 

----~-~-------------

We need an expression of'rz· in·terms of :r0 since in determining.migrci:.. 

·tion times we are .concerned with the radial distance from the central 

·I 
I 
i 
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2 1/2 Ep[l-sin2 82 cos -+2) 

Ep sln82stn(·+2l 

Ep sin 82 cos (- </121 

x-oxis and vector Ep 

Vectors lie in a plane parallel to yz plane 

') 

···~ .. 
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counting wire to the PC?int r 2 (Ep, Q
2

, ¢ 2), i.e. we need an expre$sio~ 

of r
2

(r 0 , Ep, Q2 , ¢'2 ), -To. determine this expression let us pass a,plane 

which conta~ns the x axis and the vector ·Ep (a plane can _be defined by 

_two intersecting lines). This plal')e will intersect the z axis at_ (0, ~· 0) 

and will make an angle~ with the z- axis in the minus y direction. 

Referr'ingto Fig. 10 we can derive an expression for-. r 2 (r0 , Ep, Q2, 02). 

By the law of cosines: 

2 2 2 11 • 2 2 -~ c- . 2 2 J112 r
2 
=r0 +EP~-sm Gz cos (-0 2 )J -2r0 Epl-sm Q2 cos (-¢2 ) -~ cos{l80-~) 

but, co s ( 18 0 - ) = - co s ~ . 

and from Fig. 10, - cos ~ = 
-· Ep cos g2 

E [·1 · . 2 g 2 (.:-.-----_"'
2

>]1/2 ' p - s1n 2 cos YJ 

'~·-

substituting this value for cos ~ into the above equation, we find that 

or . 

Let us now con:s~der the possibility that since we have not placed a 

·_restriction o;n where our event can occur, that a skew line may develop· 

' . 
and that_ the closest point to the anode wire m~y in fact lie· somew~ere 

al~ng the l~ngth of vector Ep, rather than.at the end point. Since. Ep 

_is a definite length in the gas medium for a given energy of the proton, 

let us caii this length i(Ep). · An axiom of solid geometry is that the 

closest point of approach for skew lines is at a point where a line 

(11) 

-~ • 1,' 
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connecting the skew lines is perpendicular to each, This means that. 

a minimum distance can be determined, We have an expression for the 

length r 2 . Therefore, if we take a partial derivative of r 2 with respect 

to Ep (note that this is actually i(.Ep))and set it equal to .zero, we can 

determine a distance l.p alorig the X(Ep) vector whereby the skew lines 

are close st. We will call the closest distance between the vector Ep 

··.and the anode wire r 
4

• 

-:,··Set the above expression equal to zero and solve for ./Lp; note that the 

first bracketed term can never equa~ zero"'. For real values of J!..p we 

ro cos Q2 

j(P. = • ~- sin2 Qi cos2 (~ 02)j- (12) 

where O.</.p <i(Ep). · 

The. negative: sign indicates that Qp cannot be positive unless Q2 is 

greater than 90° ~ This is in accordance with the physical situation 

envisioned and the sele~tion of the coordi~ate axes. At Q2. =. 1{, .1.p must 

equal r 0 and the Ep vector is perpendicular to the anode wire. J..p cannot 

exceed the physical length of Ep which has been assigned. 
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l 
Substitution of'this value of l.p into Eq. 11 for Ep determine~ ·l 

I 
.that: 

2 · r5 cos 2 Gz • [1- sin2 Gz c6s 2 (- 02)] - 2 r5 cos 2 Gz 
r +~·---------------------------------r. 2 2 ? [ 2 z· :1 0 U.·- sin G2 cos (- 0z)]... . 1 -sin Q.Z cos (- 0z)J 

or ( 13) 

co s2 Gz 
1 - -·-----=-----

. [1.-_ si ... lz G2 cos 2 (- 02)] 

. ' 

and Q · <f.p < ~(Ep) · 
.-

3 . .. 
Let us now turn our attention to the other portion of ~he He (n, p)T 

event. Let us consider the ET vector. 

In a manri.er similar to the determination of the end of the proton 

vector Ep, we can position the end of the triton vector ET. We shall 

call this position r 
1 

(ET, Q 1, 01) 

•· < 

wire 

In the case of the triton however, we cannot arbitrarily de scribe th~., 

position of the end of the ET vector with respect to the anode wire, since 
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there exists a unique ·relationship for the positioning of the triton 

vector for a given neutron and proton energy •. (EN and Ep respec-

tively.) This relationship is char.acterized by the angled L' which is 

. 
the obtuse angle between the proton and triton, We must therefore 

consider this constraint upon the direction that the triton can travel, 

We can visualize this restriction by the following: 

. 't. 

ANODE 

)fig. 12. Rotation o£ ET ·'vector about Ep axis~ 

If'we w~re to·];'.~~ate the Ep vector in Fig.· 12 about its own axis. 

while imagining that the ET vector h rigidly .attached to the Ep vector. 

at an angle CXL. from the axis of the J!:p vector, we can see. that the tip 

. of the ET vector would trace a circle in a plane that is perpendicular 

to the Ep vector~ The determination of the radial distance to the center 

wire r 1 (r0, ET, G1, ~ 1 ) .must take this degree of freedom into account, 

·">"·'I 

;;J. 

Let us now examine Fig. 13. The interior angle of the cone described 
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'Qy the rotation of ET ·is (180 .. ct,) •. Let us now pass a: plane through the 

z axis and containing the Ep vector. Sin(:e this plane contains the z axis, 

• '• • \oo 

it will by de!inftion be perpe?dicular to the plane containing the x. and y 

axis. We will use this plane to ;relate G1 to G2, and 01 to 02• Let us 

C'Onsider the rotation of the Ep vector from a "zero position'' where the . . 

ET veCtor is at a maximum position away from the center wire (i.e. 

top p~sition) and is contained in th7 (:?, Ep) plane. The Ep vector is' 

then rotated in a counter clockwise manner (viewed from the tip of the 

Ep vector), The angle of rotation we cal.l ~. By projecting ~he · 

ET vector back to the plane containing Ep a~d .z we can determine the . 

incremental angle. 'between G1 and (180- G2) this i~cremental angle is 

. ..;1 
s1n 

. sinaL cos r ( . . J 

therefore Q 1 is related to G
2 

by 

· . 1 r· sin aL cos r : ] 
Q = ( 18 0 - Q 2) .:!:. s. in-

1 (1- sin2 aL sinZr)l/2 
~ . . 

.or 

(14) 

wherl;l a L as d~termined. by EN and.Ep is a constant, r varies from 

0 to 21(. The sign of the incremental angle'is positive for .. ...!! < r <~ and .. r: 
2 2 

negative for It< · '1 < l 1(. G2 is arbitrarily selected,. 
2 2 

. . 
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·.·Trace of circle formed by 
. C fip of Er vector after ... 
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ro1otion :about the Ep vector 

. Er sinaL. sin 

.z 

aL 

Er(l-sln2 aL 
sin2 y)l/2 

'o 

----------------------r-------~--~~Anode 

y 

Note: V~ctor Er shown exaggerated in size with 

. . . respect to Ep for clarity of O!'lgulor relationships. 

Deter:rnining Relationship Between G2 and Qp and 
~2 ~nd 01 . . . . · ~ : · . . . 
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If we likewise were to consider the perpendicular projection of the 

tip of the ET vector to the (Ep, z) plane we can readily determine th~t 

since t.his proj~ction is perpendicular to the· (Ep, z) plane, it must of 

necessity be parallel. to x- y plane. We may therefore compute the 

incremental angle between ~l an~ ·0 2 , and determine a relationship 

between them. The incre_mental angle is 

Therefore, the relationship ~etween 01 ~nd ~ 2 can b~,expressed a13 

or 

,,, 

where the negative sign of the square root is takeri'-r-)r 0 < r < ·rt and the 

positive square root is taken for 1t <r <21t 

aL is a const.ant determined by fixed EJ:l and E.N 

02 is arbitrary 

Having now established a relationship between 01 and 02, 01 and 02 

th~·ough the cons.tant angle O(~and the. rotational. angle 7, let us now 

proceed to deter~ine .r 1 (r 0 , ET, 01, ~ 1 ). 

Referringto' Fig. 14, the same procedure can be followed as was 

used for the computation of r 2 (r0 , Ep, o2, 02) in Fig. 10. We arrive at 

( 15) 

.. 
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but from Fig. 14, cos «J = ET U _ ~in2 Ql cosz (180 _ 0l)]l/2 
' 
' 

substituting this value into the above relationship we find that 

(16) 

·The possibility of a 11 skew 11 condition must likewise be considered 

i:n case of the ET vector~ . The length (iT) must be determined and 

.~. 

substituted into Eq. ,16. The partial derivative of r 1 with respect to ·I 
I 

. . 

...t(ET)must be taken and set equal to zero, 

thus: 

[ 2£(E;) (1- sin
2 o

1
coS

2 
(180. 01 ij .- 2 ro cos o

1
] = 0 . 

Soivillg ~or J. T w~ £ind that 

..e_T = ro cos G1 

[1- sin2 Ql cos2 (180- 01~] 
,,'/:(17) 

' !" .. 
·for 0 ~ ,eT < £(ET) 

substituting this value back into Eq. 16 and calling this closest point 

. of apprbach r 3, we find that 
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or {18) 

_ Summarizing the calculations for radial distances from the center 
) . . . -

_ wire, _given EN, Ep, and r 
0 

we must calculate four 8:dditional radial 

distances for each Ep, ET,vector pair •. 

and: 

= 

= 

= 

cos 2 G2 1 - . 
r 2 · 2 11 . l1 - sin _ G2 cos (- 0 2 ~ 

71' . 
. (only necessary to compute r 4• where - < G2 < 1T 

2.-
and 0 <..(/p < Ep) 

1 -

. . 2 
cos g1 

_ [1 -·sin2 G1 cos 2 (180- 01il 

(9) 

( 11) 

(13) 

(16) . 

(18): 

= 180- g2 + sin-1 r· sind..L cos 7f' . J 
1 . 2 ~ . 2 ) l/2 

, · · -- s1n 01oL s1n <r. 

. (2ET+Q) 
where co sOL=- >~ (i4) 

2j3ETEP. 

-- ... _ 
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3. ¥ 7f 
The sign of the incremental ·angle is as follows: phis for -. 2 11ru <'Z, 

minus i{ !:. < lf( 3 TT 
2 2 

n. -1 [l . 2 -" . . ·2 tr l 1 I 2 
\11.2 + cos - sm eLL sm J (15) 

. The sign of the incremental angle is taken as negative for 0< 7f <tr 

and positive for rr < ?r < 2 

It has thus been shown that all possible combinations of radial 

distances from the center wire can be calculated in terms of known 

If ro, rl, r2, r3, and r 4 are calculated for a given event, and the 

. maximum and the minimum radial distances taken as the positions of 

the most distant._electron, r f' and the nea~e st -~lectron lD. to reach the 

central counting wire,· we now have the distanc'es to substitute i;nto the 

equation for determining rise time. 

Deuteron radial distances 

For the reaction involving deuterons,, there is an analogous relation-

. ' . ship to the proceeding if we replace Ep with E 02, ET with.E.r)z• andO\L 

with the ·relationship: (see Appendix B) 

~On, d + EDZ + En1>. 

4 /Eol En2 

(19) 
~ : 

j i 

. . 
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thus, . given EN, En2,, and r 0 
•• 

. .. . . 

EDl = E . - E -> + Q .· d. · . N . D... n, . . 

(20) 

:.>.' ': 
... ,.• . 

. ' ,'• 

. '·· .. 

. ....... .... , 

-·; .· (22) 
. ·.'' 

··. (only ne~essaryto compute r 4 ~he~ ;< Q2 < 11and 

. . . ~- ·: ·. . : . . ' 

· ·.·. · ~<~D2d(:g:pz>. 

. -\' .. . ·.·.~ .. ·· ~~· {23) . 
. ~. .. . . . :· ... :·:' .: 

: .·.·. 

:, .. {24) 

. ,_·,. 

;'·· · ... ·'. 

,.··.··. 

(25) 

I ,,. •· 

. Th.~ s'ign of the, incremental angle is as. follows: plus for -3 17'< u-<~, 
. ·' · .. ·.. 3' . ,· . . . 2 . 

J:ninus if ;<~< 2 and ~l '=· ~ 2 + · cos-l [(1 -. si.n2clL sin2o~l/2 (26) 

.. 

I ' ~ ,. 

.. · ~here the incremental angle iS positive for "11' ?f < 2 < and negative for 
... 

O< o(ff. '! 
,•CI 

. '· 
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6. Development of the probability function (PR) for the repla~ement 

of pulses :removed by rise time discrimination. 

We have now developed a means whereby the rise time of any valid . . 

pulse (i.e .. not a recoil) can be determined for any possible .energy distrib~

tion and spatial configuration of the ·3He (n, p)T and the 3He(n, d)D reaction, 

):c 
If we were to vary Ep, r

0
, cos Q, ~. and o over all possible ranges, 

a tabulation of rise times tr can· be ma<ie.for each incoming neutron energy. 

Before this tabulation can be accomplis
1
he.d however, three additional 

·conditions must be considered. 

(1) The volume probability of an E;lVent occurring at a distance r is greater 

. 
at points that are distant from the an,ode. In Fig. 15 below, an end view 

of the counter tube is shown. The vol\lme probability g{r) of a reacti.on 

occurrence. at r wi~hin a differential element dr is: 

. g(r)dr = = 2r dr 
b2 

where b is the radius of the cathode. 

Fig. 15,' Volume probability in the radial direction, 

~ . ' . 
. i<Ep will vary from Ep max to Ep min for a set neutron energy. Any en~.t~Y 
within these limits is;equally possible .. ·Cos g is selected as a variable 
since the, selection of g would result in undue weighting of the rise times 
near the polar·.angles. A discussion of these factors is included in 
Appendix. C. It is. assumed that the applied voltage is held constant i!l the 

-I 
I 
i 

! 
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Therefore, events occurring at various distances r from the centerline 

of the counter must be weighted in accordance with their volume prob-

ability • 

. (2) Thus far, the finite size o£ our ·tube has not been considered in the 

determination of rise times. It becomes obvious that some of the energy. 

vectors will inter sect the walls o£ the cylinder, and that the ionizing · 

tracks will be stopped short o£ their full length. In this case a pul.se of 

lower energy and rise time will result. An additional constraint must 

therefore be p~aced upon the calculations of the various r 1 s (i.e. r 1' r 2' 

r 3, r 4 ) in the preceding section,· viz, if any o£ the r 1 s exceeds b, then 

· · the pulse must be con:sidered as a 11 short pulse. 11 Short pulses wil~ be 

divided into two ·possibilities: 

(a). ·The radial component of the track length~! is still sufficient to cause 
. . ' 

I 

the pulse rise time to be above the rise time discriminator level t •. This . . . r 
. . i • . 
will cause a count to be registered in a lower energy channel. The rise tiine 

is computed using b as rf. ·This type of pulse will be designated as a 

.
11wall effect pulse•• (W. E. P.) and will be totaled separately •. 

(b) The radial component of the track lengths is insufficient to cause a 

pulse to b~ registered in any energy .channel. The rise time will be 

computed how ever, using b as the maximum of the r 1 s and catalogued in 
' . 

. the appropriate rise time channel. 

For ;"bookkeeping 11 purposes it is necessary that the above two po~si-

bilities for ''short pulses 11 be catalogued in the~ energy channel 

appropriate to the (E + Q) considered for a pulse that goes full length N . ·. . . 
. · 
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· in the track medium~ · They are not to be catalogued in the energy channel 

corresponding to their reduced length. Wall effects 'are separately removed, 

and if these degenerate pulses were removed twice, it would distort the 

spectrum. 

Each time the rise time discriminator s~tting is changed the above 

.two possibilities for 11 short pulse s 11 must be recomputed. 

(3) To compare the rise time spectrum from the (n, p) and (n, d) rea~tions, 

it is necessary that the two reactions have a common reference conditions. 

This common reference condition c~ be met if it is stipulated that the 

numbe.r of rise time situations considered for each incoming neutron energy 

be the ~arne. 'Ihe .variables for the rise time spectrum (for a set neutron 

energy EN, fixed rise tilne discrimin~tor setting, and fixed applieCl voltage) 
. . 

are: three angles (cos Q, f/J, and l{), distance:rO' and an energy distribution 

s. 

' .. of Ep. T.he angle ·variations are identical for each case considered, the 

· variation of ro .will be identical, but the E can vary from an Ep max to 

Ep min' the values of which· are dependent on the e'nergy of the incoming 

neutron. We must therefore consider in our tabulations that an identical 

number of energy increments (not identical energy increments) be taken 

-....... 
between Ep max an.d Ep min regardless of the energy of tht~ incoming 

neutron. Note that since only a ratio is eventually desired, this condition 

t>·• 
merely increases the numerator and denominator of the ratio by a consta~~·'r . 

. factor .•. 

All three of the 'above conditions are likewise applicable'· to the deuteron 

reactions,: as shown in .the "following discussion. 

i 
l 

! . I 
i 

. f 
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A tabulation of the number of occurrences of pulses having the 

same rise time for each (EN + Q) channel can now be formed. This can. 

be accomplis~ed in the following manner (see Table I): For each 

(EN + Q ) channel, i.e: the energy of the incoming neutron plus the 
.n, p . . . 

Qn, p .of the ~eactio11, a reaction site ··r a i~ selected. The energy distribu-

tion of the particles produced by the reaction is varied in a number of · 

energy increments from Ep max to Ep min• Note that the total energy 

available is constant at (EN + Q) since we have not var~~.~ the energy of 

J·........__ 

the incoming neutron. The three angular relations ar·e also varied over 

all possible configurations. For each energy increment, and for each 

angular configuration,' the pulse ·rise time is calculated ~nd tabulated. The 

.. number of pulses that have rise times !lt 1 ).lsec,. 2 psec, etc·. are 

summarized and multiplied by the weighting fu;nction fz.· The reaction 
. . ' ·. . b 

site is moved a small radial distance outward and the process is repeated. 

This tabulation continues until the.reaction site is an infinitesimal.distance 
' 

.. from the cathode. The volume weighted number of pulses of the same 

rise time is then totaled: 

r=b r=b r='b 

. 2:all c~unts · dr = 

·r=b 

)~,<WEP) 
r=O 

~2 + ~~(lpsec):z +~~(Zpm)~Z + ••• + 

?i(30 ps~c) ~2 · dr 

where dr can be any constant and is added merely to remove the dimen·siori.al 

dependence of em ·l .. For finite differences in r, the interval between the 

.... 

. ' 



; . 

. ~ 

.. . . ' 
-~ .. 

f"~ 
I . t 
,: 
~~~ 
~~ 

·• 

... 

. r a and rb could be selected. 

The above tabulation is repeated for all values of (EN: Q) from 

· EN= 0, to EN= 14. 0 MeV •. Note that beca~se of the previously imposed 
' 1 . . 

conditions, that the summation o£ all the counts for eac;h (EN+ Q) tabula-

tion are equal. 

Tabulat'ing' the 3He(n, p)T and the 3 H~(n, d)D reactions separately, 

·.we can construct a matrix for ea:ch reaction which is a tabulation of th~ 

number of events having identical rise times in each energy channel. 

Such a matrix is· shown in Table I~. 

. An identical tabulation to Table II would be constructed for the 

(n, d) reaction. 
. . 

. . . 

The (n, p) and (n, d) tabulations could be directly combined, but the 
- . ,· • . 

.. ·reactions are not equally probable~ However, .·if we multiply all the 

.entries of. the (n, d) tabulation by. a factor that is. proportional to their 
: ... 

relative probab.ilitie s, ·then we could directly add the corre spending 

elements in the two matrices to. obtain a combined matrix of rise time 
, I , / 

vs. ~EN: Q). Such a factor is available to us in the form of the cross 
i 

I 

sections of the two reactions, o-;o,~ p(EN) ~d o-n, d(EN). (Note that these 

are the cross sections of. Ci(EN) and not ei(EN + Q).) The combined matrix 

would appear as shown in Table III • 

·Therefore the percentage of counts removed per energy channel is 

. equal to the sum of the counts to the left of the rise time cutoff (see 

Table III)' divided by the total number of counts in that energy channel. 
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Table II. Weighted Number of (n, p) Events Having Identical Rise Times 

fEnergy r=b r=b r=b r=b 
of ~pse4t;"dr ,LN(zys•V·dr . . . LN(30) )lSeC~ •dr l(WEP): 2 • dr product b 

particles r=O r=O r=O r=O 

.. ENl +Q 
, ' I I 

> -I - I 

ENZ+Q 

EN3+Q 

I I I I . I 

I ... 
I -- -- --· ...... I.. . 

... 
/ 

I 

'~~ . ::..::- :· 

; 

r=b Z,n countS • dr 

r=O 
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I . I 
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I 
u1 
0 
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Table III. Combined We.ighted Number of Events (n; p) and {n, d) Baviilg Ide:ntidtl Rise Times 

-
!Energy r =b · r=b 1>-:b . r=b · . r=b ~b .. 

\~~prec)!:. ·d! \Nzyrect"z ·dr 
b rl"""f-c '9> z~·dr All c~unts·dr . ·of ~{t;~)r .dr .- . . . . . 

product L. bz L b bz. b 
particles r=O r=O ~0 . r=O r=O r=O · 
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··If the percentage of counts removed is designated as ''PR," then the 

,·: 

. percentage of counts that were counted is (1 - PR)· Thererore, considering 
. . 

the raw spectrum that is received as output from the multichannel analyzer, 

and designating the counts from any individual (EN+ Q) channel as eN, we 

can sa_ Y. (1 - PR)CRN = eN. or eRN = eN I where eRN is the valid 
(1 - PR) 

. counts we would have received without rise time discrimination. 

A''PR,' can be computed for ·each (EN+ Q) energy channel of the multi

channel analyzer, and aiter correction we will obtain the correCted. nim·t;ort ··· ... 

spectrum ~ith the rise time discrimination: removed.·, 

7. Discussion of error introduced by assumption of linear dependence 

of electron velocity and (E/P). 

It has previously been assumed (S.ection II-B;~ 1) that the mobility of 

the electrons in t.he gas medium .is a constant~value and that the velocity 

of the electrons in their inward drift towards the anode varies directly 

as the (E/ P) value, i.e, v:;: m · E/P. This relationship appears to be a· 

reasonable appr9ximation in the regions where the field gr~dient E var:ies 

slowly. It can be seen from Fig. 3 that fro~ the catho~e, to about a 
I . 

distance of 1 .• 0 em from the anode, this condition of a slowly varying 

(E/P) holds quite true. At distances closer than 1 .• 0 em from. the anode, 

the field gradient increases rapidly, becoming higher the closer the 'anodJ:-~ 

is approached.· At regions very close to the anode, gas. multiplication 

takes place, and an. "electron avalanche'' is produced. 

The region of interest for electron migration time calculations, 

"" ... 



.. 

however, is the region between .the radius where gas multiplication begins 

(i.e •. a few mean free paths of the anode--or as described by Wilkinson, 
23 

"a distance from the wire surface of the order of its diameter'') and the 

7egio·n where the field gradient begiris its rapid assent (i.e. about l.. 0 ern 

radius). 

First, it is known that the mobility of electrons is not a constant 

value over unlimited variations of E/P. At some value for each componE:nt . . . 

gas, a saturation condition is reached, whereby further increase in E/ P 

does not result in an increase in electron drift velocity-~and in fact, the· 
\ 

velocity. may even decrea:se with increasing E/P. These saturation 

effects are probably the result of electron collisions with gas molecules 

that are no longer purely elastic, and a po1·tion of the eiectl·on' s kinetic 

energy is imparted to the gas molecule in an inelastic collision. The 

probability of an inelastic collision apparently increases with increasing 

electron kinetic energy, but the increased ene~gy lo 5 se s due to the inelastic 
. . 

collisions cause·the drift and agitational velocities to remain at a con..stant. . . 

·(or nearly contant) value. In the case o£ krypton, this terminal veloc:ity is 

. . . . 20 . ' ' 
reached at an E/P value of 1, 5 volts/ em • cm-1 Hg . when the krypton has . -~ . 

1/2% C02 intermixed •. English and Hanna20 attribute t"· ··.} peak velocity 
'~-

as the result of the "Ramsauer Effect. 11 On the other hand, no such 

terminal v.elocity peak has been reported either in pure He, 24 or in 

3 11, 19 
He- C02 mixtures. In addition, the velocity vs. E/ P curves that 

are avail~ble from vari~us experimenters do not go beyond an E/P value 

l~ ., 

' 
I 
io. 

I 

I 
I 
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-1 . . 20 . . 
·of more than 6. 0 volts/em'~ em Hg for krypton, and 10.0 

volts/em • cm-1 Hg11 •. 24 for 3He, whereas the E/P value varies 

from 0 .. 7~to over 190 volts/em.• cm- 1 Hg in our counter, in the regio~ 

under consideration. It is thus iinpo s sible (at present) to even. estimate 

the electron drift velocity in the in~<?r 1 .• 0 em radius· of the counter tube~ 

Quantitatively; we can say that the electron velocity in this region 

~ill be considera;bly less than the value we·have assumed. This phenomena 

of smaller and slowly changing velocity is due to the saturation effects of · 

the Kr-C02 mix~re-'-and probably .an identical effec~ from the 3He-C0.2 

mixture that occurs at an E/P.value high~r than those repor~ed. 

L~t us now 'examine the effects of this uncertainty of electron velocity 

.in this region in our cou~ter tu'Qe. Equation 5 states that the riae time of 

a pulse is equal (for a specified applied voltage) to a constant times the 

differences in the squares of two radii,. i.e. 

·,'I 

( 2 . 2). 
tr :::: const. •. rf - rn (Sa) 

we· have ,likewise pointed out that for tracks that occur entirely within; 

the region where E/P varies slowly, that we may con~ider,the .••rise time 11 

a.s the time that it takes the furthest electx:on to migrate to a radius equal 

to that of the origina, posi-::ion of the near.est electron. 

Let us now go back to the determination of our ~riginal setting of 
,,_-- ... 

the rise time discriminator. The value of the rise ,~.fne discrimin~tion 

t; was determined by solving Eq. 5a with the values rf :::: b and 

}· 

411' • . 
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r = b -!!3 ·. (2. EN). 
n He.4 

Once this value has been determined, we can 

interpret Eq. Sa as the area between two concentric circles of radii .rf 

andr • 
n· 

Fig. 16. ·Interpretation of rise time values as a constant area. 

·The total area between the circles remains a constant, i.e. 

·,. 

' . 
. ·' 

when rn = O, this expres~ion reduces to: 

rf(min) = 
t' 2m P r 

· Whe~e rf(min) is the outer radius of the 11 dead volume, 11 and any tracks 

that lie completely, within the cylinder boun:ded by rf(min)• they are 

rejected by rise time discrimination. From the above discussion we 
' I 

realize that rf(min) is not as large as calculated in Eq. Sb, due to the 

(Sb) 

uncertainty of the electron migration velocity in the region r a< r <.1. 0 cm,J 

since the velocity tends to be considerably less than the linear relatio'u-

. ~hip originally assumc.:d in a high E/P region. For a 14.0 MeV neutron, 

wMch produces a 10. 5 MeV maximum ~I-Ie recoil, we find that 

'.. 

\lo . 
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I 
tr = 6. 1 usee and rf(min) = Z. 7 c1n (for Yo = 5500 V). Since r!{min) 

, . . . . I 

.(actual) is less than the value calculated for a fixed t·, the "dead volume" 
. . . . r 

of our counter is less than c;alculated. The.question of "how much less" 

is one that cannot at present bo analytically solved. It has been 

prev:lously stated that it was consider.ed that the linear dependence of 

velocity with the (E/P) factor was valid at regions r) 1. 0. em. If the. 

rf(min) (actual) i~. not· less than 1.0 em, then our assumptions are still 

valid for those events· whose tracks lie entirely in the active volume 

beyond L. 0 em radius • .' 

we· have assumed that 'the probability of a reaction occurring in any 

unit.volum~ of the gas· medium is identical. The volume"cimClosed by the 

1. 0 em radius comprises only 4o/o. of the total sensitive volume. The track 

·orientations can. likewise be completely p.t rand~m, and so the probability 

. of a track havi~g any portion of its length in the volume enclosed by·a 

1. 0 em radius .. is dependent upon the disintegration particle energies, the 

reaction site, and the orientation of the reaction particles. While the 
'.· 

probability of pas sing into this ''inner wall" region can be computed in a 

.manner similar to the probability of a particle ·striking the outer wall 

(see Section ll-C), there is no way to relate this probability to the rise 
,·· .. 

time spectrum, since electron velocities are unknow~ in the region--

also every accepted count will be ·registered as a "full energy count~ 11 

In addition, even if the tracks of the charged particles do enter into the 

region of the "dead volume, 11 their total radial orientation may be such 

·-·.,, .. . 

:':.·. 
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that the pulse.rise time; is greater than t
1

, and the counts.will be 
r 

registered • 

It can thus be concluded that: 

(a) Pulses that are the result of tr.acks lying completely insi.d~ the ~·dead 

volume" will be excluded due to rise·time disc;rimination, regardless of 

energy and o.rientat;on. ( 4"/o of the active volume. ) 
'· 

(b) ·Tracks that lie completely outside the 11 dead '(Ol'ume 11 may, or may 

not, be counted due to rise 'tifne discrimination. Those pulses above a 

.. 
. minimum energy that were removed due to track orientation can be 

mathematically replaced. 

(c) Those tracks ·that."have spme portion of :.the, lengthwithin the 11dead 

volume" may, or 'may not be counted. The actual rise time of these. 

pulses will be larger than the calculated. rise time, but the rise .time 

1'. discriminator setting will be the same as in (a) and (b) above •. This means . . . 

. that more count,s of each energy would be registered than would be indicated 

. by our theory (i.e. more counts because more pulses would have long·er . · 

rise times and thus more would escape rejection· due to rise time 4iscrimina-

tion.) 

T}).e mag~itude of the error introd.uced by (c) above is unknown, ·and· its 

. . . . 
effects must await the comparison of the final spectrum as developed from 

f..t'""!·' 
'"'. our counter,with a spectrum obtained by other means £x:.om the same sourte. 

I~ is not anticipated' that this error will be large. 
I. ', 
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XX.O· DEVELOPMENT OF A PROBABILITY FUNCTION FOR 

THE UNFOLDING OF THE WALL EFFECTS •. 

Th~ develqpment of a probability function to remove the wall effects was 

. prima.rily developed by Bro~J and then extended by. Wang. The overall 

deve:).9pment is quite long1 being in general the substance of two thes~.s, 

and only certain as~cts will be p~sented herein along with a correction 

. ·to Wangs' "Wall.Effects Functi~n". For 'a complete derivation of the entire 

:. series of probability functions, readers are referred to Ref·.:~9::a.nd 16. 

The n~tation of Brown and Wang will be aQntinued in this paper to aid 

· · ·. <:Persons who are interested in develgpment of these functions 1 but in . . . , . 

• . . general the•.·:~ functions will only be presented and identified in their. 

., .. 
.f 

'· .'! 

": fl 

final form. 
\ .· ·:I 

l• .Wall Effects 
-~ ....... 

·The sensitiv~ volume of the proportional counter tube wa~·previously 
. . ' . ,' . . 

identified in Fig·. 1. Within this sensitive vc;>lwne of length I;. and 

· radius. b 1 let us select a reaction site at .. r,·. ~nd asswne that the 

. t~ck length of. c~rged particles .. i.s j_ • For the analysis 
1 

the whole · · 

. gas filled 'vol~e (not just the sensitive volwne) 'may be considered to be 
' . ' . . • I. 

divided into four regions ~ich will be identified in our subsequent 

'discussion. 

a.. Region A 

. Region A is the ~ore of the sensitive vol~ defined by radius o:f' 

b · .. .Jl. and length L .. 2 .£. af! show in Fig. 17 .. 

' I ' 
r, t I l Figure, 17-Region A 

Ctl· 

.( . 
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. ~. . . 

.. ?9 .. ' 

I~ is clear tba~ only ~racks of fUll ·size can be fou~d in this 

· · · · .··, _ ... region. Theref~re., .t~~ proba.bil~t~ PA (f) per un~ track length that. 

a track will have'a length between e and e + dQ in·this region is:: . 

For a single. reaction, )la,p~~P."P.~ in·:;!(.e~on:.A· !~·i.th~ probability is 

... 1 

b., Region B 
.. :· 

•• t • 
.' : 'Region· .B is the ho~low cylindrical volume with an inner. radius of 

. :·.·. -. · b.-!-., .. an outer .. radi~s· of b 1 and a length L- 2-.L, af? in Fig.l8 

\ ' 
·. . . . \ . 

; ' 

.. 

: ... 
·' ' 

•·. 
Figure· 18 ... Region B · 

/ ... ... ·· .· .. , .. ·. •" .... 
•. 'I 

(+) 

•(f) 

'. •' 

F.or region ·.B,. Wang class.ifies· the .traclt'length ·into two ~ategoriesc . 
. . . . . . . -.. ,, 

.. 
: . . ... . ::.· .• 

·· · . ·ease 1 
~ . . 

... :· .. ··,i '· • 
'' • o I , ' :0 ,•.' o f •t' o ' o' I ' ••' 

·. '. ·. · .- · . For a single reaction in this :region., those tracks not int~rsecting 
' . i ·. ' 
'.' . . .. t~e wall will have ·a len~~-.£ 1 th~ tUll.size·d. ~rack. The probability, 

. ., .·: ... · ... PB
1

((J), pe.r unit track len~h that a~t~ck Will. have a ·length b~tween 
•. :'? ... :,:. f and, (fl +.d. P) _in this region is: ·. . , 

9 r !, ' . 
w ,, 
I . _; 
.t 

i 
! ' 

\. 

.· · ·. where the. f~ctor FBl (P) represents, the fractional area of ~ .sph~re with 
• • • ! 

. 
' '' 
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·· ra:~us. J. c~~tered at (01 0 10) that falls inside the se~sitive volume. 

Referring to _Fi~. 191 . ~t is see~ that the fractional surface ~rea 

: of the sphere inside the cylinder is . 

. 4rc ft!._ fJ-2 si~ Q d Q d f/J 

FBl ( {') = ~~'d. 
l = l ... -·2 

sin Q d Q. 

. where S =.spherical surface area outside of the cylinder. 

. Brown makes an approximation tha.~ the transition.from G2 to G1 along 

the.~ine of intersection between the sphere and cylinder can be represented 
2 by the sin '/J 1 and he: .concludes. that: 

z· 

counter -wall 

.. 

counting Wire · 

Figure 19 Intersection of a. Sphere and a. Cylinder 

• •• 

. . 

· .. Flll ((>)• l t ~ [~~/-)~ ~ ~ ~ 2
) . -~~)· j 

' \ ' ', ' • I 

. plll <r>ar • l + ~f (b: il ~ +(l -2H* ns< e . .e >ar. 
Case 2 • 

,. 
Tmse tracks that do interest the detector :wall Will lose a po:rrtion 

( + )' 

( t )· 

of their length.. The prob~bility of ·hitting the' -wall is then the spherical 
·' ,. . 

surface outside the cylinder i.'e. . . '. 

FB2(r) • -r [~l! ~:2 ) ~ +(~ . ~) •fe • :l 
'(~ 

Then -the variation over e gives ·llB'd. = ( ~ 1 r) 

. ~-
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\, 

·c. Region C 

Regi'ons C ·.are the por-tions of the sensitive volume of distance Jl.. 
from the·ends of the sensitive volume, as in Fig. ~0 

-~. -L 

Figure ~0- Region c. 
The trac~ can ~~ cl~ssified into two different cases. 

Case 1 

For a simple reaction in this ~gion, the probability ot having a· 

full track length is. 

< e ). s < ~- ~ ) d~ 
f~c si~: ex da P$ ~ .l - · ~ 

4-Jc Jl. ' . 
... 

1 [ · ·1o a l· - - cos a ... 

. 
2 

· · · cos"
1 ~:;~; ... 

' .. 

. .. ···. '·;.'·.; :• 

/.1n u du p . 

.• 

.. · .. •'· ·. ., . 
.: ·.. .•) ~ 

•• • '• ' ,: :I •'• ~· •• t • 
' l.i 

.~ . ., • ' ,•' I : I • 

., 
.. ' \ ·-.. 

I '• ·' 

\ . . ' . ' . . . ' '. 
'' ... 

'. 

. . ,. . ~ . .. . 
. . . . ·, .... :· ' . ~ .. , ". • I 

., 

• 1 • • . ·, 

,, 

' ' .;,i' 
.. ~-: . . /. 

·. ~· . 
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Case 2 .. 

I. 

-6Z .. 

( ] 
.. 1 '{··· ) • '1 - z..... 2 l + ~. 

. . J!. . .Jl. 

\ 

FigUre ~1 ~ Reg~on.C 

Intersection of Sphere 
with Active Volume 

. The probability of having a curtailed.track length is 

PC (f) de> = .(1 sin o: do:) :i.= 2 z -. 2 
.. , 

since cos o: = z 1 sin o: do: = 
(" 

(~) d f1 therefore 

PC~ (f) ~p ~· ~ d{' if z < e ··. 

= 0 i:f z > f 

L-\) 

.dl·. Region D 

; . 

... ·. 

1 .. 
·Region Dare the portions of the gas filled volume beyond.the 

sensitive volume 1 as in :Bllig~.\:.22 ·; •. 
. ' 

......,.. ______ x,_ 

Figure ~~ -- Region D 

NUclear reactions occurring at sites outside the sen~itive volume 

(+) 

can also cause energy to be deposited inside the sensitive volume of the 

counter. 
.I 

If the propability of depositing energy from a track length inside 
.~ 

the sensitive volUme per unit track length off is PD(e) then: ·. 
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= · !. sin a da . x 2 . z. 

but cos a·=· z 
-·~ . \- -X.. 

therefore sin a d,o: = ( 1 -P) d~ for f. >.(o 1 . and 

.. ,. 

.· 

.· 
I • .. 

·-< · Seps1t1ye 'vohune 

. ' ~. . 

.\ 

... 

.F:~gu;-:e,:·.~~-~eg.ion: ·n; Track Lengths Inside Sensitive Volume 

i ~~ ·SUl:Ilnlary of the General Wall Analysis 

. For an arbitrary track length JL the 'gas-filled volume can be 
·.divided into' four regions, as in F1~. :::!4 

· .. •' 
.' .. ' 

• I 

~ ...... -- __B, __ - .-. 
. . . . . ' --- . 

.A 

-
' ~ . . . 

~ .. ~· . 

L 
'• . 

· ... 
Figure t!4: Summary of Counter Regions 

.. 
· The. prob~bilities per unit track length that a track Will ha.ve a 

.. · .... length between r . and ( ~· +. d~ ) in each region are listed in Table IV.' 
/ 

(t t) 

.(t t) 

.. ·~-

·' 
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Region 

A 

B 

c 

D 

·.· 

·, 

Table IV. Probability fu~ctions for dif!erent regions of the co~~ter. 

Probability of giving full track length 

·:-
, 

P A ( P) = 6 (P-i) 

f bz- JL2 · 1 b, az. { [ . . } 
PBl = 1+ 4 { 7.£. ~ ~ + (:r -z) -u) O{p-.t) 

. z 
Pci =(I_+ r> o(p-Jt) 

.. • 

. -· 

~ 

-------- -----------

Probability of giving 

partial track length due to· 

wall effect · 

1 {(b)z 1 1 Zb 3r} 
Dn {p)=.,..., ~ . ...-:+-+ -:z-·-.:z 
"'~Z 8 P . - r r p p 

. Pcz< p) = ~ for z < p 
p 

= 0 . Z>p 

z. 
·pnztPJ= (fl.~p{ for (1-Z)~.p~O 

.! 

i 
j 

. -

1/{j . 
. , ... ~I~ 
l..::;;J 

I 
0' 
~ 
I 

/ 
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f, . The probability, P(E- Ei),. per unit energy that reaction products of 

' energy E will de'posit energy E; inside the sensitive· volume due to the 

wall effect 

According to the foregoing analysis: now, if we assume that the pulse 

height is proportional to the energy deposited inside. the sensitive volume, 

. then it is reasonable to assume, for the first-order approximation, that 

E = K, 

E· 1 . - Kp, 

Eb. = Kb, 

EL = KL, 
\ 

where .K ·is som~ proportionality constant that will be cancelled QUt shortly. 

·: · Therefore· 

.. , ' : .. 

P(E ...,Ed =, K 1
p(J. -t p'), 

.. , 
wher.e K · is another proportionality constant. 

From Subsec. II-D. lb. 

~.·PBz(p)=l{.(b)z~'.!.+}. +z~ -~\. 
· 8 p . . r . r .p p -J 

. . 

z 
Pcz = ~· p 

· ·.and 'the volume fr~ctions are, resl'ectiv.ely, 

. I 

For the whole counte·r 

z Pnz·= (..f-p)z .•. 

,. 

.... :. ·. 
( )d Z7J'rdr Zrdr .. 

gl r r = 2 .:. -z 
' '. '1i'b b .. ; .. 

~. 

"' 

' j ~ 
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Therefore: 

p (.~ -r) a 
.} ~r dr 

'b~ 
+ 

··;· : ·dz. 
' ~·--• e .L 

0 

I 

. ~-Q -~ Z d.Z 

+ ·. a::p)~· -. . ) e . L 
' ' ·o 

I , 

f,. · • 

tJ l ' l' l . l l 
p {.l( .. ~ ) a 2't) + ~L + ~L = ~b + L 

ta.nd since :P (.l~~ )~ = P (E-) E1 )dE 

then P~E 7 E1l.:•. ~ _+ ~ (27) 

. Where ~ is the· energy Width of the particle in que~tion_, and.~ is 

.the energy length. Note that this is the probability or fraction of 

giving a track of energy Ei due to the w.ll effect. Surprisingly 1 /chis . 

·probability turns out to be constant ind~pendent of the energy of the 

incoming n~utron.* . 

2. Probability of a Track ~ot Hitting the Container Envelope 
. . 

Bro~ and Wang derive expressions for the average laboratory energy . 
.. . . of the various particles in a plane perpendicular to the counting wire • . 

The expressions cannot be analytically resolved, so numerical integration 

, is performed on these expressions-and the resultant energies are then 

approximated by use of the following formula: 

,. 

* Wangs more complicated probta.bility fUnction is due to the improp~r 
. selection Of limits O:t' integration I'Or region C and the ta.pproxima.tion 
utilized. in_ deteminta.tion ot' PB::!(p) de . . .. 

(t) 

t ·, 
( 

.• 

.. 

, , . 

I 
I 

·I 
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E.\. 

< (t) a 0,,40 EN+ 0.150 
T \ 

.1. 
c:; 0.42 EN ~ L27. (+ ) . ED 

J. 
·-Where the designation E · indicates the avez:agc laboratory energy 

' in a plane perpendicula~ to the anode resulting from a neutron of ener~J 

EN. All units are in Mev. 

From these expressions of.particle cncr3YI the probability that a 
'simultaneously emitted proton and triton, or a :pair of deuterons, Will 

not hit the valls of the containing vessel are derived. Using the 

notation of 'Hang, 

' . 

f
1 

(E) "' probability that a proto~-triton will not hit the wall 

·_ f
5

(E) = probabi~ity that the deu'!;erons will not hit '~;he llall 

(28) lt l 
J. 

· · where f 1 (E) - the probability that_ a proton. track will not hit 
. p 

the wall* 0

• '-,. 

flT :S the -probability that ~ triton t.rack Will not hit the wa.l.l 

, . ·.·.. . . . (l ... } 1:)
1( 2 = a· f~ctor aM.ed t~ ~ccount for the· forwa..rd trac.k 

... component. of' the triton. · ., · 
. . ·.. 3EN l/2 : : . 
. : : fl·T· ,. ( 3 E 4 "a . J ; where 0 • O. 764 (MeV) 

. ·. . . . . N + ,p . . . ""'ll,p 

flP(E~ • rl ~ ~{~ ~ (1~tr12 

+Sin-l ~~)}J (29) (+) 

J. •::·. _[l ·- ~ (J.e
2 

TT \ J .·. _' 
·flT(.E) -:>~ " 2b} (30) (t) 

. l 
.. , · . * Both Brown and Wang· calculate' two different values f'or f'1 (E) and 

~q-qa.te them fo;r ene~gy bo~nde.:cy ~onditions of their tubes. P In our 
.. ·· 'case~· ;tlie::energy:bounda.ry coridi·iJ:i:ui~~ .. (i.)~cause of' a larger size tube 

·. · · and greater 'filling pressure) are such that we do not· ever reach the 
·· . · .. .'conditions that Brow and Wang encountered. (i. e. the E 't for our 

tube is at 17.0 ~~V which ~s above the designed maximum 8~ 14.0 MeV) 
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J.,. 
of ·_ene r_ tT\T E · ov . P .. 

,· '•' . ... _:, . 
. \ 

=~ ~le~gt)?.of' proton t:rack'iri th~_··gas iniXtu~ for a proton, 
....... 

'.!; 

· ... /" 

and .Q T = length of triton track in the gas mixture for a triton 

_of enerl?' ET~ · • 

4 (~~)]~ + (1 (31) .··. (t) 

~ 
,._·. 

where 
· .. (~ + 2) l/2 

~· . 

%d l ., .. 
= 3~24 (MeV) 

,,,· ... ·~ 
'.• .. 

= length of a deuteron track in the. gas mi~u~ fof a deuteron 
.· .· 

. The above nomenclature and designation Will be. used in subsequept · 
. .·. . . . : 

··.t"· 

.. sections. ' 
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\ 

D. Combination of the T\-ro Probability Factors to Reconstruct the 

Original Neutron Spectrum. 

The original purpose of our neutron spectrometer was to accurately 

. portray a. neutron spectrum in the energy range from essentially O.l· MeV 

to 14.0 MeV. The spectrometer operation was such however, that in order 

to remove the more nur..:.;}rous recoil: pulses vThich were smeared across the 

energy spectrum :from (.f EN) · 0 to zero~ advantage was taken of the 
'+ max . . 

··. di:fferences in pulse rise times between yalid pulses and recoil events. 
. . . 

'The removal of the recoil pulses, hQwever, was not without its disadvantages. 

.,· 

. ·' 

It was discovered that to obtain a neutron spectra without· recoils, it is 

n~cessary to forgo all information at the lower.energies since the track 

lengths of low~r energy pulses were shorter than the maximum energy recoil 

pulse. These lovrer energy pulses were thus removed with the recoils. In 

addition, the orientation of the· .tracks of a valid event niay be such -that 

·.the radial components·are less than the_minimum required ~o produce a 

pulse ·that exceeds the rise time minimum cut off. 

The lo~s of the lower energies of the neutron spectrum is unfortunate, 

. and a means to overcome this deficienc~ has yet to. be 'devised. A means 

to effect the repl~cement of the higher energy pulses that were removed 

.d.ue to their specific orientations within the .counting tube has been . ' ·, . . 

. developed and presented. earlier in this report. The probability function 

(PR) can.be directly applied to the raw spectrum from the multichannel 

analyzer 't.o rep').ac·e "rise time. removed" pulses in this Situation. . 

The other· portion of the problem· in the determination of a reconstruct.e.d 

..... 

. . ' ' . . ~ . . ' -- ·~ . 
neutron spectrum has to do With the removal of the wall and end effects. 

As mentioned. earlier, this problem was essentially· solv~d· by Brown and· . 

. extended· by Wang. ·Modification to Wang's P)\Obability function have been 

made, and the revised propability function P(E .-:,. ~i )·.has been previously 

'presented. 

What remains to be'accomplished is to present a computer program 

outline. of the means to unfold the various effects and to arrive at a · 

···-· . · ".' complete neutron spectrum~ . . . 
For the purposes of this section.and to add clarity to the computer 

program, it is considered that the following subroutines have already , 

been accomplished: 

.. · 

.,_ 

'0 

· . 
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(a) Ass\lllle that the raw spectrum has been corrected for rise time 

discrimination. The raw counts in each (EN t Q) channel have been 

·divided by the probability function (1-PR) and the revised channel counts 

are now designated eRN. 

(b)· The counter .efficiency has been calculated1 and· an energy dependent 

value of the efficiency can be shown in.the various reaction cross-
' . 

sections.· The efficiency of the counter was developed by.Wang to be a 

function of (a) the nu.clear cross .sections, (b) the 'counter dimensions, 

and (c) the gas pressures. 

t.t 

where 
N = n~ber of. 3He atoms/cm3 of sensitiv.e,_ vol\lllle at filling 
;He 

:pressure 

D = Effective thickness .of the detectdr for 4~ 'geometry 

= Total sensitive volume 
effective area 

where sensitive volume of spher~ ~ sensitive voiume of cylinder 

or ·. 

R =-· (3 b2 t~)l./3 4. ,J: 

'· 

thus. ~ffectiv~ area ... n R2 ~ '~(~ b:~):,·)~/3 

.. 

·. .. 
• •• 

J/51! •' 
'L t .f< 

·, .. ... . ... . 

f 1 (EN) = Probability the proton or triton 'will· not hit· the vmll 

A --~~JAr expression· can be written 1'or the efi'iciency of the ;He 

(n,d)D reaction. 

'1. n d(EN) a N~ . ~ d (Ep)D f 5 (EN) , ..,He n, . 

J: 

. ....... 

'· .. 

I 
I 
I 

J 

; 

i. 
I 
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. . 

·· where the notation is similar to the above . 
It can be seen that the efficiency can be reflected in a new cross-

section notation such that: 

cr . (EN)* :; N3 D cr (EN) = n,p . He n,p 

. :· where a-n (EN)* 'is the cross section that has been corrected .for the 
. ,p . 

· efficiency of the counter. • . 

·and· 

.. 
N3 . D (J d (EN) = 
. He n, 

.. wher~ cr
0

,d(EN)* .is the cross se.ct~on. of the .~He (n~d)D reaction that has 

been counted for the physical efficiency of the counter. 
\ 

· 'Assume now that the higher energy rise time discrimination removal 

counts have been replaced, and the cross sections have been corrected 

· · for the counter efficiency as indicated above. A computer program to 

un1'old the wall effects and to calculate the resultant true. neutron 

spectrum could be as follows: 

(l) 

(2) 

.•. (3) 

Let Ej, = Ej - ~~P . 

vTher~ Ej, ~ Actual ne~tron energy .. 

~j ='Registered neutron energy 

Let Aj, =Number of neutrons of energy Ej, 

. .<Ej' f Ej 

Let ~RN = Number of counts registered in top energy channel of 
the multichannel analyzer (after correcti?n for rise-
discrimination) · 

(4) CRN .=AN' ~,p (EN,)* fl (EN). 

(5) ·Solve for AN'· 

= 



•' 

'I t • 

'". 
; ~ ' . 
. ·~ 

.•. 

•. 

(6) CR(N-l) = A(N·l) 1 ~1p(EN-l)'*f(EN-l) + AN' ~,p(EN' )* "' 

.· t-fl (EN)] • pp ~N ~\r-~ 

where P~(EN~E(~-l)) is the probability that an (n,p) even~ :ro~ 

channel EN jl:l·t~ ~e :;-egl.stered in channel E(N-l) P(EN~ E1 ) = 2~ .. EL 

(7) Solve for A(N~l)' 

(8) Repeat this procedure until we reach channel A(N-j) 1 

where:. 

, • A(N-J)' ~ Cll(N -J} " •' tl A ( N-1)' crn,p (E(N-1)' )* ~-f' l (E(N-1} ~· p P(~-:t" EN-J) 

·~n,p (E(N-j)•)* fl (E(N-j)J. 

· (9) Let EN~j-l = EN - ( ~~P -~,d) and the deuterons begin to. appear. 
. . . 

i •. e. Eregistered =EN- (0.764 + 3.~7) = EN 1 - ;.~7 

(to} ·cR(N-J-l) ·= A(N-J-l)' o;,,p(E(N-J~l)' )* .rl (E(N-J-l)) + E A(N-i)'o;,,p 

i=O· 

•, {l'i(N~i) :)~ G-f l (E( N-1) ~ • p ~ (E(N-1 ~ E(N•.i -l)) + AN' o-n ,iE(N' ) )*, 

f5 (E(N-~-l))• ~e Last term in this ~xpression indicates the 

··deuteron .~ffects !rom EN 1 and r5(E(N-·j-l)) = the probabillty that the 

·. i deuterons of energy E(N-j-l) will not. hi~· the w.ll. 
. . . 

· (11) ·' Solve for A(N-j-l) 1 

. . A(N-J-i). = 0R(N-j ~l) - )J: A (N-1). o;,,p <E(N-1). >* G-1' l (E(N-1) ~ ~ .·. 

i=O 

~ ' :' : ' . 
. . '' ·, 

• ! . 

I 
I 
'I 
! 
I 

i 
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( l4::!) Then in general~ 
i = ·j + k r:· 

. i = 0 

/ 

lv. ~C· -~N':"j-1-k) I . . R (N-j-~-k) 
~ . 

~-fl (E(N-i)8 • pp (E(N~i)>-~(N-j·-1-~)) ·7 A(N-k)' 
· ................. . 

i = k - l 

:r5 <EcN-j-t-k)> - · ) ... !"cN.:i)'. ~,d CE<N-~>·'* ~6 <EcN-j-i-k>1· 
1 = 0 

. ' 
P (E . . .,_ E . ) 
. d (N-j-l·.i) · (N-j-l~k) 

where .Pd (E(N-j-l-i) E(N-j-l-k)) . ~s the probability 'ot a deut~ron·. 
' . . . . . 

·., ... having s~attex:-ng from a higher energy channel into. channel E(N-·j-l-k) . 

.... ·. ·. and f 6 (E(N-j-l-k)) = the probability that the deuterons having energy· 

· E(N-j.-l-k) n'li intersect the wall. =. [1-f5 (E(N-j~l~~J ·: . 

. . . 

: (13) This procedure is followed until the spectrum is unfolded to the 

lowest. ene~gy 'channel that has esca.ped rise time discrimination. 

( 14) The unfolded spectrum 

AN 11 A(N-~)i 1 A(~-2) 11 A(N-3) 1 ~ ••••• A(N~j-l-k) ~:••••• . 

. · is then the neutron spect~ corrected for (a.) rise· time di~crimina.tion 1 

: (b) wall 'effects~ and (c) counter efficie~cy. . 

. . 

.. 
', I 

.·· 
.--.· . 

. ,....,_ 
• 
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[. '1: 

E •. ,. Random. Probability Inversion Matrix 

The foregoing sections. have considered in detail the computation's 

neces~ary.to change the raw energy spectra to a neutron 'spectra b.y the_ 

" ' 
removal of the rise time discrimin·ation effe7ts, ·the wall and end effects, 

and corrections for the spectrometer efficiency. 

· unfortunately, ·as. can also be seen from the foregoing secti~ns, the 

' 
numb~r of computations necessary to z:emove. these various effects and 

corrections is exceedi~gly large.· ··.The.re ·are four p~sition variables,. two 

_independent energy variables (one reaction particle variable, one. incoming 
·. 

neutron variable), risetime discriminator setting, and an applied voltage 

condition--a total of 8 var~ables, The number of variables and constraints 

. on individual computations make their .solution by analytic means·virually 
' .. ' . 

an impossibili~y, and even when considered for. high speed computing 

m.achfues, the number of, computations 'invo~ved would require several 
,, 

hours of machine time. It was therefore decided that in order to compute 

an "inversion matrix'·' which could be applied to the !-•raw spectra"- out'put . . 

·of the._multichannel a;nalyzer recourse m~st be made to a "random prob

ability ·method being that it. will ·req:u,ire o~ly a comparatively small 
. . . . . . . 

•. . . 
amount of electronic computing machine time, and in addition will permit . . . . . . . 

computation C?f all .correction's to the 'raw spectra simultaneously, as well 

,,.· as. elimination of several as sumJ?tions that previously were necessary to 
.;"7' 

apply to the more general case. 
,· 

· .. ! 

'The random probability analysis for our counter has been developed 

... 
. ' 

I' 

: 
! 
I 

I 

I 
l 

It 
I I 

I 
I 
! 
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by means of a FORTRAN PROGRAM having the code nam,.e ••CATMAN." 

An; outline of the random .probability analysis is presented below: 

(1) A neutron of a spe.cifi~ energy EN (selected as the maximum neutron. 

energy that our counter is expecte.~ to ~etect). comes in~o the counting' 

' . . . 
tube •. The direction o£ the incoming- neutron is selected a~ ::andom, and 

since the detector is to have a 411 response, this direction may be 

completely arbitrary •. 

(2) The neutron· passes i~to the vo.lume of t}~e tube (not necessary to limit 

·this to the "active volume" between the field tubes,) and transits a distance . . .. _./ . 

. \ " 

into th.e gas medium •. Since each ~nit volume is presumed to have an equal 

.: probability of a reaction occurring in that volume,. the position of the ev~nt. · 

'· 
is selected at random by a "random number generator" which determines 

. ' 
both longitudin.al dista,.nce along the anode wir~, and radial positi~n ro· . 

. . ~ 

(3) An event occurs at a radius r 0 fromthe"co~ter center line ~nd .. at . \ 

some le~gth i along the c'ounter length. ·;he event can be either a 3:f.re(n,p)T 
. ' 

·. r~act~~n, or a 3He(n,.d)D reaction. The probability of the type of reaction 

· · is'bas.ed on the ratio of the cross sections at the energy of the incoming 

neutron to the sum of their cros.s sections, i.e. 'the probability of a 

3He(n~ p)T. reaction is: 

o-n (EN) + ern d(EN) 
'p ' 

and the probability of'a. 3He(n, d)D reaction is: ~ ...... 

.' 



i · . (4.). The reaction particles are assumed to.have isotropic distri'~mtion in 

the center of mass system of coordinates, ari.d the direction of one of the 

re.action p~uticles is selected at random (three dimensional selection 

'based on f/J , cos Q ·, and equal·but opposite momentum ve~tors). 
. em em . 

The 

energy of the particles in the CM system.is divided among. the particles 

·as follows: 

Ep em = ! <!EN+~' p) } 3 '. 
He(n, p) reaction 

1 . 3 . ) 
ET = -(-EN+ Q. em 4 4 n, P 

(S) The reaction is converted into .the Laboratory system of coordi~ates, 

and t~e ene~gy of the 'various pa,.rt~cle~ is computed in the Laboratory 

system. No~e t~at any energy between a maximum and a minimum. 

Labo:r;atory energy is equally probable and can occur for the proton and 
. . . 

·:. triton particles.. L~ke wise, if ·;·EN> I On., d\ (threshold energy), the 

two deuteron particles will vary between a rt;laXimum and minimum 

·Laboratory energy· with equal probabilitie~. (From Appendix C.) The 
. . -~ 

· ·, Laboratory energies are determined by the random 'selection of f/Jcm a,.nd . 
. . 
" 

. . ~. . 

. . . ~·. 

-.~ . 
. \ 
~ 

·r·:: 

' 
i ~ 

. . ~ 

(6) The length of track of the various L~boratory particle energies are 

computed by the relationships previou;;ly pre se'nted. 
., 

site to determine if any portion of the tracks has inter:cepted the walls 

'I 
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of th~ tube~ a."nd/o~ has a portion of its length iri the gas volume deter.mined 
•,' 

by the perpendicular !adial projections of the interior ends ~f .the field 

' ' 
tubes and the end walls (end effects) • . · 

. . .. 
·.·. . (8) If the tra~k of one of the partic.le s inter sects' the wail or th~. eni:l 

.. 
portion of the counter, the portion ot the energy represented by the track 

'·· that is physically within the active volume is calculated. Note that this .. ~ . 

. ' ' . energy is not directly proportional to the .track length since the energy 
;. ' 

deposition is not linear. (see Fig. 5). The energy deposited in the active 

volume is equal to the total energy of the particle minus the energy 
. ' . . 

\ 

.repre~ented by the length of track that passes outside the_ active volume 

. (if the same gas mixture were present oU:tside the container) •. This 

conclusion ~an be drawn from the concept that after a charged particle 
. ,• . :. 

· has lost a certain amount of energy, it still has the same length of path 
' . ~ . . ' ' . ' . 

r -,~· 

to travel as an identical particle that begins its life with an energy equal 
'' 

to the reduced energy of the particle in question . 

. (9) T~e various r(l,.2, 3, 4) va~ues (radial components of tra~k lengths) 

' . 
¥1re calculated to determine rise times, with the condition that an appro .. 

priate co:r,;,straint be placed on those tracks that inter sect the walls of the 
' ' 

tube, or· pass into the end regions • 

. (10) The .rise time o£ the pulse is then .determined, based on the time that 

. it takes for .the nearest (rn) and most distant electron (rf) to.rea~h the. 

anode. 
1 :P 

t -----
r- 2m V.o 

1". 



I: 

. i 

•7,8-. 

(11) .A weighting frunction is applied to the result to accou~t for the 

·. greater volume probability at points more distant from the anode. 

· 2r · 
g(r )dr = -2 dr 

b 

-... ...... · 

,. 
·whe.re r is the reaction site select"ed in (3) above. 

(12) The weighted pulse is ~atalogue·d by energy (EN+ 0), .·rise time, 

and reduced energy (if applicable) • 

. (1~) ·Steps 1 through 12 are repeated several thousand times for the same 

incoming neutron energy. The probability of the various particles not 

hitting the wall is computed~ £1 (E),: • the propabi~ity of ·the proton-triton 

tracks,not ·hittin~ .the wall~ ·::and.! 5(E}, the probability of the deuteron 

combinations not hitting the wall,. are calculated after "weighting" for 

v.olume probability cc.·1siderations. T};le probability of causing a pulse in 

a lower energy cnannel P(E ~·Ei). is likewise calculated from the tr~ck . . . . 

length-energy relationship described in step 8, after the volume prob-. . . . / 

ability functio~ .has been applied. All three of these probability f~nc.tions 

are combined into a new probability function P (E -7Ei) for the spectrum n· . . 

linfolding procedures. 

(14) The.energy of the incoming neutron is reduced by one energy unit, 

and steps 1 through 13 repeated. 

(15) The energy of the incoming neutron is r.educed ~n successi.ve steps. 

·until the lowest. value of interest is obtainerl:, or until the length of track 

" of the charged particles are less than the length required to escape ri;~e 

time discrimination. 

''-' 

I 
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(16) The weighted number of counts in their respective' energy channels 

are totaled and accounted for,· as .explained in the. preceding section .. A 

.matrix arrangement can then b'e compiled and corrected for the efficiency 

of the counter. The ~atrix arrangement could appear as: 

·-· 
Counts regis .. 

tered in each 

= 

,, 
. energy incre.- . 

ment for random 

probability 

analysis, 

a 13 • • • ~ • • • • aln · 

a23 · • • •· • • ·; a2n 

' 

\ . 

A 

·A n 

aij = fraction of neutrons of :~1?-ergy · Total' neutrons 

j that are counted at energy i. · sent into each 

energy range. 

(17) The problem'now resolves itself into determining an inversion matrix 
. . . 

whereby we can calculate the original neutron spectra from the counts 
.. ' . . 

registered in each energy channel of the multichannel analyzer, . . . i.e. to 

· ·compute an· inversion matrix such that: 
>· 
t!!' 

. ,. 

•. 



. : 

A1 

A 2 

~3 

. . 

Neutron 
Spectra . 

bu b12 

b2l b22 

= .. 

·' 

-so .. 

. b13••••••••••b1n . . . 

b23 ~ ·• • • • ~ • ~ • • bzn 

'• .. 

.'Inversion 
Matrix 

'· 

X 

' \ 
\. 

.. 

C(N-1 

c . . N 

Raw Counts· 
from 

Multichannel 
Analyzer 

(18) Note. that in steps 16 and ·17 we have re!efred to a matrix arrange

ment and an inversion matrix for our ·illustration. The actual matrices, 

if they were to pe constru~ted, would be an array of 500 x 500 or more., 

and would be difficult, if not impos.sibie, to invert. Instead of actually 

. constructing these matrices, the computer would solve this problem by 

a subtrac~ion-division process similar to that explained in the preceding 

section II (D). 

(19) The complete random probability analysis in FORTRAN language 

(with appropriat~ comment cards) is included in Appendix E • 

• I 

i 
I 

.......... 

.. 

. /' 
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. III. CQNCLUSIONS AND PRESENT STATUS OF PROJECT 

·,· 3 . . . . 
At the pre sent time, the . He neutron spectrometer de scribed herein 

.• 
as under developii'l:ent, has not been tested. The electrop.ic circuitry for 

·the rise time disc7imination however has been constructed and·operated, 

· usW.g the small 3He tube used by Wang. 
'·-

T.his tube is filled with 1"0 atmos- ·--.-.. , 

·,. 

": 

.· 
. pheres of 3He (no heavy ~topping gas), has only a 15/16 in. inside 

.diameter, and an energy width Eb of only 0. 5 MeV'and an energy length 

EL of 2. 5 Me v16 for protons.)~ The intrinsic. tube efficiency (due to the . 
' I • ' • 

small size) howeve;- .is extremely low, even at these moderate energies, 

and it was not considered that th'e expense of d"eveloping an inversion 

matrix was warranted. 
. .... 

The '••inversion matrix'' for the la;ger tube that is on· order from the 

Texas Nuclear Corporation, ·has essentially beeri completed, and the 

·..1•random. probability program•• (CATMAN) which is.used to generate the 

11 inversion. matrix'' has been completed. · . . 

. Future work in the development of this 3H~ spectrometer could .lie 

.in. some means of electr'onically comparing the rise time of pulses to the 
'· .. 

pulse magnitu·de '(energy) to.de,termine 'if the pulse should b~ 11 gated11 into 

t~e multicl:lannel analyzer •. This comparison feature would be in lieu of 

·a _set value (t~) for·. t~e rise time discri~~ator circuitry, and .would 

enable the registering of those valid low energy pulses which are no'w 
' 

;j\ . ~:~These figures have been recalculated in this .report, since Wang made 
. an error in the density of .3He on pages 87 et seq. _of Reference 16 • 

.'' 
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. . . 
automatically'elimino:ted because their short track lengths cannot.over-

come the ris~ time discriminator setting .. The rise tim·e setting would 

. . . . I 
then be some function of energy, ·i.e, t (E). This improvement would . . . r 

. enable the· spectrometer ·to still differentiate between valid puls'es and 

recoils without sacrificing all low energy valid pulses in the process. It 

seems somewhat· par~doxical that efforts should be ~ade to e.xtend the 

range to energies in.the neighborhood of I. 0 MeV fr.om the upper en~rgies 

when the origil'lal work of Batchelor3 was aimed at extendi~g the range of 

his spectrometer beyond 1. 0 MeV from the lower e;nergie s by eliminating 

the 3He recoils, 

. A subsequent report (J?a:t n}will be writt.en by the Health Physics 

Group_ of the Lawrence Radiation Laboratory, Berkeley concerning the 
. ' . 

actual functioning of the 3He .neu't;ron ~pectrometer, and departures (if 

any) from 't;he predicted operational characte~istics, 

.·· 

'. ,. 
•' 

I 

! 
·I 

\ 

I 
.·I 
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Appendix A. DESIGN OF EXI:'ERDt:ENTAL APPARATUS 

1. Design of'the 3Re prop~rtional counter tube 

a •. Previously.constructed 3He proportional counters. 

The desi~ of the helium-3 proportional counter tube was complete4 

·after an exten.sive search of the technical literature. To aid in the 

selection of the counter tube .parameters, a sununary of comparative sizes., 

gas compositions., filling pressures 1 -and other pertinent data on all 3He 

proportional counters and ionization chambers constructed to date vras 

tabulated (Table Al). The data necessary to complete Table I is not 

·reported., ·bu~ it is apparent that a. variety of heavy monotonic gases and 

stabilizing gases have been employed by.experimenters. Counter dimensi!)ns 

and shapes have likevTise been somewhat· .varied •. 

·b. Lavrrence Radiation Laboratory usage requirements 

'.i.:nis 3He proportional counter ,.,ill ultimately be used for radiation 

surveys by the Health Physics Department at the Lawrence Radiation Lab~ 

oratory. The objective of this counter therefore., is to be capable of 

detecting and accurately evaluating neutron spectra of energies to about 

~4.0 MeV regardless of the n~utron sou;ce direction. It·is likewise 

necessary that the apparatus be ·capable of being readily transported and . . . 

placed in relatively inaccessible locations. The usage requirements thus . . 
consist essentially of: (1) ·4rr resolution, (2) relatively small size.,(3). 

the high voltage requirements remain.witbi'n the capacities of exis:ting 

Laboratory equipment~ i.e. less than 6000 volts (an additional considera

tion that was imposec,i). • 

·c. Design variables 

In the design of a proportional counter, the designer has essentially 

·· five variables that are avai.lable to him, vi.z:·. sha.:pe (geome;try), dimensions 

ot the container (cathode), dimensions of the anode., gas composition and 

pressure, and applied voitage. It is to be noted.that once a design has 

been fixed., the only variable available to the experuaenter is the applied 

voltage. Unfortunately, the five variables each effect the final prop-
' . 

erties of the counter and are essentially inter-related. 

d. . Design parameters 

'·. 
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Phy•lcal Chal'acterhUc• of SHe Propor&lonal Co~o&ntere and lonl .. tlon Chamber• Reporteci In the 'te~t.n.lca1 .t.Uual\f.rt 

e .. chO<lo Anode Elioc• Opera• Gu Eneray •·nun:; Gu Catmo•pheru) at STP £apcrlmcnter, 
,acU\11 racth~t Uv• una m\lltl• r~ao lie Stoppm" a•• StabUlalna a•• Date, 

(In,) (lA.) lenath voltaae pUca• (MeV) To&ol and 

·- J!!!J..; (voiU) .l!!!!.... C)Jie) A Kr Xs co, . cu. Na Preuure Retu•eonce 

I, J 11,0 0·1,0 ,071 1.4J I,U R. Batchelor 
(,0071) (19SZI Rcf,l 

I,OUS .ooz 4. 79 ZbOO -10 0·1. z 0, lSS Z,lo ,OUT z. so B~tchelor, Av••• an4 
(0, lSSI Sl&yrme(I9SSI Rot, ) 

1,9U .oou s. Sl oooo. O•S,O u.occ) 6·10 6·10 Bloom, ReUly, an4 
8000 @STP Topple (19SS) Ret. 1 

I,06U .ooz 4,79 uoo -lo o-z. s I, lSS 4, 46 ,0066 5,14 Batchelor ancS 
(l,lSS) Morrhon(l960) Ret. • 

0,9)75 ,OOZ 9.00 0-17,5 (0, 976) . 4,0 ,0418 5. oz A. R. Sayr11 
(O,OilU) 4,U t ous •• )Z (1960) Rei, 5 
(0, 99Z) 4, 0 ,0411 5,0) 
(0, OSOI) 4,U ,04U 4, )~ 

o. 980 ·,001 6,00 1410 4•1 '1',0 (1,09) •• so ,0106 s. 60 W.K. Brown 
(190:) Rei, 8, 9 

o. 480 ,001 4•U -uoo (1·10) tmall 1·10+ MUh, Caldwell, an4 
amo\AA' Moraan(l?Ut Ret. zs. 

Wona(l96ll Rol, 10 

0,480 ,001 6,0 .,.1900 (Z) 4,0 tmaU .. ·TeKu N\lclear Corp, 
amowa' (19641 Rei, Z6 

0, 480 ,00) ZIOO (10) ' 10+ J. L. Frtede• ancl R. J;. 
0,480 • 00) no (2) : ' Z+ Chrleft (19641 Rol, II 
o. 460 ,001 1050 (6) 7 6+ 
O,liU ,006 5000 (9, 71 0,) 10 
O,)IU ,005 5000 (9, 7) O,l 10 

z.oo .004 u.o 1,1 11.0) •• o ,01 5,01 Sayre• a.ncl Coppola 
(1964) Ref, 10 
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·Type Co\&n&tr Cathode -'node EUec• Opera• 
C0\11\\er ehape radlu1 r•dl\lt ""' lll>l 

(II>, I (In,) hnatb voU•a• 
(tn,) (volu) ------

Pl'op. Cyl,. o.uu .oou 10;0 4000 

0,4J7S .oou 10.0 2500 

0,4)75 .oou 10.0 sooo 

o.4ns .oou 10,0 4000 

O,fJH .oou 10.0 1400 

0.4)75 • oozs 10.0 750 

O.UH .oou 10.0 1000 

O.UH .oou 10.0 zooo 

O,HH .oou 10.0 JOOO 

o.•n1 .oou 10.0 4100 

o.u11 .oou 10,0 4100 

o.uu .001 6,0 . 1000 

"" Cflo ,..I,JU ...0,14 t.u 6000 

loa Sphoro ,, 94 0,191 "·"· 
loa 8phel'e' O,JII ,0197 ' "·"· )1600 

'•''•. 

·' 
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TAB.U: 11•1 (cool,) 

Coo Eneray FUllnli Gu J•tma•e:hcore•l at STP i:lf.perlmeD\11'• 
mulU• ran&• Ito Slopping ~;at St.abUlalna 1•• Da.te, 
pUc a• (MoVI Tolal on4 
tlon I'H•I ·A Kr X. COz CH4 Nz p, ••• ~.~ ... Referenc• 

uo s. s 0.61 6.11 o. K. ll~rllna (7 I 
(196S)IIel, 19 

II I>.S 0.611 6.11 (?) 

9J 77fl 1,00 10.02 

41 11.64 o. 61 u.u (?I 

Jl s. 801 0, JOS 6.11 (7 I 

1,0 s. 9J ~~fl1 6. S9 (?I 

I, Z . f; 7' ~~t~' 6.59 

z •• s. 9J ~~ri 6, 59 (?I 

I f;?' ~~r~~ 6, S9 

u firs ~~f/ 1 6,19 

)90 8, 71 
(7 I 0,91 t.61 

100 f;?Z t.n. 
' 

z.' ••• 0,07 •·n Freeman aa4 Weat (Z, 7) . 
(19UIIIol, 1 . 

O,l•loO 
0, •• ,,. o. Ill J.OI :>:, P. Olaako• (0, 461 

(19UIIIov. U 

0, z.o •• 2. 1·4 1,1·4 0,1•0, 16 t.l•lt A, 1. Abnmo¥ 
(19SIIIItv. U 
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In ad.d1 tion 'ifo the three usage requirements 1 there ... exist several 

'. mechanical and electrical r~quirements that the counte.,._ 'must fulfill. 
~).. . .. 

These requirements are : 

(i~ To tuifill the 4~ requirement, the filling gas must be capable of 

·completely stopping maximum energy product particles Within the active 

volume of the container. 

·. (2~ · The ,.rall thickness of the. container must be sufficient to contain the 

· filling gases under pressure. 

(3~ The gas fillings must not provide competing reactions that can be 

mistakei1 for bona-fide events. :Recombinat'ion.. .snoU:ld be min:tma:l .. 

' 
·(4~ Gas multiplication to some degree is necessary to overcome electrical 

noise, and to bbtain independence from.the reaction site within the counter. 

(.51 "Jitter-time" (the time it takes for an ~lectro1;1 at a point on the 

cathode to migrate to the anode) must be relatively small, and within the 

resolving capaoilities of the associated electronics. 

(6·) Electric field distortion must be minimized, and field gradient at 

equal distances from the anode should be equal. 

('7·) Electrical breakdown and "Corona discharge" must be eliminated. 

e. Effect of design variables on design parameters 

The changing of ·.any design variable has a profound e:f':f'ect on the 

design parameters. The interdependence ?f the parameters to several 

variables makes any proportional counter a compromise. The changing of 

·. the variables has an effect upon the parameters as follows: 

,, . ·, (.1·) Shape ·(geometry)--effects: 4~ response; field gradient distribution 

. \ . 

' ' 

(thus "jitte.r .. time" ); space charge distribution. 

(2J Dimensions of the cathode--:-effects: amount, :pressure, and composition 

of .the :f'illins gas; field gradients. (thus "jitter time"). 

(3.) Dimension of the anode--effects:_ field gradient (''jitter time" and 

gas ~plification); corona discharge. 

(4J Gas compos~tion and pressure--effects: stopping power; jitter time; 

gas amplification; competing nuclear events; relative cross sections of 

the composite gas. 

. r ~, 

l 
!' 
i 
I 
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. {'{;) Appli~d. v~lta.se··-et'tects:. · f:t.~id gracl.i~n_t . ( ~hus 
' .•.. ' .. , .. inuitiplication ); :corona effe'ct. 

jitter time. and gas 

. . ··: ·f.· ·"Selection of the appropriate design variables 

( l) ·The ·~eometry selected 1-ro.s a cylindrical proportional counter. A 

··cylinder vro.s selected instead of a sphere., due to the adverse ·effec'c of 

· a concentration of positive space charges near the anode after the occurr• 
,J . • • ' , •• 

. ence of £s'8.S multiplication.. . H~hile ·t.his condition li_ke1•.i.se e~i ts in a . 

cylindrical proportional counter, the space charge effects are distributed 
. ' 

. ;....,'. over the length of the anode vTire and a,re not concentrated at· a single 

. ·.~· . 

point as in a spherical configuration. It was also considered that the 

:· · :resolving time lag :vrould be less (thus the counting rate higher) and 

·multiplication more uniform in a·cylindrical chamber. This selection., 

··-...... ~. 

.· ., \ . . . 
·however1 necessitated so~e sacrifice of the 4n response of the proportional 

. . . 
·. counter--a· deficiency. that ws partially overcome by in~reasing the gas 

. ' . · .. 

•·. ·, pressure. The field gradient distribution is radial along a central axis· 

,, . ·.: ·:·' . 
.in a cylindrical tube, excep~ ne~r th~ ends., instead of a direct radial 

distribution as in a spherical chamber ... The.end distortion of the field· 
~ . . : .. ·. 

.... 

~ ~ . ·ir .. ,. 

t:·· 

''-. 

-:~~- .. :' 

.... ·""'·. 

. _ . .'; 

· grad~ent of the cylinder can be. eliminated, hovrever, through the use of 

·.appropriately designed field tubes. 27 
·. ' 

·(2} The dimensions of the cathode .were arbitrar~ly selected to be·a maxi-

mum outside radius of 2.0 in. and an aptive length of 15.0 .in ... These 

. dimensions :Were considered to be abo1,1t the maximum that '\-Tould meet both 

the ~ortability requirement and still maintain a reasonable field gradient 
. ' . 

(thus jitter time) near the outer portions of the tube·•s .radius. It is. to . 

be noted that· the tube size, which has been dictated by pract.ical considera-

tion likeWise limits .selections of the amount~, pressures, and composition 

. ,. ;: of the filling gases. The thickness of the cathode wlls is determined 

by.the filling pressures. 
l ,: 

·(3) Gas composition and filling pressures. 

· (d.a.) The gas compositio~ must be.such tl1at: 
. . 

(3.a.l) The reaction particles from a 14.0 MeV incident neutron will be 

stopped in a diameter ... of tlie. cylinder. This Will to a certain measure !'•. 
. ·. ' 

restore a portion of the 4te geometry. resolution •.... 
. : 

(3.a.2) The electron migration through the gas mixture should be sufficiently 



. ·. 

-. 

. ~ 

~~ . 
·~ 'I; 

·'• . 

... 

. . ·rapid that extre~elr long jitter-tim~·s are not ··encounte.red • 

(3..a,3.) Competing nuclear events are minimized. 
. - '\ 

·,(3 .a.4) A stabilizing gas be employed to absorb photon :produced from 

· · bremsstrahlung during gas multiplication and to prevent spurious :pulses • 

. (3 •. a. 5) The gas multiplication (~o1hich is a fupction of the :pres~_~re) be 
. sufficient to provide a :pulse that ·is both proportiQnal to. the en~rgy. of 

the incident neutron and suffi.ciemt to mask electrical noise. A gas 

~ultipi~cation Of at least 10 is considered desirable. 28, 29 
. . . ... 

, · (3. b.) The selection of the gas composition was dictated by several· . 

·.: ·: · . ,. factors • 

. . ·.-(3·.b.i) .Th~ cr;ss: section of··the. 3H~(·n,p)T re~ction decreases by a f~c~or 
' . . 18 . • . 
·· of 10 for neutrons· at 0.1 MeV to 11 MeV. . It was decided. that some 

compensation for this-decrease in.cross section should'be made if neutrons· 
' . . . . \ 

· · ' ~· · · · of ~i~er e~ergies · are to. be detected in meaningful .numbe~s. This .. 

..... 

reduction in efficiency at h1Sher energies is likeWise· compounded by the 

. fact ~hat since .the higher :e~ergy product particles Will travel further 

·· ·. in the ga·s medium, their chances of intersecting a wall are increased 

and thus the probability of the production of a fUll energy count is 

. decreased. It Wa.s considered that two atmosph~res·· of ?He would compensate 

somewhat for this loss of efficiency at ~gher e~~rgies. 

(3.b.2) Helium-3 is a gas With relati.vely low sto:p:ping,power for charged 

particles. A heavy monotonic gas must be added to insure that the charged 

· ...... 

:. particles stop within the diameter of the cylinder. Previous experiraenters~ 
.. ' . . ·--. 

'• 

have used argon, krypton, and xenon for this purpose. .Argon ws rejected 

in this design for t1o10 reasons : First 1 the pressures of argon necessary 
. . . 

to stop a charged particle are greater than those of either Kr or.Xe for 

the same energy. Secondly, the A(n,a)s33 reaction becomes significant · 

·above about g.2 MeV. 2130 Pulses due to this reaction can be removed by 

rise ~ime discrimination, but .the reaction data is incomplete and at 

· higher ener~es ~n argon (n,p) reaction occurs •. The disintegration cross 

·section at a single energy of 14.0 MeV has been measured for argon, ,.· 

krypton, and xenon and found to greater ·for argon than- either Kr and Xe.31 ~ ... 
(The _disinte.gration particles produced are not however identified in 

reference 31.) · 

~enon.was likeWise rejected due to the. uncert~inty of tpe type of 

I 
~ l 

.I 

'i' • 
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disintegration pa.rticles produced., and absence. of data. concerning tl:le 

disintegration cross sectio~ at intermediate enersies. The rejection 

of xenon was difficult since the heavier of the no'Qle gases "rould have 

tequired s~ller filling pressures tr~n either argon or krypton. 

Krypton was thus selected to,be the "stopping gas". Unfortunately, 

krypton likeWise has a disinteeration cross section (tentatively identified 

·as . an (n 1 p) reaction by Shamu32 ) "~>Thich produces a s~attering of dis integra.~ 
. tion particle energies over the ent~re energy distribution, the main portion 

_lying.in the 4-8 MeV region.3l,32 · No attempt will be made to remove the 

protons produced from krypton disintegration from the resultant spectrum 

d'l,le to the uncertainty of their energy distribution.· 

Having selected a helium-31 ltrypton mixture. it wa~."necessary to 

determine the appropriate filling pressures. This wa~-·accomplished by a 
e 

trial arid error method of computation based upon dete'l1riining the length 

of track of a proton haVing the energy of the average cosine of scattering 

·angle. (Lab System)from a 14.0 MeV incident neu~ron. When ·the length of 

track was equal to the radius of the cylinder, it '-ras considered that the 

pressure requirement had been met, and that a configuration that could 

.approach the desired 4~ resolution bad.been accomplished. It v~s found 

.that 10 atmospheres of krypton p~us 2 atmospheres of 3He met this 

condition. 

(3 .• b.3) A stabilizing gas was considered essential and 0. 5% co2 '-ras 

selecte.d for th~s purpose. Carbon dioxide was selected in lieu of metr..a.ne 

. which has been successi'ully utilized by Batchelor13 Freemat) and West 1} 

and Sayres10 in their most recent counters. The reason for this cr..a.nge 

is that our. counter is designed to evaluate neutron spectra to 14.0 MeV 

(considerably above the energies ·evaluated by preVious experin1enters) 1 

and it ,.~s considered that the introduction of a source of additional 

recoil :protons ( fl.~om the methane) in·to tl'le tub~ would :proVide unnecessary 

coml'licatione--especially in vie'" of the additional proton background due 

to the krypton disintegra~.;ions ('vhich was not a problem at lmrer neutron 

energies)~ 

(3.b.4) For comparison purposes, the cross-sections of the various gas 

reactions are plotted in Fig~ Al as a function of neut.l~on energy. The 

cross section i'or the co
2 

was obtained by adding t?e energy dependent 
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Fig. Al. Neutron Reaction Cross Sections 
. . . 

Source of Data 
(1) Calculated from ff T(E) carbon + cr ~(E) oxygen (Ref. 33) · . 
(?) Ref. 34 J. · · · · 

(3~7) Ref. 18 
(8) Ref. 32 
(9) Ref. 18 
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total cross section of carbon to tWice tlle total cross~ .. section of oxygen. 

. ) 

In addition, 8: relative plot of the cross. sections is'~reoented to display 
"i .. 

the co·llision probabilitj,.es "seen" by a neut;ron as it enters the tube 
.. 

(Fig. A2). It should be noted that. the disintegratiqn eros~ section of 

the krypton at 10 atmospheres pressure becomes a factor of raa.jor con

sideration at. higher energies 1 and probably 'Hill deterrnine the upper 

energy limit of fu~"ther refinement· on this type counter. 

(3. b. 5) The dimensions of the· anode •:we.re ·.now considered and sevexal .~pplied 

voltage and '\-Tire size combinations i-Tere attempted. Jitter time •·ra.s 

·'calculated by use of a "•reighted" electron ~obility facto;1.4 (presented on 

p~ge 19 ) and found to vary from 18-22 ~seconds for applied voltages of 

6000-5000 volts. The gas multiplication "t-ras calculated fl~om extrapolations .. ' 8 ' . 
. of Bro•m 's data and found to be approximately 10-15 for the a";Jove range 

of. voltages 1 using· a 3 mil diameter vlire. .The jitter ,time is considerably 

longer than desired, but ipcreasir).g the Wire size (for fixed cathode 

dimension and filling pressure) decl~eases the ~ras multiplication and does 

not appreciably decrease the jitter time in the voltage ranges considered. 

The jitter time is relatively insensitive to changes in applied voltages, 

··therefore if we seek to reduce the jit"~Jer time, the only feasible method 

.is to reduce the diameter of the cou~ter and increase the gas filling 

pressure. This alternative is undesirable since an increase in gas 

p:r:essure would increase the relative. disin~c.egration cross section of the 

krypton--a problem that is already larger than negligible proportions.· 
·' 

.(,3.'b.~) We must theref?re accep"c. the fact that the·counter "tdll be 

. comparatively ~low, and design the electronics accordingly. 

, ...... -. 
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2.. Design of the Associated Electroni,c Components 

a.·. Design Parameters 

The.electronic components of the·3He propo~ional counter must be 

designed to meet several requirements. The rria.jori ty of tbese require

ments are common to proportional counters in general, hovrever there exist 

several unique problems associated _,nth the broad range of rise times 

of the pulses (essentially 3-22 IJ.Sec is our region of intcrast). The 

design-parameters include: 

(.1) The pulse prod'\lced by an ionizing event must be linearly amplified 

and be capable of accurately portraying the energy of the ionizing event. 

(2) _The electronics must have a low signal to noise ratio. 

(3) The high voltage supply must be well stabilized, since variations 

in the high voltage Will cause a direct variation in the pulse height. 

(4) The electronics must be capable of distinguishing be~ween a desired 

event and an undesired event (recoil). 

·(5) The electronics must be sensitive to the relatively large range of 

rise times, and to- accomodate pulses that vary in both energy and rise 

time. 

(6) Provisi~n must be made to p~rmit variation i?.:· the high voltage. 

supply, the counter. field tube settings, the rise. time discriminator 

.se~ting 1 and·the time constants of the double differentiating network. 

b. Electronic design -' 

_(.1) A block diagram of the electronics arrangement constructed to meet 

the above parameters is ·indicated below·. The basic arrangement of 
10. components is si.lnilar to that described by Sayres and Coppola i~ith the 

·, exception of a new Peak Sampler Unit and a Time to Height Converter Unit 

which were designed and constructed by Nr. R. lv!. Brown of the LRL Physics 

Technical Support Group. The purpose of the Peak Sampler Unit is to 
. . 

provide a gating to the Multichannel Analyzer at a time when the pulse 

has reached its maximum value. 

(2) To explain the operation of the e'lectronics 1 consider the formation .of a 

pulse.in:·.·.the proportional counter as the result of a collision of a 

neut~on with one .. of the contai~ed gas molecules ( 5ire 
1 

.Kr 
1 

co
2

). · The · 

_,~ __ , 



\ 
\ 

..... 

.. 
·: 

'. i . 

. ! t 
.. 

,. 
'~--

·'-
. ·' 

·~;~. 
J.' 
·~ ~ I• .. , 

. •. 
I \" · ...... 

-98-

' 7\ Charge- ~ \ 

+ \ . 

~) sensitive I ~ I preampli.fier 
/ 

·· . . . 

Time-
Double- Rise Start 

to-
differentiating ~ "time Stop ~u~se-

network discriminator e1ght 
converter 

·. 

Peak Single- . 
sampler channel 

unit analyzer 

Multi-
channel. 
analyzer .. 

loo.\U .37195 

;· 
,•· ::. . . . .. ~ .. 

·~ig. A3.. Block Diagram of Electronic· Comp~nent.s for 'Rise-T.ime 
Dis~rimination · · 

.. . 

/ 

·I 
I 
' 



... 

•. 

. . 

. ' 

. ' 

. ~ . 

• 1\ 
. :~ 

1( . . 

.. 

-99-

collision· may. result in either a desired ·event, i. e. disin'~ec;ration of · 
7. 

the ~He nucleus 1 or an undesired event--the production of a recoil. 

(2.a.) The electrons tba'~ vTere li'bel-ated as ·~he ch::n~ged pa::.~~icle (s) 

transit the gas are accelerated by the electrical ficid gradient and a 

. charge is deposited on the ·anode. ·.The :size of tbe cr.arge is dependent. 

UJ?On the ener&ry of the particles tba'~ are stopped within the cas medium, 

and the amount of gas m~lt~plication in the area surrounding the anode. 

(For gas multiplication above about 10, the energy spectrum is undistorted . 

by the position of the ionizing event Within the tube29 providing, that 

saturation of positive ions· in the sheath surrounding the anode ras not 

been achieved. ) The electrical pulse begins to accumulate '\·Then the fil~st 

·eiectron reaches the anode, and reaches a maximum when the last electron 

finally arrives at the center 'Wire. Depending upon the type of event, 

the initial energy of t~e incoming neutron, the radial. distance from, . ' . 
. . arid. ·the resulting track orientations ,.TiJ~h respect to. the anode, this 

charge build-up ·period may vary frorn a fraction of .a micro second to as 

much as 22 IJ.Seconds for a given voltage gradient distribution '\·ti thin the 

counter. The. actions of the follovring component units begin vThen the 

first cr.arge begins to appear on the anode, and continue until all the. 

· .. · ·c:harge has been collected. 

(2.b.) The incoming pulse is amplified through a charge sensitive 

Preamplifier and an Amplifier. 

(2.c.) The pulse is sent into two parallel channels after leaving the 

Amplifier~ One portion of the still rising pulse is sent directly to.· 

'the Peak Sampler Unit '\-lhere it accumulates to a maximum--at '\·rhich time . . 
it is either 11 gated11 into the Multichannel Analyzer, or is discarded. 

(2.d.) ~e· other portion of.the pulse is sent to a Double Differentiating 

Circuit (figure A-4 )·where an ou.tput pul~e is obtained whose duration is 

dependent upon the rise time of the input pul~e. (As an approximation, 

the output pulse from this unit represent the 11 rate of rise time 11 since 

simple RC circuits ·are not true different:i,.ators. ) The time behreen 'base 
I 

line cros;sings of the doubly differentia'~ed pulse is thus related to tl1e 
• I 10 • :,'~;'. 

rise tm.e. The exact·relationship betw-een the differentiating time 
. I 
constant~ and the rise time is not critical since 'We are only interested 

in setting a discriminator value which eliminates -all pulses havinG a 
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rise time less tba.n a predetermined value, and retainin3 those tt.a:~ :ba.ve 

a rise time greater tl~n this value. The calibration of the rise time 

circui"cry is accomplished by utilizing a signal genel-a"co:c vrith J?i.llses of· .J 

knovm rise times. The shape of the input and'output pulses are· shovm on 

Fig. A-4. The differentiating time constants are equ~l to each· other at 

.·each of the three settings (1, 2, and 5 ~sec), and can be va~ied depending 

upon the desired output. The coun:ter normally operates vrith the differen ........ 

tiating time constants set at 2.0 ~sec. For an analysis of loi·T energy 

spectra, the differentiating time constants are set at LO IJ.Sec 1 and at 

the higher 5.0 IJ.Sec time constant when "\ve .are primarily interested in 

the higher end of the energy spectra .. 

(2~e.) The output of the Double Differentiating.qircuit is directed to a 

unit called a 1~Pulse Height Discriminator11
• The purpose of this unit is 

to convert _the input pulse to a square wave, and frqm this square vmve to 

generate a 11 start pulse" and a "stop pulse 11 ·as the input double differen

tiated pulse crosses the zero potential axis. The electronic arrangement 

for this component is show~ in Fig. A-5 along yith the circuitry nece$Sa~ 

.. to produce the 5 volt bias source. 

(2.f.) The "start pulse" arid the "stop ·pulse 11 are then directed to a 

.Time-to-Height-Converter unit. A block discription and a pulse formation 

diagram is displayed in Fig. A-6. • The "start imls.e" sets the Bistable 

Multi vibrator thu.s initiating the ramp generator (consisting .or' a constant 

. ·current source charging a capacitor). The charging process continues 

until. it is stopped by the action of the "stop pulse" •. .-The "stop puls~"· 

is fed into a Monostable Multivibrator which produc~s .. a 2.5 IJ.Sec output 

pulse. This pulse turns off the constant current sou~~~ and thus· 

terminates the charging process. The height of the ramp at the point 

where it is terminated determines the height of the 2.5 ~sec vride output 

pulse. The capacitor is rapidly d1scharged1 and the Start Multiv:t,prator ~. ~ 

is reset for the next pulse. The output of the Time-to-Height Converter 

is thus a p~lse . of magnitude such tat 1 t is directly related to the zero. ' 

cro~s of the double differentiating, circuit output--thus directly 

related to. the pulse rise time. 'l'he pulse vridth of 2. 5 IJ.Sec is of no 

significance other than a convenient vridth for the follouing co~ponents • 

. A circuit:diagram of the Time-to-Height Converter is shown in Fig. A-7· 
' 
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FIG A7 ELECTRONIC CIRCVITRVt TIME TO HEIGHT CONVERTER 
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' :(2.g.) The output of the Time-to-Height Converter is then sent to fl. 

Single· Channel Analyzer (Fig. A-8). The Single Channel Analyzer can be· 

set to accept all pulses .above a certain heiGht (time) or to acc·ept 

·. pulses on a vrindow basis. The analyzer settings are adjustable. Numbers 

on Fig. A-8 refer to standard LRL drai·Tings • -x- The Single C'rJannel 

·Analyzer produces an ·output pulse only if the input amplitude is within 

the Window setting • 

. (2.h.) The output pulses of the Single Channel Analyzer (rj_se times . 

Within desired ~nges) are then passed to the trigger input of the Peak 

·.Sampler Unit (Fig. A-9). The original pulse has been building up to a 

inaximum and when. the 11 trigger signal11 arrives from the ~ingle CJ:l.am1el 

Analyzer, the pulse is gated into the Nulti-Cr..annel Analyzer~ ·If the. 

~.'tr:i,gger signaln·<.does not enter the Peak Sampler Unit. ,jhe pulse is led . ,...__ 

to ground. 

., . 

. ·' ·,· 

* Data on the units of Fig. A-8 can be found in Reference 35. 

,. 
_::,.' 
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Appendix B. Nuclear Reaction Dynamics 

.. 
. ' 

Consider the. gen.e~l case of 8: particle of ll'.ass m
1 

and · ·v
1 

colliding. 

~th. a particle. of mass m2 assumed to be at rest. . Particle, m2 absorbs 

the colli~ion. After the ·reaction, particles ~.and m4 With velocities . 

v:3 and. v4 leave the reaction site at angles 61.. and ~~ L respec~ively. . 

Utilizing non-relativistic dynamics, the laborato~ system of coor~nates, 
. \ 

and mass numbers of masses, vre can vTri te the three general equations for 

the conservation of momentum and energy. 

a. Conservation of MomentUm: 

(:!3 .. ·1) 

(B-2) ·.·: .. _ ... 

'· 

b. For the Conservation of Energy: 

'(B-3) 

where Q. is the energy equivalent corresponding to ·the mass difference. (in 

non··relativistic particles) bet,-Teen· the initia.l.ma.sses (before .collision) 

·a.nd the resulted masses (after collision). i.e. 

(B-4) 

Note that ~may be positive or·negative. Q values are tabulated 

and are readily a.vailab'le, or ma.y be calculated by using Eq •. (B-/.J;) 

.Equations (:B-1), (B-2), and (B-3) may also be vrritten in terms of 

energy by making use of the relationship E = ~ mv2 ?!_ .. mv =J2 Em 

. ~ 
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Thus equations· (B-1) 1 (B-2).1 and (B-3) .(after clearing of the 

constant ,[2 factor in Eqs. (B-l) and (B-2)) becomes: 

.. J m1 E1 = Jm3 ~ cos S~ + J m4 E~ . cos lJi L. (B-l.a •. ) 

(B~3 .a:. ) 

. . '( . 
. . 

Ip the following analysis 1 w·e shall work With ene~.gies rather than· 
. . . 

velocities. Note that by the simultaneous solutions~~~ the above three 

equations 1 we may eliminate any two parameters. 

\ 

Case I Sinrple Scattering 

Let us first consider the case of si111ple scattering Wherein m1 =- m
3 

·and m2 "" m4 • It is readily seen from Eq.: .(B-4) that in this. case Q =· o. 
It is desirable to derive an expression for the energy imparted to the 

stationary target m2 .in terms of the incident particle energy. l-'.18.ki.ng 

the. above mass substitutions .into Eqs;.:;(.B."'l.a.) S~nd (B-2.a~) transposing 

:. the last term of Eqs. (B-l.a.) and either term in (B-'2.a~ )1 squaring 

both equations and· adding we . can eliminate the angle b '- to obtain 
' . . ' .·· 

Splving Eq. (B-3.a.) for E
3 

and substituting this value into the 

above relationship 1 ope obtains: · 

or: 

cos o/. . 
. t.. 

w ·. 
cos i 1.. 

.. 

\ 
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t. ,. 

squaring both sides and solving for E4 yields: 

4 ml m2 2 
E4 ·= - E1 cos o/ l.-. .· c:nl + m2/" 

Therefor~, the energy of the recoil particle is dependent,upon (a) 

. · the masses the incident particle and target particles, {b) the energy of 

the ·incident particle, and (c) the scatte•ing angle the target particle 
. -

makes to the ·direction of the incident pal~icle. For a rraximum recoil 

i~ is obvious that a head-on collision ('c.:Jt.. = o)vrill ~p~rt tne maximum 

energy to the recoil particle. 

Our counter is designed to analyze neutrons of energies approachi~g 

.14.0 MeV. It is of interest to determine the maximum energy that can be 

imparted to a potential recoil. particle. In this case, let us assume 

. that ~t- = 0. Using the atomic masses of the neutron·· and the Helium-3 

nucleus, and the chemical atomic weights for krypton, carbon, ~nd oxygen 

respectively, we can substitute these values into Eq. (B-5) to obtain:· 

V~ximum Recoil Energy 
General for 14.0 MeV neutron 

1. 'E .3He 
max recoil 0. 75 EN ' 10.5 MeV 

2. E · carbon recoil 0.284 EN 3.95 MeV max 

· 3. . E~x oxyg~n recoil . 0.222 EN 3.11 MeV 

4. ·Emax krypton recoil 0.0466 E . N- 0.65 MeV 

· Case II - 3He ( n, p )T reaction 

In the case of the 3He (n 1 p)T reaction we can write the equations 

·for· conservation of momentum and energy as follows: Let us identify m
1 

and E1 as a neutron having xr.ass of unity and energy EN; ;mass m2. vrill 

be ~he 3He molecule having a mass of 3; we shall designate m
3 

a.s the 

, triton. having a mass of 3 and energy ET; the proton having a mass of 

. uni~y will replace m4 and vrill have an energy Ep· Making these substitu-· . 

tions into _Eqs. (B-La. L (:B-2.a. ) 1 and (B-3.a.) yields: 

J EN = "[3E; cos b L + j"ip cos o/ ~ (B-l.b~·) 
,, ·. 

.......... 

! 
I 
I 

:. \ . I 
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. ' + r:;;- sin "i r.J . .L!ip L. '' 

E+O =E+E 
N . Jo 1 P T P (B-).b.) 

It Will be o:f' interest in the determination of rise times :f'or us to . 
have an expression ~or the angle .a..:between the proton vecto.r Ep and the 

.. ·tJ;'iton vect;or ET .. This e::c:pression cS:X: be obtained by squaring Eqs. (B-l.b.) 

and (B-2.b.) and adding the two equations., T!li.s yields: 

.r EN= .3 ET + 2J 3 ET EP (cos '\J~ cosSI..- sin'¥'- sin·cS"L) + Ep 

• Re·cognizing that the bracketed term is equal to: 

cos aL. · · 1 we can. solve for cos al.. . _ 

The solution o:f' equation (B-,3.b.) :f'or EN ~nd the subst~tution into 

. - the expression :f'or cos a~,.· yields; 
(~,p + 2ET) 

COS-', a = - .:.-~==~:-
L 2 ./,3 E E 

V T P 

·Note that ai..iS al"Wa.ys obtuse· since ~ · is a. positive quantity. ,p . 
Q . = 0.764 NeV n,p , . 

(B-6) 

·The· sin aL.Will also be o:f' interest in ?ur computations. This can· be 

. easily derived using the P:ythagorean Theorem. to produce .. 

' Ji~E ( 2 E - E ) -Q2 

i 
T P . T n,p / sna:: · -· 

. 2 /3 ET Ep ,, ~. 
J 

(B-7) 

Case.III .3He(n 1 d)D Reaction 
'J 

~ !n a. dueteron producing reaction, let us identify the general case ,t' 

' , .as f.'ollow.s: , EN ~~d 'unity are again substi ~uted for E1 and m1; m2 is the 

.. ;He molecuie of mass ; ; EDl and mass 2 are assi!?}led as E3 and m
3

; and ED2 

-- .. 
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,: I 

:. an~ mass 2 are ~tilized' for E4 and m4• .Substittlotion of these values 

into Eqs. (B-l.a. )1 (B-2.a) 1 and (B-3.a.) yields; 

'[E;' s: . l/ . . . . . E = 72 E._ cos L. + \./'2 ED2 cos l '-· 
\i N ~ -Dl \ 

(B-l.c.) 

(B-2.c.) 

· (B-3.c.) 

'toTe are again in~ere.sted in the angle aL. bet~rec:n ·che two· deuteron 

vectors. Proceeding as in the previous case we find that 
E -2E -2E 

I'V . N Dl D2 
cos ...... = -:--:=======::::----

. '- . \_/ EDL. ED2 

Solving (B-3.c •. ) for EN a~d substitution 

- (~,d + ED2 + EnJ.) 

into the".value for cos' aL 
\: . 

. J 

cos a= (B-8) 
4J EDl ED2 

'' ··· · Note that if Enl + ED2 o: ~~d (:Which is negative), then aL = ~· · If 
,. . . . . 2 

. . . Enl + En2 < ~ d 1 a'- is acute; and if Enl +. En2 ') ~ d1 · . a'- i.s obtuse. 
. . , . I. _ . . : I 

~~d, = ·~ 3.27 MeV and. is threshold at 4.36 MeV 

At.th+eshold at.= 0 

The sin of Ct '-. can be ·.determined as in case ~I 

sin a := \/lG ~1 ED2 .. (~,d + EDl + ~)2 

L. 4 j EDl ED2 .. 
(B-9) 

........ 

. 
' . 
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APPEHDIX C 

DISTRIBUTION OF EI\TERGY AIID ANGULAR DEPENDENCE IN SPEERICAL COORDil'rA TES 

A. Reason for the Variation of Cos G rather tnan G in Dctcnnination 

of Rise-Time Probability Function. 

In spherical coordiantes, an element of surface area is determined 

· .as portl"'<lycd in the attached sketch. ·Assl.<rnc a l·aO.ius of unity. 

~ 

~ 
· dA = sin G d ¢ d Q "' -d ¢ d · ( cos . G ) (C-1) 

If we '\-7ish to cover every possible element of the area of the sphere, 

we can see that the differential area is not composed of merely·dG and 

d¢, but dG and sin 9d¢. · Varying just G and ¢ woul;.d place u~due emr.llas:i;s 

on the polar regions where the sine of Q varies slowly With G. Therefore, 

·. '\-7e must vary ¢ and cos g to obtain unifor.m distribution of .the tips of 

our energy vectors over all possible configurations •. 

B. Probab.ili ty of a Lab Energy Particle Having an Energy ~ after 

Interaction. 

Given: A particle of mass .ml with ~~ergy ·ElL strikes a pal~ticle 

of :m.a.ss m2 at rest. . Product particles are m
3 

and m4 .. '-~'1 th added ener&ry Q. 

· To Find: What is the energy of. m
3 

in the LC.b system of coordinates. 

T'.nis problem is similar to the relationships developed in Appendix "B", 

. ho,.rever iti wilt be shown that a.ny distribution of energy of the p:..~ociuct 

' ' . 
·, 



.. 

'. ·'-' 

particles is equally probable within a maximum and minimum energy range. 

Notation: m = mass 

E = 1 2 
energy = 

2 
mv 

P = momentum · = mv 

v = velocity 

f/J = azimuthal angle 

Q = polar angle · 

subscript x, y, z = components of vector quantities in x, y, or z directions 

subscriptl,2,3,4= 

subscript L, em = 
particle identification 

v: Laboratory system 
coordinate system· ·-. . ' em::= center ·of mass system 

· Select:the coordinates of the em .system so that the z axis is along the 

direction o£ 
'./ 

l->12 
vlL 

m2. 

0 

~>I 
.lv2L = .0 

or 

Laboratory system. 

before collision. 

Center of mass system 

before collision. 
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.• ·• E(tot. ·before em}.- Total energy available i~ the em system 

before collision 
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E' .·· . , ... '-
. · (to.t. before em) -
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1 
.2 

1 ml m2 ·~2 

;· 2 m1 + mz ·~v~.LI. 
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E tot .. before em +· Q =- E 

•· ... · ,c,, 
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··m· 
. 2 + Q 

+ IP4C:I 2 

.2 m 4 
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·:p 
· 3 ZL 

... ··. 2· 

' 1-">t . 'p . 
. · · .' 3L ·· 

2 cos . e 
em 
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--::'> I. 
{90-G) cos.¢ ~~-= p3 :~cos = p · · SJ.n 

emt · em· em 
I 3 em 

...-> --->-- . . 
. - . p ... -, 

. 3 em .!OS (90-G) 'sin 
em . ¢ = p ... sin em ,3 .. cm. 

·-"?-. 
= p3 . cos e em 

p3 . .. Y· em 

... cos e em 

em 

"• 
\ 

2·:m3 m
4 

E' ·. m3j·2m
1 

.. E1L 
(m3 + m4) +l~1 + m2 ~ 

. . 

e ¢em cos em 

.. 

9cm sin ¢ . 
em 

I 

--! 

.. 
I ' . ·. 

' i, . . 
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m
1 

1T:
5
, m4 ElL E 1 

(m3 + 'm4) 

Substituting forE' from equation C-2 ·and regrouping yields: 

\ 
! . 

( 

(f:L) A constant value dependent only. ~n the energy of. the incoming 

particle.· 

(h) A variable·tha.t is dependen~.-on the cosine·of the .scattering angle 

9 in the center of mass system. 

In :part A of this appendix, we discussed the fact that in spherical 

co.ordinates,. the parameter 'to va.cy_ to i~sure complet-e coverage 'of a 
. . . 

spherical surface wa~ ·~he cosine. of the polar angle and not the· angle. We 

can therefore conclude that sin·ce the cosine of 9 can vary, any value 
. . . em . 

. is equally probable between -1 and +1. Thus the Lab energy of the product 

particle is equally likely to have any 'energy between, a maximum deten~ined 
. ' 

by cos 9 = 1 and a minimum of cos G = -1 . . · em em 

If m1 = 1, ~2 = 31 m
3 

~ 1, m4 =3 as in the He3(n,p)T reaction, 

equation C-3 becomes for the proton par~icle: 



.' li' ... . . 3 
E = rr E + 
·.TL o · NL 

. ' ' 
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'cos g em 
4 

~ 

~ t .. E1~ + 3~r."L QIJP 

for the triton 

. . ~ 

1' ' . ' ' 

] 

r. Q .p + cos G 9 ~ <+ n, em · r. _ EN:n- + 3 E o · - ..... ..--. '· <+ ~.u rn. n,p 
-~ /' 

'· 

' .. 
The toto.l ·cmorgy in tho Lo.b Gyotcm of coordino.~es ENL + ~~p = ~pL+ETr, . 

1·' .. ' 4 -~,p 
~ 
<J 

l+;/ 
' li:. ' 

Since the scattering angles in the c.m• system are equal and opposite 
·\ 

E +0-=E +0 
· NL ""'n 1p NL n,p 

-. 

If' ~: = 1 1 m
2 

= 3 1 m
3 

= ro4 =2 as _in the case for the He3 (n,d)D 

reaction, equation C-3 becomes for deutero~ 1 

En lL = l (~ + Q,,o) + eos 2 g em v~ ~ +liNt Q,,d 

·Deuteron-=#: 2 is equ\\1 to deuteron TF·l, except tba.t when adding 

'to determine total energy,.· the sigi!l of one of the scattering;.angles 

--. 

(C-6) 

... "!" 
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. . Appendix D~ Derivation of Field StrenGth and·Voltage Equipotential 
Equations for Coaxial Cylindrical.Geometty 

. . . 
,(, . ... " 

E(r) • voltage gradient at any 
radial pozition r. 

V(r) = voltage at any radial 
po~ition r 

rc = radius of the cathode 

0 

= radius of tho anode 

= applied potential to the 
anode 

= applied potential to the 
cathode 

E = -g;rad V 

thus ·\l~ = 0 

' '· 

.Boundary condi tioos : ( 1) V( r a) = ·V 
0 

. 

(2) v (rc)= o. 

in cylindrical geometry~ 

· Applying the B •. C • 

· V( ra) = c1 .ln ra. + c2 = V 0 
(B. c •. no. ·1) 

v(rc) = c1 ~en rc ~·c2 = o (B• c. no. 2 ) 

Solving the .above ~wo equations to determine c1 and c2 ,.,e obtain 
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Appendix E 

Random, Probability Analysis 
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---------------- ...... ~--- .·---- -·--·, -·~··· 
SIBFTC CATI-IAN 
C THIS PPQCRAM OETEtP'IHS THE ReSPONSE OF A PARIICIII AB NEI'IRDN 
C PROPORTIONAL COU~TER ~y MONTE CARLO METHODS. THE COUNTER IS A 

-C~---.lc.Y.!.-I~"'DE.R.-W l-"U'-AN..-AX.IAL. J~.IRE ... FOR. THE. ANODE.- ... !HERE. l..S A .. DEAD .... --·· ... 
C SECTION AT EACH END CF THE CYLINDER hHERE ELECTRONS IO~IZED BY 

· -C ... .THE--PASSAGE ... QF_...A .CHARGED . ..PART lCLE .. CAI\NC LREACH. THE .. ANOCE •.. _.I N _:_ ··-
C THE CASE OF A PARTICLE TRACK THAT ORIGINATES IN THE LIVE PART 

.( OJ: THE CYI INCE!J A"'D PASSES TO-DiE CFllC REGION, Tt=E EFFECT I$ A$ 
C IF ~HE CYLINCER END WALL IS AT THE eCUNDARY BETWEEN THE TWO 

..;C.__ ___ RE.G.1.11NS-_j;Ql~EVER 0 •• A .. J RAC.K .. MI GHL.OR lG INAJ.E. . .4N ... THE .. OEAO ... REG I.ON. ____ -
C AND PASS TO THE LIVE REGI·ON, IN HHICI- CASE IT ONLY DEPOSt'TS 

.-C. ---tENcRGY ... ALCNG .. .THAT PART .OF. _JHE.- T.RACK...lt.rH CH--IS .IN .. THE .Ll.VE. REGION ..... 
C IF THE EVENT DEPOSITS ENER~Y IN THE LIVE REGION IT IS COUNTED 

..;C~---...II~bll--1 -lT..I::H!.tE~C~H All: N E L T H 4T-LO.P.R£S.P.ill.LOS ":" 0 H E ~ERG Y 0 E P 0 $I .I.£.0.......llN I E S S 
C THE RISE TIME IS LESS THAN THE TIME SETTING •. THE RISE TIME IS 
~---..THE--.T.lME . .SEJWEf..N. .tt:E..FIRSL.AN.O . .LASL.ELEC.TRONS . .Hl I.T ING JHE .ANODE ..... 
C THE RISE TIME : CONSTANT X !Rloo2 - RQoo2) WHERE Rl AND 

-C..,_ ___ _;RO..ARE.-.!.Hc- 0 I.S.I.AI'\CES. F ROt-'. . . T r.E ANODE . .Of _T .HE. FAR THE S L . .ANO .THE. .... 
C NEAREST ELECTRCNS. ·THE CONSTANT DEPENCS ON THE PHYSICAL DATA 
C FOR THE (QI!II!TfR TO GENfRfiTc:: .. BllNDOt! FIIENI$ 1 A POINT FOR THE 

·c REACTION SITE IS RANCOMLY CHOSEN IN THE VO~UME OF THE CYLINDER • 
.... C----!.l-i.i:--IH.RECT I CN. OF .. TI-lE-NEUTRON. I.S....AL.SC .. RANO..OML'LCHCSEN. __ .THE. ____ _ 
C NEUTRON COLLISION WITH A HEL!UM-3 NUCLEUS MAY YIELD A PROTON-

..C..-----'-Il<..R.!.-lT.DN.....P.A.l.JLOR .. A .. .OEUTERON .. ~ . ..DEU.TERON .. .P.AlR--. .JHL.CUOl.CE . .l..s....Y-AD.E_._ 
C RANDOMLY AFTER PROPER CONSIDERATION Ot THE RELATIVE CROSS 
C SECTIONS. SllPPOSE PROTON- I.R..l.I.O..'J 'IS CHOSEN. THE DIRECTION 
C OF THE PROTON IN T~E C.M. SYSTEM IS CHOSE~ RANOO~LY. THE 

-C ~>'O""E.li!.T..A-AND--rR.U.CN ... O!RECT.!ON .. .ARE ... HiEN . .L:ET.ERM.lNE.O .. .B.Y • ...EN.ERG.Y .. .ANQ __ 
C ~O~ENTUM CCNSEHVATICN, AND ALL QUANTITIES ARE TRANSFOR~ED TO 

-C T.!:iE-l..A!.l-SY..S.T .. HI •..• _I.J_~S . .NOILPOSS.lBLE-.T.O . ..OETERM.IN.L.l.F_..f...LI.I:iE.lL_ ___ _ 
C PARTICLE HAS PASSED INTO A WALL OR TnE DEAD SPACE, AND IF SO, 
C HOI• "'"CH E"'ERGY IS !CST THE lU.SE ITMF I$ FOliNO, AND IE II IS 
C MORE THAN THE MINI~UM, THE EVENT IS COUNTED. THEN WE START 
C A G A~..B.OM-J:l::.E-aflUJVo.UNG • ...f TC ....... rJE.-US LC.G.S_ .UNl..li. ... THROJJ.GH.O.lH.a. __ _ 

DIMENSION ENERI600l,ERGI600l,ELI600r4),ELLI600,4),EELI6C0,4l,KJI3l 
l , WI S tJ ( 1 0 0 )_..E.LM.All4...)....,.E.LSP....(Al.,..S I .GNP..! 6 0 0 l , .S IGND.L6..C.O l_..&.E.ALR.ll: C.Cl.._ __ 
2 lOST!lOOl,All2l,A212lrA312l,A412l,A512),A612lrA712l,A812lr 
3 CHAN(600) 9(Q!!NI$(6DOo3l,CPITPI6Q0,3l 0 CNORMI600.3leWII SIIlCOl 

DIMENSION TOTALI100l,LCHNI600l 
----tE:..~.C;..~.Iwl I..llli . .A!...ENCL.LA.l!..2.l .... £NER.~.LCHN.l.0 . C.A2.L2).0 . .EAG.l.,.J.A3'( 2 l 1 E I l.,.!A!J..L2.L.El L l , 

1 tA512l,EEL),IA612l,SIGNOl,(A712) 9 ~PAIR),(A8(2lrSIGNP) 
R E A D ( 2 , 1 l N C H A.I'>..S .. ,.lU..A..eS.o-N E.NS..,.U.! E S I o I F .P..1..DLJ:,llJ.I.RN.S s..Y 0 L IS , I I ME • E L Q_w...__ 

1 EH I GH 
\oJR x r E r 3, 1 1 NC HANs, NTfl e s 9 NENS 9 IE rEST. I Fer or, Nil raN s. vm r s. r r ME • ELan. 

1 EHIGH 
1 FORMAT c 5J.S.....U.O .. f...l.O.o, e 1 a • .3,2.F..5....3 .. .E.l5 .... 6 ,_ ___ . ________ _ 

c NCHANS IS THE NU~BER OF CHANNELS• NTABS IS THE N~MBER CF 
c TABIII ATIGNS CF T~"E R.A..'JG.E.-AN1LCRUS.S. SECTI01\LD.A.IA.. NENS lS T.J::I,~:.F __ _ 
c NU~BER OF NEUTRON ENERGIES TO RUN. IF lFTEST .NE. 0 WE PRINT 
c NEARt v A'' 11oaJAPI es AFTER EACH EVENT. IE IEPI or .NF. c liE 
c PUNCH CARDS SUITABLE FOR INPUT TO THE PROGRAM THAT PLOTS THE 
c -4----~R..cE~S..~JIIc.L.I ...~..r~S-NUI.RN.S.....lLI.HLlii.U M.B.EIL.OF.....J,iE..L; .T.RCN.S.J.Q._G_f.N ERAI.E .. _V.C.L.T.S I S 
c 
c 
c 
c 

THE COUNTER VOLTAGE. TIME IS THE RISE TIME SETTING. ANRAO IS 
THe ANODE ~liS CAI.RA.O_l.s_:[J,j£_.C.A.I..EO..C..E...RAD.llJS. CYLENG_l_SJ'~IU..E-
THE CYLINDER LENGTH. YMAX IS HALF THE LIVE REGION LENGTH. PRESS 
IS THe ORESS!JRE. Pf:/11. IS THE PROTON MASS. TMM IS THE TRlTON MASS 

, .. 

... 
. • 
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0~ IS THE OEUTERCN MASS.·. ENM IS NEUTRON ~ASS. ~E3M IS HELIUM-
3 MASS e• vm I rs ONE e1 ecrsnN-vQI I rN ERGS, ENt t~ rs THE f:IAX. 
!NERGY OF T~E CHANNELS. QNC IS THE CEUTERON REACTION E~ERGY • 
ONP r S THE PR.!l.I.lili:::.RllOtLR.E.ACI WN EN.ER.G.Y...__lll..E.M.l.5.JH~lNl11.UM_ 
DIFFERENCE BETWEEN THE SCUARE OF T~E MAX. RADIUS AND THE SQUARE 

_.r..,_:... __ _unE-I.HE...Jillli--RAJ:U.U..LS.JLU:IAL.IELR..lS .. LllY- E I S I ONG __ £ NO UG.H. __ Sl.GNe__ c 
c 

_c 
c 

IS THE PROTCN-TRITO~ REACTION CROSS SECTION. SIGND IS THE 
Of!IIFRON ({fACTION CROSS SECTION 0 RPAIR IS THE PROTON CAN(jE IN 
AIR DATA. THE CROSS SECTIONS ARE IN BARNS 110.••1-241 C~.••2l. 

------~F~NLiuABS- FIOALiAIA~L-------------------------------------------------
ANRAD = .015~2.54 

______ ....JC~U.RA 0 = I •. 9.b.5_<t 2 . 54 
CAT2 = CATR60<><>2 . 
CAIMAN = CATRAD - ANBAO 
CYLENG = 8.5•2.54 
YI/AX "' 7, 5<> 
PRESS = 12.005•76. 

-------~£PRES = 2 
P~M = 1~67248E-24 
TYM = 5 02208E-24 

0~ = 3.34728E-24 
~----~fN,~·M~=~l~-.~4~cE-~24~----------------------------------------------------

HE3M = 5.01976E-24 
FIVOIT = l.60707F-12 
ENLI~ = 15.E6<>ELVOLT 
ERANGE = ENI II-' - 1 0 F6•EI VOLT 
C~O = -3.27E6<>ELVOLT 

. c~P = • 764E6.<>.£.Lv.au___ ----·---· __ 
TFACTR = PRESSoALCGICATRAO/ANRA0)/12.o.72lE6oVOLTS) 
TEMP = 293 
OIFMIN = TIME/TFACTR 
RfAD!2.2l !SIGNP!!l,( = J,NTAe$1 
READI2,2) ISIGNOIIl,I = l,NTABSl 
REA 0 12 • 2 l I R..eAI 8 ( I l , X ,. .. l.....tilA.JiSJ... ___ . ____ -------------------

2 FCRMATIBFlO.Ol 
A I (I) = 0, 

A2(1) = O. 

A7(1) = O. 
AI! 11) = 2 •. ~l.G~e..( l L .. =-.S lGNP-.. t2..L_ ___ ~-------------~--------
SPACNG = ENLIM/FNTABS ' 
SB EC I P = E NJ.ABSLE.N LIM._._ .. ·--·-------·--·----------------
RCHNWD = FLOATI~CHA~Sl/ENLIM . 
r A I I C I CC K I IT [ M I l 
CALL LENGTHINTABS,ENLIM 1 ENER~ERG,RPAIRtEL,ELMAX,FLSP,ELLtEELl 

_c ___ -.CA1.2L"g~.K}PAlli~h·R'iRv_R6.uri'Nerci-·Pifov 1 ce TIM rNG IN FORMAT io-N-.----

____ eu..0 ~~..:..; -.~LD6 ~ R ~~~-~~ 1 ; -~~'L o'AriN-EU-EN-,--;, .. ce H-i-G .. -. ---E-L_o_w ,:-,:-::F:-:-L-=o:-::A-::T:-::17-N-::E:-:N-=s-:-> -:--, ----
~~IEBP = INT!FNIABSaEN/ENLIMl 
PART= lEN- ERGIINTERP)loSRECIP 

---~.l.G..e....:-S.Ui.NP_Ulll.E.B.f'..L.:LJ?A.RT_•JS .. tGN.PlJN.tER~:!:.l.L:-:._SIGN.P_U_ftl!;..B.e_l_._l __ 
SlGD = SIGNCIINTERPl + PARToiSIGNOCINTERP+ll- SlGNOIINTERPl) 

c EN r s IHE... .N.E.UI.BOJL . .E.N.EB.GY. ... __ ,S.I .GP .. I.S._t.t:E. .. e=.LREAC.U.O.N .•. cs .. o . .s . .s_~~~-
c SECTION. PNeUTL IS THE NEUTRON MOMENTUM IN THE LAB, AND PNUTCH 
C T$ IN THE C.~~L~Ctl~~-LS_It~LOClTY OF THE C.M. 
C SYSTEM. ETC~ IS THE TOTAL ENERGY IN C.M • 
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····-·--·-···---·--·· --····--·-···--·--·····--· --··-·· -· ···---···---;-------. -·----·----
SIGTOT = StGP + SIGC 

~~t-~G~P~t~S~I~G~TuQI~----------------~--------------------------
.WTFCTR = .6025•~EPRESo273.16•SIGTOT~C2 .• •CYLENGl•CAT~AN•~.l4159265/ 

. ·------1--······ ··---122400 •. dE~P.) ..• ------···---· ..... -····-··· ·····-- ----··---------------
P~EUTL = SQRT(2.otN~•ENl . 

--'-·--· ... .VCMS Y$ ... = -PNEUTL/.(.E~~-... + .. HE 3M) .... ---·-'·-·-·······-··--· __ ..:._ __ _ 
P~UTC~ = PNEUTL - VCMSYS•ENM 

----1;AU-=--P...AI.U~2 I ( 2. <> E 1\ IJ I 
PHE3CM = VC~SYSoHE3~ 

--..,_.-EHC.l-L=:i.. •. PHE.3CM.Iu~2t..!2-!t.l-tE3M.1-----..,.---·----·----. 
ETC~ = ENC~ + EHC~ . , 

--· ---l.CST.CNEU-Ellll~.::.-0.-----··------ -------·-------·---------------
WTLSTINEUEN) = 0. . 
'·' T $ P ( D' E II EN) 0 , 
TCTAL(NEUENl = O. 

----DC-1-~.L....;;_l . ..-NCHANS.---· ··--··-----------------·------------·--
CHA.N(Il = O. 

---L-l.o-6--l,...lC CN!..I.KU.E..-.--------
t-:EUTRN = 0 

17 
.C STATEMENT 17 BEGINS THE RANDOM GENERATION LOOP (SEE STATEMENT 

__.. _____ -~,.4.0-ll.ELmll .• -- WE.-C.AN-CONS.l.DER ... ALL..EV EN.T S TO DCC:.llR._{Q_THLRl..GHI._ 
c 

-C. 
c 

-C 
c 

OF THE CENTER OF THE CYLINCER (IMAGINING THE CYLINDER TO LIE 
----.l:1H..u.O RllO.N..!..AU..U....S.E.C.AU.s.LOE. ..s::l ~M.E T..R.Y.-11-: I S I S S IMP I E R BE C: A.USE....J.I:if.1ll 

NO TRACK CAN REACH AS-FAR AS THE LEfT END SINCE AT 15 ~EV OR 
I ESS, t\1 I TRACK$ flgc SHCRIFR IHON Y"'AX· TrE fNO \o}t\1 I EFFECT IS 

THEN DUE CNLY TO THE RIGHT END. TO CHOOSE THE REACTION-SITE AT 
-C ----------..llR:.AI\.AN~Ol.l.iOll<IM'--.-L-l.lliN-Jl}I..E......C.Y..U.K.CEJLVDI liME .1-LE....G.I:!COSE !:'P ._!.l::iE_HOR I ZONU._.I ____ _ 

c 
c 
c 
c 
c 

POSITION MEASUREC TO THE RIGHT FROM THE CENTER,. AND R, THE 
Rl\0[ 61 DIS.TI\NCE FROti..J.HE....c.E...'Il!.EL.A.X.IS. It=F REM'IION SITE<: AR.E__ 
NOT UNIFORM IN THE VOLUME SINCE THERE IS MORf VOLUME IN R TO 
RtOR FCR I ORGE R THAN FOR S'·lt\1 I R. SINCE \:If ·' CHOOSY NG THE 
VALUE OF R UNIFORMLY, WE MUST APPLY A kEIGHT·~J CORRECT THE 

~----lD.L..I~.-:S:...lTU:Rui...::Bu..~IILJ.T-L-I!lN. SINCE THE VOl liME IN THE I NTERVAI OR I$ CI R.ECILY c 
c· 

c 
r 

c 
c 

. c 
c 
c 
r 

c 
c 
c 

c 
c 

PROPORTIONAL TO R, THE WEIGH~ MUST BE PROPORTIONAL TO R. THEN 
'HEN ON EVENT IS CCU.N.tFD, WE; ..o.a_N.fl.I.._A.C_C_TO THE PROPER CHAI\NEL 

BUT WE ADD THE WEIGHT. IN ORDER TO CO~PARE THE RESPONSE 
SPECTRO fOR $EllER/\! NF!!TRQt:,! FI\IFBGIES II k'OIII 0 HAVF BEEN 
NECCESARY TO USE A WEIGHT ANVI·lAV DECAUSE TH.E TOTAL REACTION 
CROSS SFCIICN \/ARIES WITH NE!IIR.O!L..£..N£.8GY. WI IS THE HEIGHT • 
WTFCTR IS (NUMOER OF HELIUM ATOMS/CCl•!LENGTH OF CYLINDERl•Pio 
( R A 0 I II S 0 E CY I ! N C F R l C.WLJ?.E.C.T..E.!L.E.Cl.JL.S.CI I 0 A N.OD.E.lllli.O.IAL.C R 0 S S 
SECTIONl. I~AGINE A COORDINATE SYSTEM AT THE REACTION SITE 
HITH Y-AXIS PAR!\! I fl TO rw: f>J\IOOE JINC 7-AXI$ AI 01'\G 0, BAQ!AI 
LINE FRO~ THE ANODE. WE CHOOSE A NEUTRON DIRECTION RELATIVE TO 
THIS SYSTEM BY CHOOSING AZ INI!THAI ANGLE, PHI, AT RAN.O.Oi" AND 
COSINE OF THE POLAR ANGLE, CTH, AT RANCOM. IT IS NECCESAR~ TO 
P l C K I HE C Cl S I N E A..L .. B. .. Mii DC M TO G.f.L...A__illt-...D.B M 0 I R E c..Il.O.NA_....__ _______ _ 
DISTRIBUTION. THE C~M. SYSTEM IS I~AGINEO TO HAVE X-AXIS 
PORAI I Fl TO THE Nf!!TRON QIRECTIQN, 

HP = CYLENG*RGENCUCHl 
R : C/\Tt:'AN-~RGEN(!JGHl t ANRAO 
R2 = RoR 

TCTALINEUENl = TOTALINEUFNl + WT 
PHI = 6 2831853l<>BGENI!IGHl 
CCSPHI = COS(PHil 

\ 
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SINPHl m SI~(PHil 
C U! = 2 •RGEN I!!GH I - L 

STH = SORT(l. - CTHao2) 
-----L-r :o.F .~.-~( RG..EJ'J..LU.G.HL....£.!.£J::!l.l C£L_GD_T.Q_J.8 _____________ _ 

C CHOICE IS THE FRACTICN OF EVF.NTS THAT ARE PROTON-TRITC~ f.VENTS. 
__.,c ____ ~r.<:..E--A.....lli.UKB.E!L .• RAJ\JKJJ.LLCHOS.EN.BEHIE.EN ... C .. Al'..tO_l_l.S.._.GI .. _.C.H.Cl.CL .wE__ 

C PICK THE OEUTERCN CASE. IN THIS CASE WE MERELY SUBSTITUTE THE 
C DE!!TERGN MASS FOR THE PROTON AND TRITCN MASSES A:I;D ONO FCR THE 
C REACTION ENERGY. 

-----"'-P"-tJ _,:;_J?)J...f!___ ______ ._ .• _ -··--·------.. --.. 

H = TMfJ 
a = CNP-__ ~ -----·-·····"-----.. ---.. --• 
KASE = 0 

18 PI' = OM 
TtJ = OM -------------------------
0 = Ql'\0 

·--~ -----·------·--·---
19 PPCM SQRT(2.a(ETCM + Q)•PM•TM/CPM + T~ll 

PHIP - 6.2H3!13531<1RGENillGHI 
CTHP 2.•RGEI'\(UGHl - l. 
STHP - S.QR.UJ._._=_CT.J:.P..~.~2L 
XPCM = PPCMaSTHPaCQS(PHIP) 

___ _,_y Pt:.~C-.~tJ::..-.:==---cPP.Ul..!LSJ.l:!P_~s..IJ\.LP..til.E.l_ _____ -----· 
ZPCI' = PPCI"'•CTHP 
XI'A - XPCI'a$jH - ZPC~CJ~---------------~~----------
ZI"'B = ZPCM•STH + XPCM•CTH 

-----_.6..1!.fL...:_Y..l\s..C.QSP .liL:::._'i.2.Cl:'.!!.S.I N P .H.l ________ . 
YI'B = XI"'A•SINPHI + YPCI'•CCSPHI 

--~., ____ _e_p.cJLl. S I H E P..llili.c.N.J-.c.MEN.TU I~Ll.N ... C::. • .M. • __ ).(~£ ... Y.M.a.r.L~B .1-ARE.JJ:I.f.J_._y....z:__ 
c COMPONENTS OF PRCTCN MOMENTUM IN A COORDINATE SYSTEM ThAT IS 
c PARA!! Et IC THF I Ae SYSTEM. BUT MOVING WITH THE C.M. NOTE THAT 
c THE CO/J.PGNENTS OF TRITON MOMENTUM. IN HilS SYSTEM MUST BE THE 

_...c ____ ..,.N.~:.E.u..G Ali..\/.ELCF._X!JJh.Y l:'Jhlltfl . ._. ________ ·------- .. 
VCSYSX = VC/J.SYSQSTH~CCSPHl . 
vc SYSY ~.W':'..S..Y.$2-S~lN.PJ:i.l__ ______________________ _ 
VCSYSZ = VC~SYSaCTH 
PIAAXP = p~oYCSYSX + XMe 
PLABYP = P/J.*VCSYSY + Y~B 

___ ,_.r:;;_p,_,t AtlZP = E.MQ.V..C.SY.S.z.....±_liB __________ . 
PLABXT = TM•VCSYSX - X~B 
PI ABYI = I.M..~_YC.S.Y.s.Y .. =-..Y.M.fl. _______ _ 
PLABZT = TP.vVCSYSZ - ZMB 
PI XP2 = PI Aexpuz 
PLZP2 = PLABZPaa2 

___ -L\.x Pc..ZwP::__:=:....cP.LX.eL.±....E.LZ.P. 2__ ·--------·. ____ _ 
PLABP2 = XPZP + PLABYP*~2 . . 

----"-et,_,A.uA.u;P.....=_S_Q.R.UPJ.ABP.2J_. ________ .. -----·----·----
PLXT2 = PLABXTv~2 
PI ZI2 = PI A87Iu2 
XPZT = PLXT2 + PLZT2' 

----.t::PJ..I .a.A.c.B.J..I"-2 --=---X.P-ZL.±-P.LAB.Y.I..!J!.2.. ____________ _ 
PLABT =. SCRT(PLABT2) 

___ __,;;E...~:P~--.t::P.L..! I\B..P.2L..L2......!>.Elil__ _________ _ 

c 
c 

ET = PLABT2/(2.aTMl 
EP AND ET ARE THE pACIJJ.lL!lNI'! TRITON ENERCIES r'N THE LAB. 
AND TLENG ARE THE TRACK LENGTHS. XP,YP,ZP ARE ThE X,Y,Z 

I. 

PLENG 

· ............ . 
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C COORDINATES CF THE TIP OF THE PROTON TRACK IN A SYSTEM WITH 
C ORIGIN 6T ru:: CY' lll:O~R CENTER, Y-C.XIS ALONG THE ANODE 0 ~NO 

C Z-AXIS PARALLEL TO THE RADIAL LINE FROM ANODE TO REACTICN"SITE. 
---w:..T-~\I.U-SR.E.C.U?-~P~ 

I~TT = INTISRECIPuETl 
----lP..AR..T?.-=-..(-f.P-=-E.ltGLlXT..P l ... l.:~.SR£C.l2-.--.---------------_.:_

PARTT = lET- ERGIINTi))aSRECIP 
PLf!IIG- E! ITrllJP,'<fiSE±ll '·Pl\RIPx!f!IINIP+l,K6SE+ll-FI IINTp,KI\SE+lll 
TLENG = ELIINTT.KASE+2l +PARTTa(EL(INTT+l,KASE+2l-ELIINTT,K~SE+2)) 
~ = PIENGL..P~~-----------------------

RATICT : TLENG/PLABT 
---~~~~~AILO~ 

Y~ = PLABYPaRATIOP + HP 
zo - pr AB70r.YIITIDP + R 
XPSQ = XPaXP 
ZPSO = ZR..~.:...Z.P-

RP2 = XPSC + ZPSQ 
XT - PLIIB~LLU+------------------------------
YT : PLABYTaRATIOT + HP 
ZT - PlAB7T~RIITIOT ~ R 
XTSQ = XT*XT 

:..r..s c - z t.1t.LL-
RT2 = XTSC + ZTSO 

---..:tY.«D.i!!l"nH~P-';;_'iJ>...-=J!.!?...._· --
VTMHP = YT - HP 

IFIRP2 .GT. CAT2l ALPHA= Ra(SQRT(CAT2aXPZ~/R2-PLXP2l-PLABZPl/ 
1 !XPZP~RAr~~------------------------------

IF(RT2 .GT. CAT2l BETA = RaiSCRTICAT2aXPZT/R2-PLXT2l-PLABZTl/ 

C ALPHA AND OFTA ARE THE FRACTIONS OF PROTON AND TRITON TRACK 
c ·I f!I'GTHS THOI REMOIN INSIDE THE Cy! INCfR !·•AI I. THE PROGRAM FROM 
C HERE TO STATEMENT 120 DETERMINES IF THE RISE TIME IS BIG ENOUGH 
C 1\ND yc:: so, H~ U ENERGY TO COUN . .L. C:FN.ERAU Yo THE IRA.C:K.S .. .-AR.~.-
C SKEW LINES RELATIVE TO THE ANODE ANC T~E MIN~MUM DISTANCE MUST 
C BE FOII!\10 IC GE..L...I.HLR.I SE TIM£-..'.U'l.l.i\l.R I 5 THE Y COORD! NATE OE THE 
C POINT OF MINIMUM DISTANCE IN THE LAB SV~TEM WITH ORIGIN AT THE 

0 

lF(HP .GT. YMAXl GO TO 60 
IF(YP ,IE YMIIX) GO IC 2 
IFIRP2 .LE. CAT2l GC TO 20 
YCIIT = YPfJHPnAI PHA 
lF(YOUT .LE. VHALLl GO TO 25 

20 92'•'111 o = 1 !RaP! fiBYP '" PI fiBZP«>YWfllt lao? +PI XP2•YWAJ I ••21/PtABypuz 
C R2hALP IS THE SQUARE OF THE DISTANCE FROM ANODE TO THE POINT 
~------~·~F IHF PBCICN LRA~GO~£ I IVf SPACE-CEAD SPACE WALL 

lFIPLABZP .GE. O.l GO TC 22 
yrt I NR - o I ASY P·> PI AA 7 P '!.B..l.JUU.P.~----------------------
[f(Y~INR .GT. YWALLl GO TO 21 
Rtttt>•?P = PI XP2aR2/XPZP 
R~AX2P : AMAXliR2tR2WALPl 
GC TC 23 

21 R~IN2P = R2WALP 

GC TO 23 

RI'AX2P = R2WALP 

..,· 

·-.. .. , 

I 
I 
I 
I 
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24 .IFtRP2 .LE. CAT2l GO TO 31 
~5 IEIPI ABZP .GE. 0.1 G~LC_22_ __ _ 

R~IN2P = PLXP2•R2/XPZP 
------~~-L~-2~8~--------------·--------~~----------~----~-------------

27 RtJIN2P = R2· 

TIPP-= (1. - ALPHA)aPLENG 
c T.l..fl.P. IS THE LEN.G.T..I:LCE THE ENC OF PROICNJ.RACK THAT IS OUTSIDE 
C OF THE CYLINCER. 
------~0-J~.~--------------

31 IF(PLA87.P .GE. O.l GO TO 31 
yi'INR = PI flBYpnpl ABZP<>R/XPZP 

IFIAAStYMINRl .GE. ABSIYPMHPll GO TO 32 
RtJTN?P p I x.E.2J1.R 21 X p l p 

RtJAX2P = Af-I.AXl(R2,RP2l 

32 RtJIN2P -= RP2 

GC TO 34 

RtJAX2P = RP2 . 
34 TIPP - a. 
39 IFIYT • LE. YMAX) GO TC 44 

IE I R p I E CAT? l GO TO 40 

YCUT = YTtJHPoeETA 
I F ( Y CIIT • I E V',u'\1 I l GO T.CL~.!L------------------------------...:..,_-

40 R2WALT = ((R~PLABYT + PLABZT•YWALLl••2 + PLXT2•YWALL••2l/PLABYT••2 
IF(PL,f!BZI .Gf 0 l GO IC 42 

VtJINR = -PLABYT•PLABZT•R/XPZT 
IFIYttiNR GT. Yk!hJI) GO TO 4) 

R,.,IN2T = PLXT2*R2/XPZT 
RrtAXZI- AMAlO IR2,R2WALTl 
GC TO 43 

41 RI'IN2T = R2WAIT 

R,.,AX2T = R2 
r: 

42 Rf>IIN2T = R2 
RMAX2I = R?WALT -·-------·--------'~~~·----~---._--

43 TIPT = (1. - YWALL/YT~HPloTLENG 
GC TO 55 • 

44 1F(RT2 .LE. CAT2) GO TO 51 
45 IE(PIAAZI .Gr. 0.1 GO TC 47 

RtJIN2T = PLXT2~R2/XPZT 

-----~~~·--------------·-------•47 RiJlN2T = R2 
~=CAT? 

T I P T = =-( l_. .......... _I..L.-6:-E:-T:-A-:)-*-::T-L_E_N-:G----------------------

51 IFIPLA~ZT .GE. 0.1 GO TO 53 
------~Y~~Lru&/~P.~-·~~~~~~----~~---------------

IFIABStYMINRl .GE. ABS(YTMHP)) GO TO 52. 
~2L..,__pj_XJ.2.P..R2/..x..e.z..L 

RtJAX2T = AMAXl(R2,RT2l 

.52 RfJIN2T = RT2 

·, 

t' '11b.' 
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·-------------· .. ---- - ---------..,--------. -------
RtJAX2T = R2 

53 RtJIN2T = R2 
----R.V-AX..2-T---= --R::!2------·--------- ----------·------'--·--·--·------· .. :..-----

. 54 TIPT = O. . 
. -~-5~1"-l N2--= .AP.lNURt.J.t."J2P.-R~IN2T 1------· ---~-----_:-----------------·-·.----· 

RPAX2 = AI"AXl(Rt'AX2P,R~AX2Tl . 
I c ( 9t' 6)(2 - R ~ H·2 . I T..--OU:M.l.N.l-.CO-.L.U-1-;u.;... _____________ _ 

IFITIPP .EQ. O.l GO TC 5o 
----tl--;;-!Nf-(.!.IP-P./..£LSP-.t.KASE:t 1) l ----

ETIPP = EEL! IL,KASE+l) + ITIPP - ELL! IlrKASE+l) l•IEEL•(IL+l,KASE+l) 
... -.:·---1--·-- -:--------- .. .-.eEL ( Il, I<ASE+lll/El.'SP IKASE+ . .J.l.--- -----------------

ECEPP = EP - £TIPP 
c;c TO 57 

56 ECEPP = EP 
----5+--IF--~--T-.lP-+--·•·F.O •. O.l--GO .TC 58 .. ----------.: ... _____ ---·---. ·-.. ------·-----·--·----.. 

IL = INTCTIPT/ELSP(KASE+2ll . 
---~-T-I.P..T-_;--£EL-t.H. ,.KASE+-2.) .. .-t.. tT.l.P.t. "'---ELL t.lL.,KASE.*2.l.l.ti..E..EL LlL+.1,KASEt2l--. 

1 - EEL(IL,KASE+2l)/ELSPCKASE+2l 
ECEPT - cr - ET~I 

.. GC TC 59 
--s.s.....E-CLP-T------s.T-----------· .... -----·---·-·----------·--·-------·-__, 

59 EDEPCS = EOEPP + EOEPT 
...~c'-----E~OU-JE~P.OS-l:S...I.HE.-'T..OT.A L.E.NERG L.I:.E..P-0 lli.EI: ... .LtLJ..I:iE.....L LV .E.. ..s.P.ACE..._. ______ _ 

GC TC 120 
__ -...~6~Q~T~F~(~v~o~~l...JT--~Y~M~4~X~)~G~C~T~C-7~0~----------~~--------~ ---------------

lFIYT .GE. YMAXl 'GO TC 130 
----L$.WU-2--.L.E-.-C.AL2 l.-GC-.T..C..-65- --

o1 IFIYT~HP~BETA .GE. YWALLl GO TO 130 
___ -~,-T~F-\-l( ~t..AB.U--GC--0--l-.G.CLTC.. 62------------·----------

Y/'IINR = -PLABYTaPLA8ZT~R/XPZT 
[F('(MHJR Gr. Yl-JIII(J GO TO 62 
R~IN2T = PLXT2aR2/XPZT 
GC TC 63 

62 R~IN2T = ((RaPLABYT + PLA8ZToYWA~L)~o2 + 
b 3 I F ( C II T 2 - R M I t>: 2I . IT _ DIEM U>L.L...CO....I.O.~......_-------..,--·---

TIPT = TLENGa(l. - PETAl 
\.'TIPI- ,., E!\'C:fll1 - YHM I IYTMHOI 

C WTIPT IS THE LENGTh OF TRITON TRACK THAT EXTENDS TO THE LEFT OF 
C THE t IVE SPACE-OEAD-.S.ll.C.f__l.lAL~-..!iER4 . .l.J-!E......REAC.ll..Gli. SITE IS IN. 
C THe CEAD SPACE BECAUSE HP IS GREATEK Tr.AN YMAX. 

I I ·= INT-(T~.l-1----------------------
ETIPT = EELIIL,KASE+2) + ITIPT- ELL(lliKASE+2llo(EELIIL+l,KASE+2) 

-Eft II! ~l<JlSF+21!/CI $D(j<A$E±21, 

Il: INT(WTIPT/ELSP(KASE+2ll 
El<TPI = EEl III 0 KASE+21 +IW.I.l2.L- Ell I lL:.,..KA.SE+2llo!EEUI.L:!:.L.KA.SE:t2) 

1 - EELIIL,KASE+2ll/ELSPIKASE+2) 
ECEPCS = E1.JTPT - E!l.2.L __ _._ __ _ 
GC TO 120 

65 R21·1AI I - ( 'P"P' oeyr + p! ADZhYWAII lu2 * PI XI2<>YWAI In?) /PI ABYToo2 
IFIPLABZT .GE. 0.) GO TO 66 
YUTNR - -PLABYTsPI APZTo~P-~-------------
lF(YMINR .LE. YTMHP .OR. YMINR .GE. YWALL) GO TO 6~ 
RMIN2I- PI~~P~Z~I---------~~~~~~----=~=----==-·--~--
lF(AMAXliRT2,R2WALT) • RMJN2T .LT. ~~~~lNI CO TO• ·~c 

66 IF(ABS(RT2- R2WALTl .LT. CIFMINl GO TO 130 

-......,. 

• 

{ 
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67 WTIPT = TLE~Gall. - YWALL/YTMhP) 
II = INTIWIIPT/EI SP(Kfi$Ft211 
EDEPOS = EELIIL,KASE+2l + (WTIPT-ELLIIL,KASE+21l•IEELIIL+l,KASE+2l 

- E F I. ( I I , ~A 5 E± 2 I ) I E.L$.2..LK_ASll21..----------------
GC TC 120 

· ,...20-l.E ( Y I • I !.-.-Y.JI.AX ) G 0 IC ..B..u_ ___ _ 
IFIRP2 .LE. CAT2l GO TO 75 
IC(YPIJHP···,'IPHfl GE. YWM!) GO TO 130 

71 IFIPLABZP .GE. 0.) GO TC 72 
Y~INR - -PI AHYPqELAR~ZLP~~~RL/~Xww~~--------------------
IFIYMINR .GT. YhALLl GO TO 72 
RPTN?P - PI XP2aR2/XPZP 
GC TC 73 

72 PIITN?D = ( !RgPI fl!>,yp ± PI ABZP<>YI.Ifl! t 1<><>2 + PI XP2<>YWAII u2l/PLABYPo..2 
73 IF!CAT2 - R~IN2P .LT. DIFMiN) GO TO 13C 

IIPP- PIENG*Il.- ~naL----------------------------------
WTIPP = PLE~G<>Il. - YWALL/YPMHPl 
II - INI(TIPD/E! SP~L----
ETIPP = EELIIL,KASE+l) + !TIPP- ell( IL,KASE+lll•IEELIIL+l,KASE+ll 

- EEl I II 0 XliSE-:-J I l/E! SPIKASE"'I l 

Il = INT!WTIPP/ELSPIKASE+lll 
E»IPP - EEl I I I , KAS.E:t.LL±._L1iLle.L--=.ELLULa.KA.SE+ 1 I l" I EEL (l Lt.LKAS.H ..... l_._l __ _ 

l - EELIIL 1 KASE+lll/ELSP!KASE+ll 
ECEPCS = EWIPP - ETIPP 
GO TO 120 

. 15 anrot p - II~<>D! ABYP t Pl AezpoYHAII 1<><>2 + PLXP?oY\:IALLu21/PLABYP*"2 
IF!PLABZP .GE. 0.) GO TC 76 
YIAINR = -PI ABYPaP.LA.aLe.JLB./..XPL?. ______ _ 
IF!Y.\1INR .LE. YPMHP .CR. YMINR .. GE. YWALU GO ,TO 76 

~~~~~~x~~~~~;~;~~gl- RMIN2P .LT. Oit!fJIN_>_G_O_T_O_l_3_C_.;._ ______ _ 

76 IFIABS!RP2 - R2WALPl .LT. CIF~IN) GO TO 130 · 
_ll_HII PP = _.e..L.ElllGo I 1. - 'i.li.ALLI.Y.Pl1112.L ___ : ____ . --------------

IL = INTIWTIPP/ELSP(KASE+lll . , 
EDEPOS - .E.ELU.L,_KAS£±1..l__+ __ tHJ.1.P.P.--=:ELLU L t..K~s..E.+ U l• I EEL! I L+ 1, KA Sf..:!:_l_l.__ __ 

1 - EELIIL,KASE+l))/ELSPIKASE+ll 
GO TO 1 20 

80 IF(RP2 .LE. CAT2) GC TO 100 
I E I R I 2 • I f.....CAI2 L.G.C._TJL9.Q .• 
IF!YP~HP~ALPHA .. GE. YWALLl GO TO 61 
IE I YIMHPoAFIA__~.G!LIO._l.L_ ___ ~-----------
IF!PLABZT .GE. 0. l GO TO 81 
Y 1' I NH =-PI A 8YT<> PI A Bli o R/x..eL:._ ___________________ :....._ 
IF(YM!NR .GT. YWALL) GO TO 81 

---R.~I N2I = PI X.l2..!!.R21XeZ.L _________ _ 
GC TO 82 

81 RtJ r N2 r =:=._.U~.e.L..!B.U...±...P..U..6.ZJ.JtY.l:il\.I..L.l..!!..l!.LL.e.J...Xll.tt~Loo2l/PLABYToo2 
~2 lFIPLABZP .GE. C.) GO TO 83 · 

YtJTNR = -PIAOYP~PIA8ZP~o~R~/~X~P~7·p~----------------------------~
IFIY~INR .GT. YWALLl GO TO 83 
Rt='IN2P = 21 XP..2.s.RZ.a..E'Le...-,:_-·-··---·------
GC TC 84 
~-UR o.P..LABY.P_± .PLA !3!P.I!.YW.~L U ~J!2._t_~U.2.hY.WAU.!...tt.2.l.Le.LAJi:te..!'..::<>_..2 __ _ 
84 RIJIN2 = A~INl(RIJIN2T,RIJIN2Pl 

IE!Ct\!2 - RtJlt:/2 ,! I, CIFMINl GO 
TIPT = TLENGo(l .. - BETA) 
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TIPP = PLENG•Il. - ALPHA) 
IHZPT- n..E~!c~P - vw01J 'vT'1LJP> 

1 
WTIPP = PLENGo(l. - YWALL/YPMHP) 

------.I~~~!~-~P~AS~eJ~-2~l~l--------~------------------------------
ETIPT = EEL(IL,KASE+2l + ITIPT- ELL(IL,KASE+21l•IEEL(Il+l,KASE+2) 

--1 - ..!: l-(..~l~-+-2-)~}.I-El..SP-W<.AS'"c.±..:.-J-------------------------
IL = INT(TIPP/ELSP(KASE+ll) 

----l:E~;:>p- e.s• (!' .v~s.c.,q .·. I"!"T[?r.> r.:p !'' ,"t.SE ... l))o(EEI (JJ+!,t<IISF+ll 
1 :- EELIIL,KASE+lii/ELSPIKASE+ll 
IL- iNT!HTI 0 ~1ELSP!KASE~2)1 
E~TPT = EEL!IL,KASE+2l + (WTIPT -ELL(IL,KASE+2li•IE~LIIL+l,KASE+2) 

l - Et:~.;:.+U..l./..E.LS..'UJ,\.A..:..;;,.:o:...:..J---;__------------

IL = INTIWTIPP/ELSP(KASE+lll • 
:= '·' T I), - E r.:' ( I I • "" s '- J. l l ·' c 1·1..,. ! I') 0 - r: I • I T' • 1<1\ s E ... , I "" E E I ( TJ ... 1 • K A s c A 1l 

1 - EELIIL,KASE+l)l/ELSP(KASE+ll 
c,.cr-,l!.Q.S - EHTPP ·' E1•1! 0 T - r:ppp - FI'Pi 
GC TO 120 

90 !F(\'DI.'H 0 «•'L.PHII .GE, 'f'·J!;I! l GO TO 65 
I~(PLABZP .GE. 0.1 GO TO 91 
Vll'~IP- l'lllf3""~PLAQ70~':'/"070 

IF(VMINR .GT. YWALL) GO TO 91 
--~0~~~~- PLXP~~P~Z~2~-------------------------

GC TO 92 
91 ~ ... pt 1\<lZ.'?.!!.¥1.·11\! 1 )M~2 "' 21 YP2aY'·'lll' na2l/Pt Aaveo~2 
92 R2WALT ='((RoPLABYT + PLAGZioYWALL)~~2 + PLX72oYWALL••2)/PLA8YT••2 

r"', ,.,, A.."..JT c..r-. o l co TO Cl/·. 

YPINR = -PLABYToPLABZT~R/~PZT 
!~(YMl~~ IF yTUHPl GO TO 93 
IF!YHINR .GE. YWALL) GO TO 94 

··--·~. 

--. .. 

R:JIN2T - P1 .. ,..2" 0 2/XPZT ~ 

GO TO 95 
? 

GO "fO 95 
94 r:>~IN2T = gzw T 

95 RMIN2 = AHINl!RMIN2T,RMIN2P) . 
I'=(C'•P- 'li-'IN2 .IX. or::•Hl\0 GO TO p;o 
WTIPT = TLENGo(l. - YWALL/YTMHP) 
,.,"!" T "P - Ot f.:P..IG:\ ( J - yt,J.'I! I '"?'.p..rrl) 

TIPP = PLENGo(l. - ALPHA) 
I' - rm!•·•rrer'E' S?lt~osr:tzl' 
EWTPT = EELIILvKASE•2l + CWTIPT -ELL(ILoKAS~+2))o(EEL(IL+l,KASE+2) 

l - EC:! ''t,:OSF'r2))!FIS'>t'<bSEt2l 
IL =.INT{WTIPP/ELSP(KASE+lll 
t::t.•Top-; o::r.:t 1!1 o'a$~'=···1) .·• (!.t-:-Tpp -EH nt.~UiS~-;.'))n!Fr-tti!tl,[(ASfo:-l) 

l . - EEl( IL,:{ASE+ll l/ELSP(l<.ASE-o-1) 
TJ = Jt.IT(TTDD/F! $P(!U.t$E•rl \\ 
ETIPP = EEL(ILvKASE•l~ + !TIPP- ELL(IlvKASE+l))o(EEL(IL+l,KASE+l) 

- E r.: I ( T! 0 ''As E ~·1 ) )/ E I s p ( I{ 4$;: *, ) 
EDEPOS = EWTPT + EWTPP.- ETIPP 

100 IF!RT2 .LE. CAT2) GO TO 110 
T F fVTj.'HPoBt:If, GE. YHM I I GO TO 75 

IF(PLASZT .GE. 0.) GO TO 101 
YIJT f:.!') :; P! 1\IWT·aD! 11?71 n3 t:":l?I 
IFCYMINR .GT. VWALL) GO TO 101 
P~I~7T- PIXI2~R2/XPZT 

GO TO 102 

,, 

,....._, 
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,101 RMIN2T = ((RoPLABYT + PLABZToVWALL)oo2 + PLXT2oVWALL••2l/PLABYToo2. 
102 82!-11\1 p = I !Ropr AB'(P + PI ABZpoY\·!All )oo2 + pt XP2•Yl-IALLoo2l/RLABYPoo2 

1F(PLA8ZP .GE. O.l GO TC 104 
VIJI !\IR = PI ABYP,~PI AHiP~R/XPZP 
IF(YMINR .LE. YPMHPI GO TO 103 
IF I Y ~q N R GE YI1J\..L.I ..L.I -1-l __J,J.G.u.Q_IJ...Ou_l.u0.J.:4:~...--_________________ _ 

RMIN2P = PLXP2aR2/XPZP 
r: 1 

103 RJVIN2P = RP2 

104 R~IN2P = R2WALP 

IF(CAT2 - RMIN2 .LT. DIFMINl GO.TO 130 

WTIPT = TLENGa(1. - VWALL/YTMHP) 

IL = lNTCWTIPP/ELSPCKASE+lll 
Ftapp =EEl (i! ,I<ASF·::ll 1 C!ITIPO -i-1' Pt 7 :<ASE+lllo!EEUIL+l,KASE+l) 

1 - EEL(IL,KASE+lll/ELSP(KASE+1l ' 
!! = UITfi•!TTPT/f! SDf!(ASF+?l} . 
E~TPT = EELf!L,KASE+2l + (W7!PT -~LLI[L,KASE+2l)a(EEL(IL+l,KASE+2) 

1 EEl III ,KASE+2))/j-ISPIKl\Sc·~2) 
IL = INTCTIP1/ELSP(KASE+2ll 
ETIPT = EF•. (Tf,!<ASE·:-2) + !TrPT- Elf !iL,j<ASE.g.z))o(EELIIL+lrKASE+2) 

1 - EELIIL,KASE+2)l/ELSP(KASE+2) 
EQfPOS - EHrpo • EWT~T - ETTPT 
GO TO 120 

1 10 R21·1/d p - It R*P! AS'IP -lo pl AP,ZP'-'YHA!I )oo2 

R2WALT = ((RoPLABVT + PLABZToVWALL)oo2 
YEIPII\BZP .GF •. 0.1 GO TC 112 

Y~INR = -PLA3Y?oPLA8ZPoR/XPZP 

+ PLXT2oYWALLoo2J/PLA5YToo2 

--_;·_IuE:...;IwVt.J.iJ~I~h'-!:'2:.........·..tl J:E .... -__:t.Y.J:!DJ.::.I·'l:!.H~PJ..l -'G~O!..L,_I!.!O..L:tUl!..Jl~---------·~; ··--------
IF!VMINR .GE. VWALLl GO TO 112 
BMI~2P- P!XP2~R2/XPZP 

R~AX2P = AMAX1(RP2,R2WALPl 

1.11 RIJIN2P = RP2 
RtJAX?p = R?I·!AI P 
GC TO 113 

112 R~IN?D = R2HALP 
RI-'AX2P = RP2 

. 113 Tf(DI ABZT aGE. 0 0 I GO TC lJS 
Y~!NR = -PLABVTv?tASZToR/APZT 

-----I~E~!~Y~~~,r~~~~B~o~i~F~.~·~Y~T~M~H~P~l~r.o~-~~0~1~1~4~-----------------------------------
IF(VMINR .GE. YWALLl GQ.TO 115 . 

1 

R~IN2I = P!KT2oB2/XPZI 
R~A~2T = AMAXl(RT2,R2WALT) 
GC TO 1!6 

114 R~IN2T = RT2 

GC TO 116 
115 RrfN2I = 82HAIT 

RfJAX2T = RT2 
1 1 6 Rl.!.l./'JLE......l.Kl.I:u..!..ru!..l.N2L.n~M~I~N~2~I7l --------------------

R~AX2 = AMAXl(RHAX2P,RMAX2T) 
IEIRMAX2- RHIN2 0 11. OTFMtMI ~0 TO ~30 

WTIPP - PLENGo(1. - YWALL/YPMHPl 
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WTIPT = TLENGo(l. - YWALL/VTKHPl 
IL - H! T I '·!.l-,T 0 ~ LE I.S, (lOS c ~-, ) ) 
EhTPP = EELfiL,KASE+ll + (WTIPP -ELL(IL,KASE+l))o(EELCIL+l,KASE+l) 

1 c~L~~WL~s~F~~~,~~~l~'~r.L~s~P~ti~'~A~s-~;-7~1.~----------------------------
IL = INT(HT!PT/ELSP(KASE+2)) . 
t= 1iTt!T- r-r.:L(.u-.,t'ASE ... 2' ·> ('·f1roy -F'I '" 0 !\'-SF±.'ll~(Frl (IltloKASft21 

1 - ~EL(IL,KASE+2ll/ELSPlKAS~+2) 
r::.o.c""S - E'·'7oo .·. t=f.fTOT 

120 I = INT(EDEPOSoRCHNWO) 
CH ·' il' ' r l - C'-Jt· ~· C r ~ -·- t·•T 
WTSM(NEUENl = WTS~!NEUEN) + WT , 
~ F (1 ~'> T ,~ST. , E Q, 0) GO I 0 U•.lJ....----,---------------------------
GQ TO 549 

WTLST(NEUEN) = WTlST(NEUENl + WT 
Tf(TFTEST EQ. 0) GC TO 140 
0 = l.El5 
vv 

VVB = Yf•'B<~O 
7 7 

?LAPP = PLABP<~O 

Olflj"' - PLAST···Q 
0 = l.E-9 

vcsvvv = vcsvsv~o. 
'!..C$'17Z F \ICSY$7"0 
WRITE(3~548l XXB,YVBvZZBvVCSYXX,VCSVYYvVCSYZZ,PLAPP,PLATi,VOUT 

_ _.,.st...,.la......E.C!PHT(27l-' LOST (Xf;B,YMB 0 Z£-'Bl = pr r.:J.2,1H 0 ) 0 EJ.2,11H) VCSV 
5.481$ = (2(F7.2,LH,),F7.2,9H) PLABP =tF7.2o8H PLABT =,F'1.2,7H YfUT =, 
549.0 = l.El5 

nno~, - nnr '"· 
XPXM = XPC/~oQ 
VO'I!'J. -

ZPZ~ = ZPCMuO 
p I " )( '.' 0 - p I A s 1(? 

PLAVYP = PLABV?gO 

PLAXXT = PLABXT~O 
0 

PLAZZT = PLABZToO . . . 
HR IT E ( 3 0 5 50 l H p 0 R ~ K!l s E 0 cos PH I' SIN? HI' CTH c CT!-'!'J 'PH I p .. PPPB 'X PXt'' YPYf1· 
lZPZ~oPLAXXP~PLAYYP,PLAZZP,PLAXXT,PLAVVT,PLAZZT,EP,ET,PLFNG,TLENG, 
zxp,yo,zpe:'"i".,"i-F~RO?:Rvz .. t\1 PHA.BFT:'t.l'!2'·'.tll p.R?"!IIt T.!lMIN2?.Rrqxzo. 
3R~lN2T,RMAX2i~V~INR,TIPP,TiPT,WTl?P,WTIPT,EOEPOS 

550 ECD~ATI131H Ho R KASE CS? $N? CTH CTP PHi? PPCME'5 XPC~ YPCM 
5501 ZPCM PLA8XP PLABVP PLABZP PLABXT PLA8VT PLABZT EP(E6) ET(E6l PL 
5502H'G I! ::~•GIF6 2oF5-2, [2 0 '-d 1X 0 f3.?\ ,E5.'2, l0E7.3 0 6P2E7.3.0P2f7.4/ 
5503132H XP YP ZP XT VT ZT RPZ RT2 ALPHA BETA R2 
~50&H!O P?~IT PrM?P RV~?P P~N2T ~pu2r VMIMa TYPo TIP] MTipp HJTPT ~0 

5505EPOS/6F6.2?F7.2,F6.2,2F6.3o6F6.2,5F6.3,6PF6i2) 
1 '• o I F !II.' c: fiT R N • I T. N~'.,.,;' S;).J_l _,G....,O"'-Iu0"'-l.I...7,__ _____ --:-:--~-~-:-:-:-:---:---:---:-:---

C LET NUTRNS BE THE NUMBER OF NEUTRONS T~AT WIL~C~OSS A SURFACE 
C OF ONE SQIII\RE CENTIMEIEfl ERQM ANY Ql[tC:CIJQN P _,UO.ll'G fi.THEB 
C FRONT OR 6ACI< l IN ONE SECOND. THEN CHAN (I l ~~ !L"". SE THE NUHBER 
C oc: tnii"'IS p-=a secm;n r:::=GrST"'!i"'i1 TN p.:;: i-TH CH'\i,:t-;c!. 

ITOP = NCHANS + 1 

·-.... _ 

• 
.., 
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141 ITOP = ITOP - 1 
Tf!CH~Nf!TOP) ~T 0 l GO TO 1~0 

IFCITOP .EQ. ll GO TO 142 

142 WRITE(3,l43) NEUEN 
---J.11? FCRt.ll!T(22H NO CCII!HS FOR Nf!!EN =; '1) 

CHANCll = 1 •. 
"' , 

144 J = ~00(NEUEN-lo31 + 1 
C T TO~ IS THf TO"l CH4f\NE! il-l liT 1-!h<: M.tV COliN I$. .! BAI\IGFS EROH 1 

C TO 3. IT IS ONLY TO ALLOW THE RESULrS FROH 3 CYCLES ON.NEUEN 
C TO 5~ ST09EQ ~NO THfN C3iNT~D All AI ONCE TO CONSF3VE PAPEB. 

c 
c 
c 

· KJ(J) = NEUEN 
DC 1~5 I- J.NCHANS 
COUNTSCI,Jl = C~AN(Il 
CDIIPIT 0 I)- CHAI\IC!)~lQQO./CHMJI(!TQP) 

CNORMCI,Jl = CHAN(Ilo1000./WTSN(NEU2N) 
T C 

CPITP IS PROPORTIONAL TO CHAN AND FIX~C SO THAT THE TOP CHANNEL 
H"S ?MO C"''0?1·' IS ~'Qr1i·'b' rz;:p <:Q 'TH<'T !Hf S!H1 OF AI I CHANNfl S 
IS !.000. 

WRITE!~, <;60 l NE!f~N. r NTF9 o. Fi''. o,t;::":'. S u;o = S r GO, S IGTOT·, CHOICE ,\·iTFCTR, 
1 PNEUTL,VCMSYS,PNUTCMoENCN,PHE3CM 0 E~CH 0 ETCM,ITOP,CHAN(ITOP),J 

560 ECfliMTI//J27H Nr-ltf;;N l'f\:TERP EN PAR7 SiGP SIGD S!GTO 
5601CTR PNEUTL VCMSYS PNUTCM ENCM ~HE3Cl 

CNORMCI,,I2,1Hl)l 
T <; 

IF!ITOPP5 .GT. NCHANSl ITOPP5 = NCHANS 
DO 148 I= l,ITG?DS . 
ENERGY= ENLIMwFLOAT!Il/(l.E6gELVOLT~flOATCNCHANS)) 
•·•~ITEI3,1t;7l r ,'=l'!i=C.GY- lCOUNTS! !,K> .cpqpc r.jOoCNOR!HI.:<I.K = l,J) 

147 FORMAT(I4,F8.2.3{El5.5,2f11.3)) I 

(K,WTS~(K),K,LOST(Kl,K = KJl,KJJl 
~49 FCRUATI//2f6H WTS~l.I2.3H\ -,E,4.6,7H !OSJ(,I21 3Hl ~ 1 17)) 

WRlTE(3,570) (K,HTLST(K),K = KJl,KJJ) 
HRI!f13,57'l !1\,TQT/1! CKl.K = K.l~.r>.!.ll 

570 FORMATI3(19X,6HWTLST(,I2,3H) =,El4.6l) 
"i7l ECRMATI3119)(,6HTOTAI (,T2n3H) =aEl4 9 6)) 
150 IF(IF?LOT .EQ. 0) GO YO 160 

OQ '55 I= lDN 
IF(CHAN(I) .GT. 0.) GO TO 152 
I CHN I I I = -9CJ9Q 

GO TO 155 
1 52 Cl-lN = A! OGl 0 I CHt.,.... N ... C.._.J._,)._,),_ ___ __,,....-------------------

LCHNCI) = INTCSIGNilOOO.~ABS(CHN) + .S,CHN)) 
Ic!JCHNIIl .! F. 1-10000)) LCHNt!) = -9')99 

155 CONTINUE 
C I CHi\! IS 1000 x' I! OGARIT'-~1Heti<:E 10) Of CHA!\'l~ 

WRITEI14,ll NCHANS,NTABS,N2NSri~TEST,IFPLOT,NUTRNS,VOLTS,TIMEt 

........ _, 

"'·' 
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.-----·--- ·-
1 ELOw,EHIGH,EN 
·w~ITE(14,157) (LCHN(l),I- l,~CYON$1 

157 FCR~AT!l615) . 
-l-60.-U;N.f.J:.fliUE:----

. CALL CLOCKI!TIM3) 
---~lR.I-·u:.(~,51..5.)--l" .. If!.l-.U..M2-.I .. l~..3 ....... --.. -----------

575 FCRMATI7H TIMl =,Fl3~2,7H iiM2 ~,F13.2,7H TIM3 =,Fl3.21 
0 

Er\0 
.. ---·-·-·--·---- ·----·-·-------~-------------------~ 

·-----·-------,------

.,..---------------·----------------_..;.;_.;..~--.----,---------

'·· 

·y• 
:.~-:'. 
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-----------·-·- ··------··-··--·-----, ---·---------
$1BFTC LI:NCTH , . . 

$1 SRf111TfNf I ENGIHIJIITAPS,FNI TM,ENFR,fRGgRPATR,FI ,EI t!AX,E! SP·E•• .EEl 

1 l 
___ .uDc,~..I .(!ll~ E.MS.l.C.N.....EI\ ER. Lb0.0.4f.HG L6 0 0.1 ,.RP. A l R t 6.0 0:.1... F l L 61l. Q a.!.t.L 

OIMENSICN ELMAXI4l,ELSPI4l,ELL(600,4),EELI6C0,4l 
---'-· _F.i'.;TAfiS-;;__ELCA.!.L/\ tA B.S.,l._._ ________ ----

ELVCLT = l.60207t-12 

RHU:<R :: 3.455 
___ -.r.!.H.E-;;_2~ 

P:<R = 10. 
-----.. --···---···-------·--·-·-. -·-;------ --·-·· --

--'--JJ.Dc.~ENO~.._;: .. PHE.".RHUh.E._t_ PKRoRHCKR_ ____________ _ 
WHE = PHFoRHOHE/DENCM 
).,KR = I - \~HE 

DC 3 I = l,t-..TAOS 
C THls....LCOP_c.lliv.2UT.E.S_TRACJL LEN.GT.1.1 .... VS ....... ~ PARU..C.LLENERG.Y. .ANc_S.lORE.S_ .. 
C THE LENGTH II\ THE ARRAY EL. THE FOI{l'ULAS ARE FRCM WANG, P. 73-

_J;.. .5.-LUCRL=~0.7.1.Q.L....J-J.U.h...SLlGhT .. CORi~.EC.T ICI\ S .•. _J..._::::_l,.2.,.3, 4 _lfol P.L I.E s__ 
C PROTCN,TRITCN,OEUTERON,DEUTERON, RESPeCTIVELY. 

F :: E 1\: I I M<> F I 0 A I I I I I I 1 Ep <> E I VOl I ti.Nu.I...,.A..uB~Su.>------.,..-'----·----
EI\ER(!) = E 

___ _.fClR.G.! I l = E.NLU..o.fLO.A.T.Lll.LEl\J.JIBS. ___ .. 
RPKR = RPAIR!Ilo(l.89 -.25oALOGlO!Ell - .36 ·-~ 

__ ...:.__,flf.J! P~H..E..._.:_.R2.UR.U.U<.J. .. S2__t __ • 04.3.!ll\.L.OG.l0.1 ElL ___ ._ . ...;,.__~---
J3 = INTIFLCAT!Il/3. v .OOll \ 
12 = INT(I=ICATIII/2 • .j. .001) 

PAR3 = FLCAT!~OC!I,3ll/3. 
---..r.UtR2...-==_F.LCA1.U"'.0C.Ll,._2l l l2 .• ·-····------ ....... __ .. ______ _ 

RPAIR3 = RPAIRIJ3l + PAR3*(RPAIRIJ3+1)- RPAIRIJ3)) 
---RP.A r a, = .RPAl.RLJ2..l_+ .• P.Ait2.!!.lRRAlR. u 2.+ LL-:: __ RP.A.l1U.J2 u _______ _ 

RTKR = 3.~(RPAIR3o(l.89- .25oALOGlOIE/3.11- .36) 
R I HE 3 , g R P 0 I E.3.!l.L...8 2 ,, o 0 Us.AJ..I .uD.u.G..Ll.u.OJ..I .:;.E 1../..._':! .._. J..) .1..> ------------

RCKR = 2.~(RPAIR2o(t.aq -.25~ALOG10(E/2.ll 
-,---..JR..OHF = 2 o !!R.l'A.l." 1..ti...ll2 . ..:t... .... 04.'3 ~A.LO.CilO I El.Z .. U 

RTP = 1./IWHE/RPHE + WkR/RPKRl 
R II = 1 • I I l·tH.E.LRJ.I::ILLl-i.KR/.R.:rK.B..L___. 
RTO = t./IWHE/RCHE + WKR/RCKRl 
Fl IT 0 1 l = RTPinEIIIn>A 

ELII,2l = RTT/OENO~ 

- .361 

Fl ! I. 31 :;._Rllll..C.E.NO.M ___________________________ _ 

EL!I,4l = EL(I,3l 
3 CCNTI (\'!IE . 

DC 7 J =· l ,4 
.··-.. ·--------

fiMJ):<I.!l = El !NBeS,.Jl 
ELSP!Jl = ELMAXIJl/FNTABS 

___ _._-==-Q__ _______ ~--·· ___ ., _______________ ., ____ _ 
EUI,Jl = O. 

___ _,E~!_,!_,I_.I_,_Jl..: .•. .o.._ ________ , ________ .. _, ·----.. ·-----··-----·-----·--
EELIIrJl = O. . . 

EUI,Jl = EUlO,Jl~FLCATill/10. 
-~.oC ___ __.eF:.J.I..LI..LI ...J.LE.OlLL:. .. Lt-LARL.lNlERP.OLATEC ... F.RO.M. E.U 1.0., JL.6.EC.A.USE. .HIE .. __ 

C FORMULA GIVeS NEGATIVE VALUES IN THIS VtRY LOW ENERGY REGION. 
6 c CNT I.I>.u.E..._ _______________ ....... ·--···-----···--· .. -·-······· .••• ···-···-·· ... 
7 CONTINUE 

1·1 R I I E I 3 , 8 l 

·-·------------

.. 
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------------------··· 
8 FORMAT(49H1 I E!MEVl e~E61ERGS) L-PIC~) L-TICM) •l-O(C,I,lOX, 
81.-l-.1,!:1.1 "'-C.!·') fi!-O)-"f6(c:pr,sl 1-I(CiP f(l-!)rF6(C:RGS\ 1-010!1 F!!-01!) 

82E61ERGSl) 
~----E..L.U-4-J.l-I.S.....X.R.ACl<-t.EK.CJ.tLO.r-:....P- A!U. I CLC..-J .f.LL.!N T AB.S, J.t=EU N TABS....J..L ·-
:c THE DIFFERNECE BETWEEN EL .AND ELL IS T~AT ELL VALUES VARY . 
-C------t.-1 NEAR..!..-¥-E.P....O!Ll-W-r-.! A as.-:.~~ t--! LE.. .E!.. ( l,J.J __ JS-J HE.. .. T RACK.-LENG..T.H._.QJ: __ 
C THE J-TH PARTICLE OF ENERGY ERG!Il, WHERE ERG VARIES LINEARLY 

-C I="C~ , ra ~·r~ns E"'' TS T'-''i "~·c:t'Gv I\.J!I·x COR"'ESPPIDS rc ,,. ' 
C THE ELL-EEL RELATICN IS THE INVERSE OF ThE ERG-EL RELATICN. THE 

-C L.OCP. T 0 S TA TEi1.L'U-1.5-.CC1~.U T.ES-ANL.P-lU!ll T S THESE ARRAYS· .. ------
00 15 I = l,NTA8S 

----DC-l-3-J - 1.-..,"'---
ELL(I,Jl = ELSP!JI~FLOATIIl 
TT V 

9 IF IE l( IT R Y, J > • G T. ELL I I, J l I GO TO l 0 
·---!T...f-L.l:.T.R 't--G.E-.N.l.ABS..).._.GC-I Q_...u_ __ _ 

IF!ELIITRY+l,JI .GE. ELL(I,Jll GO TO 11 
,...----!-L~'L.-=--I.:r..R.Y-..::l:-l------------- ---

GC TO 9 
10 !l=(f!RY rc: 11 GO JO 11 

I TRY = I TRY - 1 \ 
G.C TO 9 --------------------·--·----· 

11 PART= !ELLII,J)- EL!ITRY,Jli/!ELIITRY+ltJl- ELIITRY,Jll 
---~SE-t:J~....!....{-1~ l ,__E.N.Ll.lDI.l-E.UJAU.!!RY.l.-.3-IU.~!...l.J-ENl-AA.t:B..:lS..__ _______ ~----

GO TC 13 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com
mission, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, ·or that the use of any information, appa

ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor
mation, apparatus, method, or process disclosed in 

this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 

of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 
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