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AN IMPROVED HELIUM-3 NEUTRON SPECTROMETER

. " - S C William A, Bair
¢ W . . . -
% T : Lawrence Radiation Laboratory
D o University of California
D . Berkeley, ‘California
ABSTRACT

This repc‘n_'t is a preliminary an‘aley.sis of a 3He néutro-n spectrometer '

" -lbeing developed at the Lawrence Radiation 'Laﬁcsr,atory,' Bérl{eley.“ Thej
specfrometer will be- capable of pre s‘entihgl neutron ;ijéctz;a to an uvpper

,lifnié of 14,0 MeV. The speqtr_ometer employs a 3He-—Kr gae mixture in

~a proportional counter, and the feactioi}s 3He(r_1, p)T and 3He(n, d)D are
utilized to obfain the incident neutron ene#gies. Recoils from 3He, Kr,

" and the stabilizing gas (COp) are eiectronicaily removed frofn the spectra. o
l?y taking advantage of the shorter rise times of the recoil pulges: An‘ \
analytic analysis of the rise ;ime discriminatioh pulse'rlejection, the w_;vall
effects, and the spectrometer efficiency is pfeseﬁfed;

'I‘_he c.:omputexf‘ program for the removal of thé above c.oi'recti.on‘s is
lengthx: ar;ci although an outline of the methods .of machviine coﬁnputatioxi

.  L is presented, this conce'pt i_s nolé cax.'r.iet.i' to ffuitio_n_. inst_ead a éor_npﬁ(;er

v < n _ ¢ program and an"im@rsion matrix" are devéloped (based on jthe analytic
analysis présented) by means of a "random probabilit;} analysis," The

- !'.inyei-sion matrix' should permit the corre’ctior"x' .._of a r‘a\x)vneutron s'pectfgrﬁ"v _

. output from a multichannel analyzer to a final neutron spectrum by

L
L)
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: C correctipg in a single operat.ii)n.,fvo,r: .(.a) f{sé;tiing dis-cri_mi_nation,»
‘ - ' B (b) walllef.fects, and (c)'vspéctrom‘e'ter éfficienc;y;' |
i | Apéendices include a table of comparativ'e' physical an'd op.e.-r'ationa.lm.'~ ’
s .characte.ristics of ali 3He prp_pqrtional counters and ionization chambexfs
construéted, and 'reported in the technical litelr'ature' to date (Fa}l 1965)v.
Thelcomplete glectronic circuitry hecessar& t.o con'st'ruct the rise time
" . d.i_scr‘iminator units, and the computer progr‘atm "CATMAN'" developed
for the rAandqm probability analysis are also preéented as geparate
appendices. |
\ .
. g | ] o
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1. ‘iN'.I‘RO.DUC'th‘;O.NV
"‘w, - - - - v A, v‘IBa:<Y:1’<g‘;round and Purpose

This .r:e'por.t coﬁcéz.'ningv ari'i_mpzfpved 3He ﬁéutron spéctromete'r ig |
"a pz;elimi‘hazi'}lrrevp}ort. ébncérning t}le theory, | design, and_ g:_onstructi'o'n
- of a 3He neutrén silﬁgc'trc.)meter,by the I;Ieal_th Physics Departme.nt of the
‘Lawrence Rad_iation Lab_orat_ory.' The actual operation and performancg
| .'i‘of the .spectrometer will Be the subject'lof a; later feport by t_hé Health
) Physics Department and will be authoréd'by Mr, Wai-Kif Quon,
The detectién of néutréns-and especiélly thvé‘ measurement of their
energy have from the first Iattempts preser;ted a more difficult‘ problem
| ﬁhan the other ;:ommon nuclear paiticle 8. "'I‘l';is. 'dif.ficulty is because the
. usual rr{ethod_s depén(i on effeccts resulf;ing from chafgeé oﬁ the partic_:lés,_
. Most methods of neutron detection de'p'end upon the séattering of particies
after a collision with the neutron, and the me"asuremevnt of the energy.
‘ deposited by tbe scattered ‘chargved 'p_a;'ticles.. The drawback to an;‘r
| rﬁethod that is \des;éned to measﬁ‘re neutror} spe.ctra whi;:h is based on -
scattering liés in i:h;a cohvefsion of the definite energy Qf the incident
_ ‘ne‘ultx.'on to a#\continuum of _encva.x.‘gi'efg '-of the recdiling particle. ‘To‘ aivoid
this cohtinuﬁm of enexj-g‘ies, a #eufron :'L‘ndu‘cedv nuclear. trénsformation |
- was sought in whi;h th:e' énéréy réleaée w_ould‘ correspénd unamioiguously

- to the neutron energy. Investigations of several potential' reactions,

and the elirination of those that had. sharp resonances, low lying energy

states in the re sidual nucleus, and large positiveiu-or any magnitﬁ.de




‘negative Q values, led to the selection of the followixxg reaction: ' N
L+ 3He ~3H, + 'H, + 0,764 MeV, ' | S
0 2 7l 1" _ o

. In addition, 'the 3He(n, p)T cross section is fairly large and varies . &

. quothly wit;h energy, and j:he ability to discriminate agaiﬁst y rays.
._‘énhances. t.his seiecfion for the task‘of. neutron spectroscopy. Now, 1£
: ‘the‘ .clharged particvl'e's‘ produced by the neutron interaction were to be |
con'.lpletely stépped in the active volume of a proportional counter, the
ioﬁizati'on caﬁsed byv’che los§ of particle energy would be equal to the -
_energies voflthe charg'ed pax.'ticlesA. This energy wbuld thén appear_as‘..
' Vfree electrons andv positive ion‘s within the active volumgf' If én elec-
'tricali field gradieﬁt is éresent, .thé electrpné would 'migr_atAe to the "
.anodé,' and the charge deposited by> the gle.ctrdhs vwou'ld be pro.port;lonall ‘
to fbe energ.y, En‘of the incoming neutron.l' .
Seve'ral ekperifnenteré have examinéd thé neutron interac’tions with
fh_é 3He nu;:leug, and ha.vke g:on'structed"neutron detecto.r.s,‘"‘and to a

-13 utilizing proportional counters -

limited extent, neutron sbectrometers"
. and ionization chambers. The work of the majority of the previous |
experimenters has, in general, conéerned.itse_lf with the neutron energy
 spectra of only a few MeV, although Sayres réports success with neutron ,
energies u[S to 8,1 MeV10 and the measurement of a cross section at
o 5,14 o ' | |
17.5 MeV, using monoenergetic neutrons,
In the majority of the previous work accomplished, two problems

seem to inhibit the usefulness of a 3He neutron spectrometer,



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

|

3.

First, aﬁ a'r.nbiggity' a;_‘isé'g _fiforh the f.ac.t‘ thét ?Hé has a ;e‘lativélj
la‘rg‘e cross seétibn fox.'v_elé.stiq scatteringf. The elastic 3He(n, n).3H¢
cross section is equal to the nvonelavsti'c c-:ross. sec;ticsn at , 072 MeV, but
incrééses f%pidly with increasing cnergy; At 4,2 Me'V. tﬁg elastic cross
secéion is 4.6 times as 1arge as the inelastic cross section, The ratio
decreases slighfly with furtber inéreasing energy, but the elastic cross |

section is at least double the inelastic cross secfion‘ from 0.25 MeV to

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

twice the probability of a desired inelastic collision, Unfortunately, the

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

: continuﬁni of energy pulses from 3/4 E, to zero depending upoﬁ the angle

that the i'nco_rning neutrons strike a 3Hev4nuc>1eu's. -This preventg utilizing
any simple subtraction process in the determination of the initial neutron
spectra, |

' Second,’ the possibilify of a,. nucle-ar e-;/eht c.>ccurrin.g in an orienta-"

tion such that the charged particles produced by the event intersect the

- walls of the containing vesée_l before expending their full energy was
‘r‘ecognized. This phenoﬁqené 'gives rise to a count that is of less energy
than a count that goes full track in the gas medium.y\;.’?’He nonelastic

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

¥

~ the wall correction effects increase significantly with increasing neutron .
i . L) . . :

energies,




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

of the wall effect deveioped by Brown’ and Wang.'

-4~

Solutions to the above two problems Wére a.ttempted in various

8.9, 15 - : B _
manners. Brown. . constructed a "wall-less" counter composed

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

“ing wire and an anticoincidence circuit to remove the wall effects. He

. then developed a computer program to unfold the 3He recoil events.

Brown's work was extended by Wang 6 who developed a computer program
to unfold the ''wall effects' in addition to the "recoil events, ' 4Sayres

., 10 L ‘
and Coppola  developed a "risetime discriminator' circuitry that

advantage of the shorter track length of a 3'He recoil in comparison with

the 1arger' track lengths of the inelastic particles produced by neutron

: ' ‘ - 3 4 : .
interaction with a 3.He nucleus, Batchelor ' uses an approximate method

of computatioh 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 combine the removal of .

‘the 3He(n,n)3He recoil effect developed by Sayres'® with the unfolding

16 It is further the

purpose of this paper to feport attempts to extend the energy range of

the >He proportional counter to 14. 0 MeV (which appears to be about a

practical upper limit for these devices) and to dévelop a means whereby-

the spectrometer can be utilized wit'h some degree of 4 gefficiency. The = © «

spectrometer will be used by the Health Physics Department, Lawrence
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~ Radiation Laboratory, Bei'k-eley for radiation surveybsg'--he,ncelthe

requirement for 4x ‘sensitivity,

B, Description of the Spectrometer
The experimental ‘apparatus for this 3He spectrometer consists
of a proportional counter, electronic components, and a cdmputer

program.,

T Prbportional counter

The proportional counter is a cylindrical tube with an active length

‘of 15 inches, a 4~-inch outside diameter, and a wall vthipkness of 0,035
* inch. The diameter of the anode wire is 0,003 inch, The proportional
~counter is de signed with independently adjustable field tubes. Gas

- filling is 10 atmospheres of krypton, 2 atmospheres of high purity 3He

'

| (1es.s than 10'10% tfitium), 17'and_1/2% CO, ag a stabilizing gas. The
e - tube was speciall}f constructed by _the Texas Nuclear Corporation for

~ this spéétronﬁéter. A line diagram showing the tube and péi‘tinent '

dimensions are shown in Fig, 1, . ,
' o 0.035 in. stainless steel tubing

VA

4
| AL . 5 003 in diam, - Field tubes
' a R ] are independently
o 4inij  ———y 2 An —_— adjustable
| ”\l’d‘?l . . .
lin,) 15 in, . JLin.
N N T 4
L 17-1/2 in.

Fig, 1., 3He proportional counter tube

[
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" is included in Appendix A.
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A digcussion of 'the design paranﬁq:eteré, and the de-sign.varia'b_les

2, Electronic components

- The electronic components are designed to be able to distinguish

3

between a pulse geherated from a 3He, recoil” and a “He inelastic event.

To ﬁnder stand the operation of the electronics (a detailed dé scription;

of which appears in Appendix A), it isg first necessafy to und‘erstand. '

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

" of a He recoil (or any heavy'pafticle recoil), is de'pendent 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 cpmpo';if

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 higher atomic number, will traverse a shorter distance in

~the same stopp'ing medium than a particle of less mass, In a propor-

tional counter, a itrack's radial component from the center wire determines

" the 1ehgth of time that it takes to collect the éhafge, i.e. the pulse rise

time. Since the track length of the recoils is alwagys‘,\_lllg‘ss than the track

-

léngths of the disintegration particles (Which are'the;aesi:ed events), it

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

*The arrangement also serves to eliminate recoils from the krypton gas
and the CO;. o -




events, yet ;",eta,in a certain portion. of the desired events which will

have a longer rise time because of their 1ong'e_,1; track,lengthé,
Unfortunatély, the rise time criterion also eliminates many ''good

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

. such a way that their rise times are 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 computer program is developed to accomplish the "unfolding"

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

electronically eliminated by rise time discrimination., The wall effects

4 ‘computer program follows the method outlined by Wang, 1_6‘but is not

identical. Differences are primérily in the computation of the probabil'ii:y

 function P(E— E;) which is the probability per unit energy that the -

reaction products of energy E will deposit energy E; inside the sensitive

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

- analytically developed to replace rha'them'atic,ally the valid pulses'whic'h

were eliminated. due to rise time discrimination. An inversion matrix

is pﬁ-oppsed which will c‘o:mbine the two probability functions, and enable

~a complete reconstruction of the neutron spectra, above a minimum -
energy that is determined by our rise time d_iscrimatdr setting, The
" neutron spectrum below this minimum energy cutoff level is unformnateiy

" lost in the process of recoil elimination.
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' Unfortgna.tely,_ 'the computerAprogram'analyvtically dvelveloped in
'this paper ;equires so mucﬁ computer fime that it was not considered |
warran;ced tc; carry it to completion, Inste;ad, a random probability
analysis was carried out, and the. inversion matrix ;)va.§ 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.
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. Il. DEVELOPMENT OF THE *He SPECTROMETER

" A; Helium-3 and Neutron Interactions

A neutron can interact with a 3He nucleus in five possible ways.

These reactions which are energy dependent are as‘follows:

| 3He(n; p)T for neutrons of all energies

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

3He(r;, d)D for neutrons of energies = 4.36 MeV

3He(n..pn)D, for neutrons of energies=17, 32 MeV
5. ) 3He(n:, pZn)lH " for neutrons of‘energie s = 10 3 “MeV

‘ The cv:ros's s:ecti‘ons fof the sé reactions ar; reasonably well knéwn
in. the'epérgy range. 0.001 eV to 14,0 MeV18 'with the exéeétion of i;he :

3He(n, pn)D for which no dataare available, It is assumed that this .

exceptional case has a small cross section, even though it is energetia

- cally possible. A compa;'at,ive chart of the other reaction cross sections

is included as ‘Ij‘:ig. 2. In. addition to t}.u'a. 3He(n,. pn)D reaction, the
3He(n, pZ,n:),li-I ,' rea:ctipn will not be considered in the determination of’
either wall effeclés ;r rise-_timé discrimination. ’ifhe r'eavsons for i:hi_s
omvis.sion ‘arev:

a. At the maximum energy expected to be encountered in this proportional' -

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

non-elastic cross section , ' . ' i

b. The neutron induced disintegration ‘of the’3He nucleus involves four

. separate produéf particles--only two of which are charged, Four pa'rt.icie
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dynamxcs are comphcated and the energy 1mparted to the various
particles may span a w1de range of_ \:ramables.. Note, however, that the .
.. threshold for;this reaction is 1.0. 3 Me\f and the‘kinetio' energy of the
‘. vcharéed particles produced by even a. 14,0 Mév .i'ncomi.nlg: neutron cannot’
e:tc’eed 3.7 MeV. Sinc.e some of thé ener.gy 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 kineti_c energies |

will be less than 3.7 MeV. Pulses from a 14,0 MeV neutron (n, 2n)

reaction would thusb appear on a multichannel analyzer at less than 3.7

MeV Referrmg to Fxg 2, it is to be noted that the cross sectmn of the . -

3He(n p)T reactlon is fa1r1y constant between about 0.4 and 2 5 MeV, and’

", the cross section at these ene'rg1es is at least 14 times as great as the

“n, 2n):reaction at 14,0 MeV. Distortions of the neutron spectra wouid
‘thus appear above 10.3 MeV at essentlally 0% at threshold up to a .

~ maximum of 15% at 14. 0 MeV., ’I‘hls dlstortxon w0u1d also manifest

“itself as a lower energy pulse, (<3.7 MeV) bnt the allocation of reaction

. particle kinetic energies would result in an éi‘nergy distribution that would

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

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

' dne'to the more probable (n, p) reaction at these lower '-energie,s which
would essentially mask these degenerate pulses from higher energies,
If we were to consider only single interactions within the active

volume of our container (i. e. no multiple.scattering events), and to
. . . 4
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likewise consider no neutron d:isint'eg'r’ation'intei‘aéti_ons with the material
. in the container walls, we would find that (after recoils are eliminated

-by rise-time discrimination and wall efféc;ts 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 from the 3He(n, pzn)l.H. reaction,

—

2. The disturbances of the ghergy Spéctrum 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 disturbanc‘e' of the energy spectrum at all energies due to the

, : _ "
neutron induced krypton disintegrations,

¢

The cumulative error introduced by neglecting these reactions is - (
unknown,

" The remainder of this paper is to be divided into four parts: - The -

plé.n of "unfolding!' the -raw spectra to develop a cofnplete neutron spectrum

~ is as follows:

' Developmenf of .a,probé\bili,ty"functién" to. repiace:'the pul ses elirinated
by '"rise-time discrimination, ! (II-B)

'Developrhent of a probability function to remove the wall and end

si¢ - .
This problem is discussed in deta11 in Appendix A, although no attempt
is made to correct the spectrum.
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(+4)if developed by Mr. Wang.

:-13...:

effect_s.' ‘(IIfC) ‘
Co'mbination of the two correction factors to reconstruct the neutron
,spec'tra.. (IIeD)

Rea.sons for and development of a random probabihty inversion

~ matrix in lieu of the, above'II-D, (II E)

Finally, it sheuld be mentioned here that the work 1eading to the

'mathematical expressmns for wall and end effects is’ primarily a restate-
ment of the work ‘of Dr W R. Brown9 and Mr, H T. Wanglé, although

' some modlfications have been made to the analysxs /of the later author.

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

text for.eontmuity and to facilitate explanations. They will be de eugnated

by a "dagger” (1) if. attributed to‘ Dr. Brown, and'by. a "double dagger"

B. Development of a Probability Function to Replaee 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 posx- )

,tioned such that the time difference between the arrwal of. the first

electron and the last electron to the central counting wire will be quite
short, This situation will occur when the radial component of the tr'aek_

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

" of the counter where the electrical field gradient is high, In both of these

orientations the count produced by a 'valid event' will be rejected by the
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' w}rlere, m, the electron mobility is the slope of the speed'vs E/P curve.

Measur ements

: -147-_ |

As can be seen in Fig. 3, tﬁé electrical field g’radiéptvat regions

: beyohd about 1 cm from the cathode varies very slowly._: After the

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

'sharply increases, If we é.ssume a direct propor‘ti,onality between the

" drift speed and the :E/P ratio, we can obtain an expression in cylindrical

geometry for the time it requ‘ires for an electron to reach the cathode, i, e,

ts | . dr | _ , '_(z),,
m(E/P) ' ~

.a
19
19, 20

of drift speed for 3He and Kr W1th 0.5% CO2 indicate

‘ that w1th1n the 11m1ted range of E/P wh1ch is the most important in deter-

. \ .
min‘ing 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

5

coaxial geometry, we obtain the electron drift time from any radial

position r. ‘ | | - by
't'= =2l P ogy e | rar
. ] ‘ m Vg ry, -
' Ta ranf_c_ a
Ta
1 P Te |r S :
ts == vy 4n — [2-]1 ' a - (3)
. m‘ o Ta (“Ja o
. t%:'l -L X fn f.ﬁ . r2
) . - 2 m VO ra .

Since ...23‘. is very small, the time.necessary to travel from the surface of .

the anode to the geometrical center is negligible.
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' The development of Eq. 2 and 3 follows the logic developed by

".H_arling. 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 noblé gases and moderating gases, A~

_theoretical development of this "gas mixture! mobility ;Sroblem was

presented by St'aubt,ZJ‘ however the necessary gas constants are not

" available to ‘compute the final re sulf_. We mﬁst thergfore make use of
_ assumptiqn (d) an& assume that as a first ap[varoximation,. the electron
. mobilities béhav_e as .,do ionic mobili;ie s,

Wbile it is realized“that't no simple theory can account fér the electroﬁ -

diffusion, attachment, recombination, and agitation velocity, as the

~ v ¢

electron moves through a changing field gradient, it is considered that

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

electron x'n'obilitriéé are thus assumed to follow the same physical laws

as do ions--although it is realized that the situation is considerably rnore
éomplex for the fast moving electrons.-
Staub’s method of cémbining ion mbbiliti.‘esm is as follows:

R o U U SN
M2 Pom P

where pj 5 the ion fnobi_lity' in the gas. mixture

=
11, 2-5: the ion fhobility in the component gases '
pl,Z = partial pressures of the comborke'nt gases
P = ZP_1

+ P, = total gas pressure,



Nt

Substituting m (the e_iectro_n mobility) for N we have :

L4

1 Pge 1 Pxr 1

= . + ¢ — ) i ' 4
Mmix  Ptot mpe. ot MK r o . (%)

' Using the sources explained in the footnote, * we find that for our tube

O . . R v v 1

my, = 0.3 cra/p-secz ~em  oHg)
m,_ = 1.0 cm/u sec:( Y.em=l g )
Kr ¢ }1 -vem . g
Pyge = 2.01 atmosphere
Pkr = 10,05 atmospheres.
Su'bst1tut10n of the above values into Eq 4 y1elds mm = 0. 72 -

'V .
. :cm&;—sec-(cm * Cm.t Hg). Utilizing this value in Eq. 3_and the apprOpriate
- -'counter dlmensxons we can plot mxgratxon txme for an electron from any
n radial point in the counter, This has been accomphshed in F1g 4 for

. representative counter operating voltages.

2, Rise time, ‘Rige time of the pulse has been defined as the time

N

. difference between the arrival of the first electron at the central counting

. ‘wire and the arrival of the last electron. 'By use of assumptions (c) apd (d)

o

CO, content of Friedes and Chrien was considerably less than that utilized
© by Harling.

" *The mobility factor for Kr was taken from the data of English and Hanna, 20
. The mobility factor for the helium is taken from the data of Friedes and
" Chrien, 11 which is plotted in reference 19 (Harling),. The reason for this
'-'Yf'i‘use of Friedes and Chrien's data rather than Harling's is that Harling, .,
RN SD) made his measurements using 4He with only small amounts of 3He , and
. {2) he used substantial percentages of CO,. Although drift velocity of
" electrons in 3He appears to be rather insensitive to moderating gases, the
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" charge the limits of Eq. 3 from r to r

N célculating rise times for electrons that are located at various radial f o

‘ distances in the counter active volume. We do not, however, have any

S C

we have been a._bie to d'ete:mine 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

A

= - L e ew mee— s '
t tz tl : 2 m v £§n <rf -. Ir > (5)

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

position 'vrvff' (furthest distance) to rhigrate to r,, (nearest distance) if we

f

and r to r,. We have
, a :

previously noted that the field gradient charges very slowly beyond about

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

time discri’rnina'tm: in ;pch a rlnanner th?,t'pulses which spend thei;‘ full
ene’r.gvait‘hin the active vol.umelen.cl,ose-d by a ) cm radiué,are rejected.
Wé can see ‘tf.havt the a-ssumpfién r.ega.‘rdilhg the linear dependence of
mobilitf and E/P is nét .too seﬂous a concept since the pu_lses which

depart from this alsﬂsumed.linear.'dependence(at high E/P values) are

autofnatically eliminated, As it turns out, the ""dead volume' of our-

. counter will extend to about 2,75 ¢m, - as will be shown later, Pulses

which originate in the ndead vblume" and extend outwards will be treated

in détail later, as ‘Will pulses which do the reverse. (Section 1I-B,7)

3, Electron prodﬁctio‘n. From the above, we now have a means of

Yoo
4

i
ix

~indication of where these 'eleétrons 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‘ st.opped in the gas medi\im. Let us ﬁow turn our attention .
| to the forméti;;n of these electrons in é gas‘med‘ium. " We have previously - v
' discuésed the various rea'ctio,ns. Ithat can occur with a 3He neutron inter-
. action, and havev déte:mined that ox{ly thréé of the vfive‘ potent‘ial reactions
are :of interest i,r'x.our counter, ‘Neglecting the energy distribution within’r
the three even£s for the momeﬁt, * let us now detérmine the ranges'of'
the varidus particles in the gas medium,

22 present an-empirical relationship for the

- Friedlander and Kennedy
| .determinatio.n of the ranges of chargéd particles in a gas mixture. This

relationship, adapted for our specific usage, can be used to determine

t_he ranges of protons, tritons, deuterons, and 3He recoils as folldws:

H

.2)

Range formulas for the individual gasévs (mg/cm
Protens V0 T -
- Rpin Kr (E) = Rp inair (E) [1.89 - 0.25 log)g (E)] -0.36 "
I ' ) L . ' a
s R Rp in He () = Rp in air (E) [0.82 + 0.043 log)q (E)] o
{ : - 3He Recoils _ .
| Ry, inKr (=)= 2 {RP’ in air (l;:.)[l 89 - 0,25 log) (%)] o.'36} - ‘.
D : S ‘ » (6b)
R | .~ Ry, in He (E)= i— Rp in air (32)[0 82 + 0.043 1og10 (Eg)] o C

'He

L *The energy-distribut_ion is discussed in Appendix C aﬁd in Section II-'B, 6,.
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Tritons ' - . B | L
Ry in Kr (E) = 3 {RP in air () .89 - 0.25 logyo (£)7-o. 3%
: L : 4 N ' (6c)
Ry in He (E) = 3 Rp in air (%) [o.82+0.043 log) (-3-)]
- Deutorons
RyinKr (E) = 2 {RP in air. (7) [1.89 - 0.25 log)g (_?:) ]-0. 36
Rgqin He (E) = 2 Rp in air (T) [0.82 + 0,043 loglo(—z)]
Thé'.particlé ré.ngés can be converted into centimeters by u'se.of fhe
relatiohship: ) . . ;
B o | : ' R (mg/cm?2) ‘
L (cm) = PtOt : 5 (7).
( He\) PI—Ie +( Kr) Pr ‘
, 14,7/ 14,7 :
where £ is the particle range in centimeters in the gas mixtﬁre,
P = partial pressure of the individual gases (psi)
P = gas density at STP
Riot = total particlé range'in the gas rvni:}:ture' (see belowi -
L. e . _Wke (®)

Riot!E)  Rpe(E) . Rgy (E)

W = weight fraction, Wy + Wiy = 1

W PHe PHe

He Pye Pre * Pkr Pxr

L P .
Wkr Kr PRr = 1. Wi

" PHe PHe t+ Pkr PKr SR
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' détg;fr;ix_liﬁérihgé“bufs'e risé times and the length of track of various o

- gituation that may be encouhtered, Setting the discriminator at the rise

. time appropriate to this most unfavorable case, we will remove from

-z%-'

where _ L
P = P#rfial_prgssufe of gag (psi)
P = gas densi.t'y‘avt STP o o ' S S .- ‘
| PHe = 0.16629 .g"’/lite’lv' (1) . . | , o | )
Pxy - 3.455 g_/liter'(f.); o o i o

-

The abo_vé relatibnships énable us to conveniently cdmbute' the
ranges of the charged particle in the gas mixtures, and are amenable
to machine computation. The ranges computed as above are plotted in.

'Fig. 5 for comparison. Note the substahtial differe in the length of .
. T ‘ "\.,",

“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 pulses can now be determined since we now have a means of

particles in the gas medium. If we recdgnize 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

consideration all pulses that can be attributed to recoils (3He, .C, O, and .
Kr) This worst case ¢an be considered to be composed of two factors:

(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 geoimetrica]_. position in the counter,
~Appendix B (Cése 1) summarizes the 'malximgm enef_gy that can be

imparted to the various Fecoil nuclei. It can be rea.diiy seen that the

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

i;eutrori. The other possibilities for energy absorption are of consider -

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

of concern, The ranges of the other recoil particles in the gas mixture :7

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:

' :nucléus is oriented in a directly radial position with one end of the

track at an infinitesimal distance from the wall 6f, the cathode, This

" positioning is illustrated in Fig. 6.

Rise time discriminator setting can then be determined by: -

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

-

. Eap, (max)=0.75 By (max) - -

7. (2) determining the path leng‘th'in the gas 'médium,,?_(E.:sH (fna.x))frbm :
.. ) . ' " n e o

the equations presented in Part II-Bn,Z..

~

) ,~(3) determine maximum rise time by substituting into Eq.' 5.the value -

n

b, the radius of the cathode, for rs, and [b -/Q(E3H (max))] for r

j 'Thvis rise time discri'mi.nator' setting (i:r') will then exclude all recoils

from the resultant spectra,



Fig. 6. “He recoil track position to give maximum pulse
' rise time, S ' ' '

i

| 5, " Determination of radial positions of the nearest (ry) and furthest (rf)

j electrons from the anode 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

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

.and three are required to explain the orientation of the event with re spéct
. to the center of gravity. For the 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 pogitioning of the event (center of

. gravity) in cylindrical coordinates of radius, length, ‘andrangular dependence.

: o #

The operation of the counter, however, is independent of the positioning ¥

of the event in terms of length (except for encllleffe\“-f, which will be

discussed later) and completely independent of any angular relationship,



R

_ with respect to the anode 'wvire. This means tﬁafc the ppsitioni_ng of the -

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

-28-

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

To define the orientation of the resultant ionization tracks produced

by 3He disintegration let us first turn o‘x.J.r" attention to the 3I'~Ie(n,-p)'l" ' :

.

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

energy'Ep, we can determine the energy Er of the triton particle and ‘;hé :

laboratory angle oy, between the proton vector and the triton vector by

use of the relationships de\}eloped in Appendix B.

+Qn, - E

. N R T U

E = E

and
(2Ep + Qn., P) :

(10)
23 Eq EP{

cos O S -

L

Note thato is alwayg obtuse in the laboratory systeonf coordinates.

Let us now define a codrdinate system. -The coordinate system for

. our calculations is selected as follows:
(1) The évent_: occurs at a perpendicular radial distance rq from the

" center line of the anode. The end point of rjy defines the zero. point

(0, 0, 0) of the coordinate axis,

(2) The z axis is selected to'include the vector r and extensions theréofgg

2 BEC By

the point (0, 0, 0)..
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(4) The y ’aXis pass'e's. 'th'rc}ugh’ the»po'in_t (O,VO,' 0) defined as above,

'a'ndv is mutually perpendicular to the x and z axis,

.anode wire °

Fig. 7. .Selection of coordinate system.

-
1

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

of the center anode wire, Calqulatioﬁs of the path orientations of the

" ionizing tracks will be made in terms of polar coordinates using these

axes as reference lines. We must now determine the distances of the .

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

1

1 of illustration let us visualize the Ep and ET track lengtﬁs as solid lines,

The orientatlion of these two vectors can have three degrees of freedom.,
Let us select the three rotational axes as shown ixl‘;’_’.:ig. 8.
Negl'eg:ting for the moment the Ep vector, let us turn our attention J,g

+

,1").
b
i
3

to thg EP vector,

We are able to define a position r; which we call the tip of the EP‘
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.vecltor. . (We wi'll refer to the Ep vector, although in reality we_are

~ speaking of a definite length of pe.th of a‘proton »oif set enefgy in the .
counter g,as me.diuhi.) We can completely describe this point T, with
re spect to our coordmate axis by the-.polar angle 02, the asmuthal angle

. .¢2 and the length of the.vector EP .We can thus determme rz (EP, 9,, ¢2)v

2 - .
=t M x
..-Q)z
K
Y

Figo 90 rz(EP,Qz, ¢2) L
' We need an expression ofﬂr‘z» in terms of ) since in determiningﬂ migriL

-

‘tion tirhee we are concerned with the radial distance from the central

$
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2 _ 20 2 2, 4. a2 2 |
T, =T +EP[1-sm 6, cos (-(bzﬂ -ZrOEP[l-sm @, cos (,- ¢2)J

_ but, cos (180~ ) = - cos B

1)

'>-32!

counting wire to thg-pc}in; rz (EP,.OZ, 87), iv.‘e. we need an éxpression

of - rz(.ro, EP' 8o, ¢'2), -‘To.ldetérmin’e this..e.xpressic'm let us pass a,plane

which contains the x axis and the vector EP (a plane can be defined by

“two intersecting lines). This plane will intersect the z axis at (0,0, 0)

and will make an angle p with the z- axis in the minus y direction,

Referringto Fig, 10 we can derive an expre;sion for. rz(ro, EP’ 02, ¢2). |

By the law of cosines:

1/2

2 e cos(180 -B)

0

Y

-~ Ep cos 02

and from Fig. .10,' - cos B= = — > >
. _ - EP_[-I -.sin‘ 0, cos (__-'-,,,¢Z)]
./'\M-_’

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

1/2

, 2 0 2 ,
ox L - L o ay

rz(rof EP"OZ' ¢2):./1"o +EPD - sszZ <:os2 (-.¢2)_]+2 %, EP cos 6, |

2 -2 2 , o |
r_=r_ + EP[I - sin? 02 <;os2 (~ (62)] + 2 r‘o EP?°S.°_

. Let us now,consider‘the povssibility that since we have not placed a

"restriction on where our event can occur, that a skew line may develop'

fand that the closest point to the anode wire may in fact lie somewhere

aldng the length 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 call this length.Q(Ep).‘ An axiom of solid geometi‘y is that the

 closest point of épproach for skew lines is at a point where a line '
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g

©. and the anode wire r

' ‘;3{3‘-
connecting the _skéw lines is perpendicular to eéch,' ‘This means that .

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

lé_ngth Ty. Thereforé, if we take a partial derivative of r, with réspect

V " to EP (note that this is actuallyﬁ(.EP))and set it equal to lzero, we can

determine. a distance ,?_P albng the ,(',(EP) QectOr whereb&r the skew lines |
are close.st.' We will call the closest distance between the vector EP

4.

drp L f2 e 2 ¢ 2. 2, , \/2
e ——————— = — - 4 ’ - /
GQ(EP)' 2 (ro +,Q(EP) [l sin Qzlcos ( 0.2)]+2L(EP)1'0 cos 02\)

- [ZZ(EP)(I - siqz 92 cos? (-¢2)) t2ry coé 02]

7. Set the above'expr'essi'on equal to zero and solve for £p; note that the

fir st bracketed term can never equal zero, Forreal values of ,(ﬁp we

_obtain . |
' ro cos 05

-T D - sipz'Qz cos“ (- ¢2>.]' (2)

Xp=
where 0.<,£P <L(EP).

- 'Thc,vnega_tive' sign indicates that 0p cannot be positive unless 9, is

greater than 90°, This is in accordance with i;he'ph_ysical situation

: 'envisioned and the selection of the coordinate axes., At 0, = x, .ﬂp must

equal r ‘and the EP ire_ctor 15 perpendicular to the anode wire. ,Qp cannot

exceed the physical length of Ep which has been aésigned.
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Substitution of ‘this value of ﬂp into Eq. 11 for Ep determines -

- "A/Z";' ) r(z) cos? 0 [1 - 5in? 8, cos2 ¢2)] -2 1'(2)' cos? 0,

' 4 . 0 [i- sin? 0, cosZ (- (Z)Z)J“ . - [1 - sin® gZ cos? ( ¢2)]

or ' 4 S o ' ' (13)
1- * 07 S

r,= r . ' :

4 9 [l - smz 02 cos? ( ¢2)_] o ' ' .

where — < L

and 0 ~(Zp < ;Q-(Ep)

Let us now turn our attention to the other portiqn of the 3He (n, p)T
event. Let us considei the Ep. vector.

In a manner similar to the determination of the end of the proton

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

" ‘call this position rl(ET, 01, ¢l')'-

/

.z. |
0
1/ : o

(180 - ¢1). (/s.r//

rl(ET:gla¢l)

; . wire
Fig. 11, rl(ET,Ql,(bl)

In the case of the triton however, we cannot a;rbitr.‘arily describe the.

'pos_itiqn. of the end of the Eq vector withvrespect to the anode wire, since
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~ there exists a unique relationship for the pd_sitidning of the triton

vectér for a gi\}en neutron and proton energy. (Eyn and Ep respec-

| tfvely. ) This relationship is ché.r_acter_ized'by the angled ;, which is

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

consider this constraint upon the direct{on that the triton can travel,

“We can visualize this restriction by the following:

" ANODE

Fig. 12, Rotation of Eq vector about Ep axis.

If'.w'e'we're‘to";otate the EP vector in Fig. 12 about its own axis .

~while imagining that the ET vector is rigidly attached to the Ep vector.
at an angle oy - from the axis of the Ep vector, \‘_;ve can see that the tip

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

e

to the Ep vector, The deteijmination of the radial distance to the center ,

. Mg

wire r)(rg, Er, él, $,) must take this degree of freedom into account,

Let us now examine Fig, 13, The interior angle of the cone described
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' ET vector back to the plane containing EP and .z we can determine the .

. _Wher,e Gy, as determined by Ey and Ep is a constant, | 7 vgries' from

. a36e

by t the rotation of Eqis (180 Oﬁ_‘) Let us now pass a'lplane through the .

'z axis and contammg the EP vector. Since this plane contains the z axis,

it will by definition be perpepdicular to the'plane containing the x and y

'laxis. We will use this plane to relate 01 to OZ; énd @) to ¢2. Let us

consider the rotation of the Ej vettor from a '""zero position'" where the
ET‘ vector is at a maximum position away from the center wire (i.e.

top position) and is contained in the (2, 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 call ¥. . By prmectmg the -

incremental angle. between Ql' and (180 - 0,) this incremental angle is

oY - E sin & cos 7 - " sinq], cos -
sin”! ey = -sz7 T72/°T  sin P -12 - 73 yTlL
Ep (1 - sin% 0 sin® y) R (1 - sin® ar, sin )
. K\N,

therefore 0, 'is related to 92 by .

~ - Sy sin 0, cos y :
0) = (180 - 05) X sin”! [
1 = (18 2) = sin él-sinz ay, sin% y )/ 4
.or . .
0, = 180- o?_isml smaLc“’ ’ } L e
' . 101 -s1n2aL sin® Y )1/2 - -

O0to 2x. The sign of the incremental angle'is positive for --2-< Y <’; and™

negative for %( y (% n. 0, is arbitrarily selected,.



o Troce of cnrcle formed by .
hp of ET vector ofter Lo
rorohon obout the Ep vector

sin2 y)1/2

Negotlve Epj/ ET S‘ﬂ a

- vector extended/
7 ET smaLcosr

o

e
T .Eysina sin y

- Anode

y o
Note Vector. ET shown exoggeroted m snze wnh _ v
respect to Ep for clorny of angular relotxonshlps. o

wu.37201

Determmmg Relat1onsh1p Between 02 and 01,' a,;;d‘r“_
e ¢2 and¢1 R o
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If we likeWise Were to consider the .perpendicular projection of the '
txp of the ET vector to the (Ep, z) plane we can rea.d11y determme that

since th1s pro;ectlon is perpendlcular to the (EP, z) plane, it must of

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

incremental angle between @, and ’(62, and determine a relationship

between them, The incremental angle is

cos
E

1 ET (1 - sin0iq, sin® 7)1/2}
T

‘ Therefore, the relationship between ¢, and ¢2 can b_\e\expressed a_e

' (180 -'¢1)‘=. (180 -05) - cos™} [ - éinZaL sin?y)]llz

=0, % cos™ [(1 -sinfay, sin’y )Al‘/Z]

oo

: whe:e the negative sign of the square root is takenfx..)jr 0¢ y <zt and the

' positive square root is taken for =m. <7 <25

Qp, isa constant determined by flxed EP and EN
‘¢2 is arbltrary . .

Heving now established a relationship between 0; and 9y, ¢1' and ¢,

~ through the constantangle p(I.;and the. rotational. angle .7, let us now

proceed to determine r,(r, ET"glf ,).

| Refeirring._to‘ Fig. 14, the same procedui‘e can be followed as was

usetl for the cornputation of rz(ro, EP’ OZf ¢2) in F1g 10, We arrive at



E-rsln 8, cos (180 ¢ )\\

uao ¢)

 Ersing —
“’Y-—E-r cose,

_ o o
’ ,.r-.ETtl-slnze, cosz(IBO ¢)]"2" |

T L P rl(E-,-,Ol .4>l)

\‘ Anode“"

o

Flg.14 Determmatlon of r (r T' _Ol, ¢ )
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but from Fig. 14, cosw =

' ‘-40-

the re‘lat'ion ship |

;

2 , ' | o , 2 van. 4 G2 -
r:l =2 +E3£‘ [1 - sin? 0 cos? (180 -_¢1)]-2r0ET[1 - .sin? Ol gosz. (vl80‘- ¢1§] *cos w )

0
ET cos Ol
ET (l -s1n2 0, cos (180 - ¢1)]1/2

RN
1

“substituting this value into the above relatlonshxp we find that

2 2 2 2
rl—/r0+ET [1-»sm_ Ol co‘s (18.0—(61)] -2, ET cos 8, .(lé)

" The possibility' of a ''skew' condition must likewise be considered

in case of the ET vector, ‘The length (2 ) must be determined and

o substituted mto Eq 16 The part1a1 derivative of r, thh re spect to

XJ(E )must be taken and set equal to zero,
T

" thus:

1 . e o,

S.Q(E 0

: [ZE(ET) - sin? Ol'coéz (180-9,) .- 2 0 éogvér] =0

_Soivihg forfT we find that

[l - sir‘1‘2 9, cos? (;80 -¢1)] _, S

~for 0 <"€T < £(E
' substltutmg this value back into Eq. 16 and callmg th1s closest pomt

of apprbach Ty, we fmd that

5r1 Sl |2, g a2y 2 2o 2 ek
T) -2- r +£(ET) [1‘-‘.‘.511'1 9 cos‘ (18_0-¢1)] Zro (ET).cos Ol ,
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, ~.and:
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' 2 . rg-'coszj 01[1 - sihzgl 'cqsz'.(180 .-i¢i)] 2 rg cos2 01

x84 0 :
0 i - sin? o) cos? (180-0y3° [1- sin® 01 cos? (180 - 9))]

ox L | LY

- "= r'. l- ' cos2 0} .
3 70 ‘[l-sinz 0y cos? (180.-(51)] |

: Summam;izing the calculations for radial distances from the center

wire, given Ey» Ep, and ry we must calculate four a‘d'ditional: radial .

0
*‘distances fqr each Ep, ET’ vector pair. ' \~
. . . . . ;\
Ep = Ey+Q-Ep | | | (9)
ro = ro. . *
r, = r'(2)+E%; [1-sin? 0, cos® (-g,)]+2 r,Ep cos 0, o
cos? 0
Ty = ryf 1= : ‘2' > — (13)
, [l‘- sinZ,OZ cos (-¢2)J |
4 (onl}} necessary to compute i'4: where -72-7 <9<
and 0<«Lp < Ep) : ‘
= [e24ER 1 - sin? 2 (180 - 21, E o (6
Ty = r0+- ’I"[ - sin” 0, cos ( 80-¢1)] ~2ry Epcosf; (16) .
T . .cosz Ql
r, =1, 1- 5 - : , '
' ' [l --sin? 01 cos” (180 - ¢1)J . v ' ’ (18);_"‘
. " sind r - 2 Em + -
Ql = 180~ gzisin-l 81n2 ], COS 2 1/2 where cos® =~ (__El_.g.)__ {(14)
' : |t -sin” & sin'y) 2/3ELEp o
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. -4‘.2-_'.
" The sign of the incremental 'angle is as follows: plus for - %#(7<"»'

minus if Zeredl
L2 2

P =  ¢‘2 oy c:'os-'l : [II-ISinZ ‘o'LL' sinﬁzb'] 1/2 ,' - (15) .

. The sign of the incremental angle is taken as negative for 0< ¥ <7 -
and positive for 7 <& <2,
It has thus been shown that all possible combinations of radial

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

1

"EN, EP, and rg in terms of 92, ¢2, ¥, and aL’ | SN : s

Iﬁ 'ro, rl,. Ty, r3,‘ and X,

5 maximum and the minimum radial distances taken as thé positions of - .
- the- most distant electron, T and the hearest electron x, to reach the
" central counting wire, we now have the distances to substitute into 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 Epj, Eq with Epnss andO'(.L

‘with the relationship: (see Appendix B)

' - (_Qn,d‘*'» ED2'+ EDI)'---
-coso?L == :

T 4 /Ep) Ep

are calculated for a given event, and the

a9

£
R




o thus, gwen EN, | EDZ’ andro o

[r-sin? 0, cos (» o '-|+groED2cos 0 (21)

COS 02
[l - sm2 02 <:os2 ( ¢ )]

O

(only necessary to compute r4 when .é.<02< uand :

0<'eID:f'Z(EDz)

ro-,*."EDl;. ‘.[l.,- s}n_@l eos» (:1'8'(J-¢l)]-_2roED1 cos;Ql (23) "

SN o g cbézva-l’ e | Ry B
L - - o< < X(E 24) .
0 , [1 - 51n2 8 c052 (180 ¢l)} Dl ( Dl._) | ( )
smoZL cos‘b"
2

2180-0, & _s";'n'}: . (25)

Lo i
R - R R
(-]
-—
1]

'[}'«-Sin Ry, sin }1/2

The s1gn of the mcremental a.ngle is as follows pius foi'- ’y <0’<77’
: mmus 1f -<a'<—- a.nd ¢l = ¢2 + cos. -[(l.- sin’zolL si’nzd’)l/z SR (26)

where the 1ncremental a.ngle 1s posxtlve for s D’< 2< and negatlve for




~ where b is the radius of the cathode.

addw

6. Development of the probability' funcfion .(PR)'for the replapein‘ent

of pulses rerﬁoved by rise time discrimination, -

We ha.vé Vnow. déveloped a means whereby the rise time of anﬁr valid
.pulsle (i.e. not a rec'oil) can bé determined fpl_' any possible energy distribu:-_ .
tion and spatié.l c;)x{figuration of tﬁe.3He (n, p)T and tbe 3He(¥1,ld)D reé.cﬁop,
vawe were tq vafy EP,‘ Ty, COS e, 0, é.nd ¥ over ;11 éossible ranges, *,
a tabulation of rise times t, can be madé'for each incoming neutron enérgy.
Before this tabulation can be acco_mplis'he"d however, three additi§na1

‘conditions must be considered.

o ’(l) The volume proba?bility' of an event occurring at a distance r 1is greater

at points that are dist‘ant from the anode, In Fig, 15 below, an end view

. of the counter tube is shown, The volume probability g(r)'of a re‘actibn

~occurrence. at r within a differential element dr is:

2mr dr . 2r dr |
. T,bz | b2

g(r)dr =

_ Fig. 15" Volume probability in the radial direction.

.

¢

ke ' P ' ' ' ' ' o
_ EP wil_l‘\'rary from Ep ax t© Ep min for a set neutron energy. Any emz;‘“‘gy :
- within these limits is;equally possible. -Cos @ is selected as a variable

since the selection of 0 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 in the



_the appropriate rise time channel,

a5e

- Therefore, events occurring at.various distancesr from the centerline

of the counter must be‘wei'ghted'in accordance with their volume prob-

.ability. ‘

:(2) Tl';us_’fa'r,‘t.he' fifxite .size of our tube has not been (;c;n'sidei'ed in the
aetermination of rise tirhe_ s. Ikt becéme's obvious that ;;ome of the eherg).r.
- vector s'willl. i.nter sect the walls lof the.cyiinder,‘ and that the iéniiing '
tracks will_:be stopped short- of their full le‘i}gth. In this ca.'s.e a p{;.ise of

) lowe¥ enérgy'é.nd rise tin’v‘le wi.ll result, An additional constraiht must

~ therefore be placed upon the calculations of the various r's (i.e. Tys To |

ra, r4) in the §fecediiig section, viz, if any of the r's exceeds b, then

) _thé pulse must be considered as a "'short pulse. Short pulses will be
. divided into two possibilities:
. {a). The radiallcompoﬁent of the track lengthg is still sufficient to cause

 the pulse rise time to be above the rise time discriminator level L This

1

N will cause a count to be registered in a lower energy channel. ‘The rise time
. is 'computéd using b as r¢. This type of pulse will be de‘signat_ed as a

| Mwall effect pulsve" (W, E.P.) and will be totaled 'separateiir. ,

(b) - The radial component of the track lengths is insufficient to cause a'v
pulse to be registered in é,ny energy channel, The rise time will be

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

. ' For g;'bookkeeping" purposes it is necessary that the above two possi-

‘bilities for Nshort pulses'' be catalogﬁed in the same energy channel

a appropriate to the (E,N+ Q) >cons'1vdered for a pulse that goes full length
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. in the track medium, ' They are not to be cgﬁalogued in the energy channel -

corresponding' to their réduced length, Wall effects are separately removed, .
and ifvthese' degenerate pulses were removed tWice_,' it would distort the ' .
spectrum, )

Each time the rise time discriminator setting is changed the above

two possibilities for '"'short pulses' must be recomputed.

(3) To compare the rise time spectrum from the (n, p) and (n, d) i'\eaqtipns, |

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

L . This common reference condition can be met if it is stipulated that the B

.;numbe.r'of .;"ise tifne si‘tuations coz.nsi.dver ed fdr 'eaéh incolrriing ngﬁtr‘otxvl._envergy
'be. the éa.fne. "Iheﬂ.vvar,'iab‘l'es for the rise time spéctruxﬁ (for a set neutron
venergy EN, ﬁ?ce'd risé time discrir;xinator sett'}ng, Aa‘nd fixet_i applied voltage)
are: three arligllcves (cos 0, ¢, and 7)), distance";.xl'o, and aﬁ energy distributigﬁ
e ’, of Ep. The angle“-va'ria.ti.ons are identical for each case consideféd, .the.
’ variati§h of 1y vwilllbe videntica.l, but the E cah vary from a;i EP max t©
EP min? the valuéé 6flwhich' ax;e dependent on the energy of the incomingl'
“neutron. We muéf therefqre cons’ide'r in our tabx;ié.tibns fimaf_an idéﬁtical
number of energy increments (not identical energy increrﬁénts) be take
. between Ep max a.n'd Ep min rega.rdle'ss of _the energy of thg- incoming E K‘ e
néﬁtron. ﬁote that since only a ratio .is évepﬁually desired, this cbndition
.merely ~ix}ci'eaées ‘the numerator and denominatovr of the ratio by a constaxéf; o
factor..
All three of the'above conditions are likewisévap.plica‘t‘)le“to the de‘uteron :

..

‘reactions,:as shown in the following discussion,




Table I. Number of (n, p) Pulses fof Various Rise Times at Energy (Eny + Q) .- ’
T r .| Number | N(WEP) | Number N(}l psec) | Number N(2psec)] . . .| Number N(30)15ec)'; :
(cm) | B2 of of { of ’ of ; :
, r T T : : O -
wall x = ~ pulses x— pulses x— pulses xS
effect b with b having be having ° b
pulses ipsec 2nsec | 30psec
rise time rise time "rise time
r -
a ,
b
R
C Y4
rd: o ' | -
B R ?
b ! o _—
; Ceew R RN e
- )N(WEP) =5 X(lpsec)ﬂ-z . Z_‘N(Zpsec)-T (30 psed =5
b - - b b - : b
_ r=0: r=0 r=0 - r=0

=Ly
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A'tabulativon of the number of occu:rénces of pi;lse's hé,ving the
same rise tirﬁe for éaéh (EN + Q) cha.ﬁnel caﬂ now be formed. | This can.
be.accomplisbed in t_:he follo%ring manner (seé TabLé I): For each
(EN +-.Q.n' p) channel,. i, e tbe ehgrgy of the Ii‘ﬁcoming #euffon plus the

is selected. The energy distribu-

Q of the reaction, a reaction site r,

n,p

tion of the bparticles 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,ié.gi the energy of

the incoming neutron, The three angular relations are also varied over

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

angulai' configuration,’ the pulse .ri.se time is calculated and tabulated. The

number of pulses that have rise ti'mes at 1 psec, 2 psec, etc, are

summarized and multiplied by the weighting function .bi‘- The reaction

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

This tabul'atioxi continues until the reaction site is an infinitesimal distance

.from the cathode, The volume.weight,e'd number of pulses of the same

\

rise time is then totaled;

o
"
Lo 20

r=b . , ‘ r=

all counts + dr= zﬁ(WEP) . ?.'.2+ N(l);eec)£.2+ N(Z)zsec)£2+. eo
& & b“ ré_o o be L b o
r=b C ’ , ' ‘ ) ’ s

W . dr - ‘

r ) -
1—6(30);se:c)‘ -1;2 : : : o B i
r=0- " o . ' A ; . : _V ‘

1

where dr can be any constant and is added merely to remove the dimensional

dependence of cm'l, - For finite differences in r, the interval between the




(n, d) reaetion. ,

v - relative probabilitie s, then we could directly add the corre spdnding '

' eleme’nt/s in the two matrices to obtain a combined ma.trix of rise time

would appear as shown in Table 111,

«49w

STy and rb‘eogld be selected. .

The abeve.tabulation is r'epeated for all vaiues of (EN+Q) from

o En=0, to EN- 14.0 MeV., Note that uecause of the prevmusly 1rnposed :

o cond1t10ns, that the summatxon of all the counts for each (EN+Q) tabula-

tion are equ'al.

Ta_b_ula.t‘ing' the 3I'-Ie(n, p)T and the 3He(h, d)D reactions separately, |

".we can construct a matrix for each reaction which is a tabulation of the -

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

Such a mat:rix is - shown in Table iI.

An identical tabulation to Table II would be constructed for the

.

 The (n, p) and (n, d) tabulations could be directly_’com'bined“, but .the‘ o

 .reactions are xliot equaily probable. However, .if we multiply all the |

Cs

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

vs. '(E'N+Q)" Such a factor is available to us in the form of the cross

¢

' sections of the two re‘»actxons,v O, p(EN) and O, d(EN). (Note that these ..

‘ ‘are the cross sections of o‘(EN) and not O"(EN"I' Q).) The combined matrix

{

Therefere the percentage of counts removed per energy channel is

i . -

'-equal to the sum of the counts to the left of the rise time cutoff (see :

,'Table IIT) divided by the total number of counts in that energy channel.



- Table IL, Wéighted Number of (n, p) Events Having _Idenfical Rise Times

nergy r=b r=b : r=b r=b rigb

of ' I r_, AT y r < .y

. 2 d . r. .
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" can say (1 -PRr)CrN = Cy- or CRN. =

-52-

" If the percentage of counts removed is designated as "PR, " then the ‘

_percentage of counts that were counted is (1 - Pr). Thererore, considering

. and designating the counts from ahy individual (En+ Q) channel as Cy, we

CN

(1——-—15-—) , wheré CRN is the valid
- PRr). .

_counts we would have received without rise time discrimination.

A"P ' can be computed for each (Ey +Q) energy channel of the multi-
R N .

channel analyzer, and after correction we will obtain the corrected neutron

spectrum with the rise time discrimination removed."

* 7. Discussion of error introduced by assumption of linear dependence .

o of electron velocity and (E/P),

It has previously been assumed (Section II-B.1) t_:ha.t.the mobility of

' the electrons in the 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)‘vaiue, i.e. vem - E/l-;’. This relationship appears to be a'

reasonable appr?ximation in the regions where the field gradient E varies

slowly, It can be seen from Fig. 3 that from the cathode,to éBout a ,

- distance of 1.0 cm from the anode, this condition of a ‘élowly varying

(E/P) holds quiteé true, At distances closer thén 1 0 cm from the anode, -

‘the field graciient incréases rapidly, becoming higher the closer the "énodé;_;

is approached." Atsregions very close to the anode, gas.multiplication .
takes place, and an"'elec_tron avalanche' is produced.

The region of interest for electron migration time calculations,

~the raw spectrum that is received as output from the multichannel analyzer,
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- gas, a saturation condition is reached whereby further increase in E/P

- velocity may even decrease with increasing E/P, These saturation

‘effects are probably the result of electron collisions with gas molecules

“53a
however, is the region between the radius where gas multiplication begins

(1 e._‘a few mean free paths of the anodé--or as described by Wilkinson, 43

"'a.’distan'ce vfror,n'the‘wiré surface of the order of its diameter!) and the
region where the field gradient begins its rapid assent (i.e. about 1.0 cm

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 component

O

does not result in an increase in electron drift velocity-"—and in fact, the

that are no ldnger purely elastic, and-a portion of the electron's kinetic

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

_prdbability of an inelastic collision apparently increases with increasing

.ele.c‘tron‘ kinetic energy, but the increased enéfgy losses due to the inelastic

collisions cause-the drift and agitational velocities to remain at a constant .

{or nearly contant) value. In the case of Rrypt‘on. ‘this terminal velocity is

- reached at an E/P value of 1, 5 volts/c_:m . cm"l, Hg . when the krypton has

1/2% CO, intermixed. English and Ha.nnazo attribute f";""-; peak velocity i
. ' . - e i
. : . :

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

terminal velocity peak has been reported either in pure He, 2% 5y in

11,19

3He-CO2 mixtures, In addition, the velocity vs. E/P curves that

are available from various experimenters do not go beyond an E/P value
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" of more than 6.0 volts/cms cm™! Hg for krypton, 20 .nd 10, (I . . L

-~ from 0.75to over 190 volts/cm.+ cm™} Hg in our countei', in the region

" under. consideration. It is thus impossible (at present) to even. estimate

. the Kx-CO

' in this region in our éoupter tube, EQuation 5 states that the rise time of

-54-

11,24

volts/cm . cm-} Hg for 3He, whereas thé E/P value varies

Lo

the electron drift velocity in the inner 1.0 cm radius of the counter tube,

| Quantitatively, \lave can say that the electron veiocity in this region
v_vill be consi"dexl‘a.bly' less than the {ralue we-have assumecll.v 'This pﬂenofﬁena :
of smaller and slowly changing .vello;ity is due to the saturation effects -of .'
2 m:;t.xtg'r‘e-‘-and probably an iaenticél effe.ct. A‘f“rm.*n tile 3He-CO-2
mixture that occur s‘ g.t an E/P,.value highgf than. those 1:~epor'ted.

" : : ' Cow
Let us now examine the effects of this uncertainty of electron velocity =

a pulse is equal (for a specified applied voltage) t_o.a constant time.s‘ the.

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

tr=const,'(r —-r2>. S ' - (5a)

f n

We have ‘likéWise pointed out that for tracks that occur -eht‘i,rely within;

the fegidn where E/P varies slowly, that we may cénéid,er_l the "rise time"
as the time that it takes the furthest electron to migrate to a radius equal R
to that of the origina' position of the nearest electron.

" Let us now go back to the determination of our original setting of i

S

the rise time discriminator, The value of the rise, /ne discrimination :

t; wag determined by éolving Eq. 5a with the values ry = b and
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Y

r = 'bA- 'Q3He(%EN)‘ Once this value has been dgte?mined, we can |

interpret Eq. 5a as the area between two concentric circles of radii T

Fig. 16. ‘IntAe‘rpr'etation of rise time values as a Con.sta.nt area,

5

. The‘total area between the circles rerﬁains a con\stant,' i.e.
. } . “ 2 2 v . : . 2 ' P. . . ) .. e
) 4* (rf - >rn) - Wtr -————r—‘rl-—i— . . i . -
‘ ' ' Vo £n f.S v

. r, . :

.

" when r, = 0, this expression reduces to:

f(min) = [—— (5b)

o A e |

P } 0 -r_.
a .

'

- Where X¢(min) is the outer radius of the '"dead volume, " and any tracks

" that lie éorﬁp}etely. within the cylinder bounded by rf(miﬁ)' vtllmey are

rejected by rise time discrimination, 'From the above discussion we

. ' ’ * ) . -

realize that Tf(min) is not as large as calculated in Eq, 5b, due to the
uncertainty of the electron migration velocity in the region r <r <1,0 c'mj:

since the velocity tends to be considerably less than the linear relation-

ship originally as sumed in a high E/P region. For a 14,0 MeV neutroh,

 which produces a 10.5 MeV maximum ;I-Ie'_recoil, we find that
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- beyond 1.0 cm radius. .-
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|}

tr = 6‘ 1 usec and rf(min) =2,.7 cm (for Vo 5500 V) Since T{(min)

..(actual) is less than the value calculated for a fixed t' " the ”dead volume'
of our counter‘ is less than' calcuiated. The‘.question of “hew much less"
1s 'ohe that cannot at present be analytically soh'/ed. It has been.
previously stated that it was ¢onsidered thet_the linear dependence of
velocity'w.ith the (E/P) factor was.valid ajfc regionls r>l.0 cm. If the

Tf(min) (a.ctuel) ie‘ not-less than 1.0 cm, then our assumptions are still .' '

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

. . . . AY
> A . . ) -\\ ‘

We have assumed that ‘the probability of a reaction occurring in any, .

'vunit.vo‘hi_r,ne of "the gAs' mediurh is identical'. The volume enclosed by the

1.0 crh radius comprises only .4%_ 6: the total sensitive'voluxhe. The track

'.'ori.entations can likewise be eompletely. at randfem, .anc_l so the probability'
of. a track ha.‘vihg any portion of it.s length in the volume encle sed by'e |

1.0 cm radius is dependent upon the disintegration particle energies, the

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

- probability of passing into this "inner wall" region can be computed in a

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

‘ (see Sectmn II C), there is no way to relate this probabxlity to the rise

- time spectrum, since electron velocities are unknown in the reglon-—

also every accepted count will be registered as a "full enei‘gy.count‘. "

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

‘region of the ""dead volume, " their total radial orientation may be such
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It is not anticipated that this error will be large.
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" that the pulse rise time is greater than tr,"and the counts will be

i

re>gister_ed-.
It can thus be concluded that: .
_(a') Pulses that are the result of tracks lying completely inside the "dead

volume' will be excluded due to rise'time discrimination, regardless of

: énefgy-and orientation, (4% of the active volume.)

[

(b) Tracks that lie completely outside the '"dead volume' may, or may

not, be counted due to rise time 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, length within the "dead

:  volume'' may, or may not be counted, The éctual_ rise time of these .

pulses will be larger than the caICula’ced'vrise time, but the rise time

disér_iminato; setting will be the same as in (a) and (b) above.. This means

.that more counts of each energy would be registered than would be indicated

N .

by our theory (i.e. more counts because more pulses would have longer -

rise times and thus more would escape rejection due to rise tire discrimina-
tion. )

The magnitude of the error introduced by (c) above is unknown, ‘and its

' effects must await the comparison of the final spectrum as de'veloped from

© our counter with a spectrum obtained by other means from the same sourdé,

[N

u.h
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o _videntified in Figl‘l. Within this sensitive volume of length L and

: discussion.
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"' I14¢ DEVELOPMENT OF A PROBABILITY FUNCTION FOR
' ' THE UNFOLDING OF THE WALL EFFECTS. ‘

The development of a probability function to remove the wall effects was

¢ 1

:f:.primarily developed by Brown and then extended by Wang. The overall

development is quite long, being in general the substance of two theSes,

~ and only certaln aspects will be presented herein along with a correction
'x?-to-wangs "Wall Effects Function". For 'a complete derivation of the entire
i series of probability functions, readers are referred to Ref..9: :and 16.
| The notation of Brown and Wang will be continued in this paper to aid
'"“:persons who are interested in development of these functions, but in
_general the..: functions will_only be presented and identified in their.

final form, P o - _ N R

1.  Wall Effects ' o R ' ufhkg_‘

.'The sensitive volume of the'proportional counter tube was‘previously

. 'radius b, let us select a reaction site at r, and assume that the

track length of charged particles is JQ ; For the analysis, the whole

E .ges filled volume (not Just the sensitive volume) may be considered to be

1

.-divided into four regions which will be identified in our subsequent ‘

a. Region A

Region A is the core of the sensitive volume defined by rediua of

b £ and length L~ 2£as showa in Fig. 17

#

" ..  TFigure l7-Region A.
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" It 18 clear that only tracks of full size can be found in this

" .region, Therefore, the probability P,(P) per unit track length that

L . .'e. track will havé‘a. length between @ and @ + 3¢ in this region is::.

P (f’)d(’ - <P J%)a:o

For a single reaction happepipg in.region A.-:the probability is

hEaes [ K€t -1 D
T To B ' (o]
Y 'Reéion B' N | l~ ' .

)
’ .

t Region B 1is the hollow cylindrical volume with an inner radius of

'b ﬂ . an outer ra.dius of b, and a leng’ch L - 2,2 a8 in Fig. 18

T (4
l:i |

;;7'3 ;7r .Q/
+ v. R

[T

‘ '-Figureilﬁi ‘- Region»B‘

* For region-?,.wang classifies the .track length into two categoriesi .

",,fCase 1

For a single reaction in this region, those tracks not intersecting

i.ﬂ‘ the wall will have a length‘Jz the full. sized track. The probability,

Bl(9), per unit track length that a track will have a length bétween

" vhere the factor F Bl (P) represents the fractional area of a sphere vith
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Referring to Fig. 19, it is seen that the fractional surface area
of the sphere inside the cylinder is
| | lmﬁ‘ﬂz sin9d9d¢

N -8 1 22 ’ o
Fpy (€)= e , e 1-‘.2. f 5in 0.4 0.
. . [«

1

' Wwhere S = spherical surface area outside of the cylindcr.

Brown makes an approximation that the transition.from 92 to- Ol along

the line of intersection between the sphere and cylinder can be represented
by the sin B, and he: concludes that: '

| )F | : i -. o .
/,?/’”f-\\\\\- . counter wall
VA 9% o i : : ' ol
- e % \
(0,0,0) BT o X
.. ¢' | /,

e e wwm w ow an

counting wire

Figure 19 Intersection of & Sphere and a Cylinder R o
. 1 b-a U ()
Bl((’) 1*1¥[< )F"(g ) ( ﬂ o\t

e E[ (-%-) Pk 2)-(3—1

Sl 2 g (+)

1

vt - Case 2,
. e ———

. Those tracks that do interest the detector wall will lose a portion
fg. L Nof their length. The probability of hitting the wall 18 then the spherical
. surface outside the cylinder i.e.

ey

Then -the yariation over Q gives Aﬁig = (q »T)

: radius JZ centered at (0 0 0) that falls inside the sensitive volume. : R

.? l _, - . er . -pz 1 s - ‘- 5 ) K . . ' ': %E-
Tl = -3 K B3 ) = *-(6 )Z‘e ’] I
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PB2 = (P: r) = FBQ (())"i')

——

b‘ (F 2(6 ’ r)) = ((’ ’ r)d?
DC o {_ [ & -G%]_ 2p
B ez

""II

Regions C arxe the portions of the sensitive volume of distance 2
from the ends of the sensitive volume, as in Fig. 20 '

/}‘ II/’V
jfe— I
Y/ VA4

e L ——
. Figure 20 - Region C. .

Thé track can be clussified into two dii‘ferent cases,

1

For a simple rea.ction in this region, 'che probability of having a-

full trxack length is

P (@) de = Ty <e>5<ﬂ e>de o
‘ hrqu I};C s:.nadad,enl- -3- ,.C[Sinqdu

oy @) =

1 "
PR



, N\icieer reactions oceurring at sites outside the sensitive volume N
| ~can a.iso ca.'nse energy to be deposited inside the sensitive volume of the

o counter.

the sensitive volume per unit track length of P is PD(f ) then;

M) Y oW
£ A Co : .

Figure 2l = Region. G

Intersection of Sphere
~ with Active Volume

Case 2

"+ . The 'proba.bility of having a curtailed track length is

Pcz((’) af = ('%_ sin Q da) ¥ 2

since cos ¢ = é , 8in a da = (52) d P,-‘therefore_v
Fea (e)_ ®=@pd 2l
=0 1£23f
d. _i?egion D N e ,. R

Region D are the portions of the gas filled volume 'beyond the " '

sensitive volume, as in E.’hg,\.aa e

" Figure 22 - | Region D

If the proba.bility of depositing energy from a track length inside
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130 ¥ od

v'sinocda,xa .i ',‘ \

B, )

2

but cos Q= -m )
.~ therefore sin o Ao = (T'PT dﬁ’ for £ >l° ‘and

P (P)dioaa*—)Qfor()e-z) 2z (1.1.)

@mmme
, Figure 23-Region D; Track Lengths Ins.td.e Sensitive Volume
"\ ®. Sumary of the General Wall Analysis ¢

T ., For an arbitrary track length £ the gas-ﬁlled volume can be
| divided into four regions, as in Fig. 41&

Fisure 24 Summary of Counter Regions B

+ ¢ PN
. N

’.t’he pro'babilities per unit track length that & track will have &
lengt;h between e and ((> + d@) in ‘each region are listed 1n Table Iv.

el

- AW s
U T e
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Table IV. AProbability- functions for diﬁerenf regions of the éoﬁﬂte:.

Probability of giving

" Region

Probability of giving full track length

wall effect

paz:'tial track length due to"

puP =6(P-2) o _

1 f2-22) 1, (b 3 1P
1+3 [( £y 2 ) r *.(I - ) “z'fz} 5‘?'1) sz(p)-g{(g) F
pcy = 1+ £) §(p-2) - pealp) =

D_?_.(ﬁ-p)~

=0 . zZ>p

s
m
["ANUR Y
-~ =
~ i34

LT
:
.
ARy
<8,

nbgu
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" and the w)olume fractions are, respectively,.' N h
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£, ‘The probability, P(E -»E.), per unit energy that reactmn products of

- ‘energy E will deposit energy E: inside the sensitive volume due to the

wall effect

According to the jforegoing analysis, now, if we assume that the pulse

' ‘height is proportional to the energy deposited inside the sensitive volume,

_then it is reasonable to as sume, for the first-order apprb ximation, that

E = K,
E; = Kp,
Ep, = Kb,
. Ep= KL, S

\

- ‘.\;vhe're K is some bz_‘oportienality constant that wili be cancelled out shortly,

oo

P(E E = KP('Q—’p). .,

- where ‘K is another proportxonahty constarnt, For the whole counter o

p(£— p) =/ ":P pr2lp, r)gl(r)dr +£ pPc2lps 2)ga(z)dz

. . ‘e-p )
AR +/ pDZ(P' z)g3(z)dz.
‘ /0

‘From Subsec. II-D, 1b, - -

o 1/J/b}y 1 |1 2b  3r{- oz z
. p (p):-—-{(—) .—-+.._ _+-—.—., }' p 3 -, 2 cmevr— ':_
TR ) T Ty o2 T pep Pez 2 sz_' Lt

| Zﬂ'r dr ._I 2T df

: gl(r)dr

T b2 T 2
\ !
ERRNPRY dz .
gp(z)dz = g3(z)dz =71
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.then

,the enexrgy length.
. glving a track of energy E

| fherefore: . - | |
 thexetore: | ez e ' |
: )= L by 11 2b _3r |¢rdr
» r),'. | Kf) i ]:ra+ e2 ez v°
e ?e ,
2,z [ 2 o "
S AR (ﬂ ¢) :
. O | 0 i
- VoL 111 .1
PQ) ez +EYE"H YL
- und si_.nce pl' (1—¢v¢)d€ ‘= P‘(E—}Ei)dE ,
P(E ﬂ> E ) B | T o | o  '(27)

Where Eb is the energy width of the particle in qpestion, ahd EL is »

Note that this is the probability or fraction of
due to the: wall'effect.

-

1 SurpriSingLy, vhiS

'Vprobability turns out to be constant independent of the energy of the
"incoming neutron.* '

—

2. Probability of a Track Not Hitting the Container EnVelope'

0

' Brown and'weng derive expressions for the average iaboratory energy

‘ﬂ . of the various particles in a plane perpendicular to the counting wire.
" The expressions "cannot be analytically resolved, so numerical inue«ration
_is performed on these expressions' and the resul ant energies are then

approxlmated by use of the following formula.

N

+ 0,505 8, . (+)
% Wangs more complicated probubility function is due to the improper vﬁf

_selection of limits of integration ror regiom ¢ and the upprom1mation A '
‘utilized. in determinution of P, (p) de . '
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. component of the triton.
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; ; » 75:“”" ‘.« - - _ o o 4
B g_o,5uo E“ +oaso o N o (t)
o | | ', | ;
By =02 By -l27 | ) ’.._ | ,.('),

Where the designation E ind.icates the average 1abora.tory energy

 in a plane perpendicular to the anode resulting from & neutron of energy
E,. ALl units are in MeV.

N | A | | —
From thesc expressions of particle energy, the probability that a

) "éimul’ca.neously emitted proton and tri'fcc'm , or a pair of deuterons, will
+_ not hit the walls of the containing vessel are derived. : Using the

notation of Vang,

£,(E) = provability that a proton-triton will not hit the wall

f5(E) = probab:.llty that the deuterons will not hit the wa.ll

NONE (E) : (E)(l - ¥ ) C (28) (ﬂ
‘ where fl (E) ‘, the probability that a proton track will not hit

thewall* L RO _ | i
' flT = the probability that 8 triton track will not hit the wa].l

(1 - l/ 2. a fa.ctor a.dded to account for the forwa.rd. track

.

- ::E T, 32 "here% - o768 (MeV)"v - |
vfm(E);' g [l ‘_"2 {ab [ ( ﬂp)] 1/2 -+ siin-l (jé%)}:l (f2'9) (ﬂ

.+ % Both Brown a.nd. Wang' ca.].cula.‘ce two different va.lues for £ (E) and
. equate them for energy boundary conclitions of their tubes.”® In our
. 'case, ‘the ‘energy Woundary conditiuiis (Uetause of a larger size tube
. and greater filling pressure) are such that we do not ever reach the

. -conditions that Brown and Weng encountered. (i. e. the E for our

tube is at 17.0 MeV which is above the des:.gned maximum ofl tll& 0 MeV) h q,. ;



of energy n

P A : R - . i
and Q = length of tr:.ton track in the gas mi.ctu:ne i‘or a triton

o.f energy ETL

and "n (= ‘EN \l/a Qn . 5 o (Mev) o

';sections.‘3 '
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\
- D. Combination ‘of the Two Probability Factors to Reconstruct the

Origlnal 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
40 14.0 MeV. .The spectrometer operation was such however, that in order

: to remove the more nunzrous rec01l\pulses which were smeared across the

energy spectrum from (3 E N). - to zero, advantage was taken of the

max

'+ differences in pulse rise times between valid pulses and recoml events.

.'The removal of the recoil pulses, however, was not without 1ts disadvantages.

It was discovered that to obtain a neutron spectra W1thout rec01ls, it is
necessary topforgo all information at the lower.energies since the track

lengths of lover energy'pulses were shorter than the maximum energy recoil

i pulse. These lover energy pulses vere thus removed with the recoils. In

addition, the orientation of the tracks of a valid event may be such that

~:the radial components-are less than the ‘winimum required to produce a

_ pulse that exceeds the rise time minimum cut off.

The loss of the lower energies of the neutron spectrum is unfortunate,

" end & means to overcome this deficiency has yet to.be devised. A means
-to effect the replacement of the highexr energy pulses that were removed

due to their speclfic orienhtations within- the counting tube has been

~developed and presented. earlier in this report. The probability function
' (P ) can ‘be directly applied to the raw spectrum frém the multichannel

_-analyzer to replace 'rise time removed" pulses inh this situation.

The other portion of the problem in the determinatlon of a reconstructed

" neutron spectrum has to do with the removal of the wall and end effects.

As mentioned ‘earlier, this problem was essentially ‘solved by‘Brown and

t.extended by Wang. 'Modification to Wang's probability function have been
. made, and the revised probability function P(E-a»E ) bas been previouSly '
;:'presented

What remains to be accomplished is to present a computer program

' 75;loutline.offthe means to unfold the various effects and to arrive at a-

,n'complete neutron spectrum : : . : o : efl

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;
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(a) Assume that the raw spectrum has been corrected for rise time

‘discrimination. The raw counts in each (EN + Q) channel have been =

'divided by the probability function (l-PR) and the revised channcl counts

are novw designated CRN

(b) The counter efficiency has been calculated, and an energy dependent .

‘value of the efficlency 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 nuclear cross sectlons, (b) the counter dlmen51ons,

and (c) the gas pressures.

R n,P(EN)Vn N5 c‘-n,p(’{-‘iN)D--fl(EN) L tt

' where o ‘5' 5' . . o
‘ N3 = number of “He atoms/cm” of sensitive volume at filling
He g o . : '

s" i
o P(EN) = Jhe (n,p)T cross‘section (see Fié. 2) :

D= Effective thickness of the detector for hn geometry

= Total sensitive volume
effective area

where sensitive volume of sphere = sensitive voiume'of“cylinder 1
Lo % % 3; = 1 b L
or . ST o R
: R =4(5 bQLDl/§ o T 5

' thus effective area = 1 R (5 sz)a/5 . T."‘n;""

"’.‘..‘, '. “(_%bL)e/ja .,'

(E ) = Probability the proton or trlton will not hit ‘the wall

» .A similar expres51on can be written for the efiiclency of the 5He - ;;'
(n,d)D reaction. ‘ ’ ' |

N o, o) = NEHE:"o;1 d (EP)D £5 (By)

"2 1, | ' h2/3 / leﬁ? 3-f  j: lﬁ :' :  ;% di_.

it n e rim oot e e o
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i

' 'where the notation is similar to the above

o section notation such that‘

It can be seen that the efficiency can be reflected in a nevw cross-

. o n (2y)
%, plE)* = NSH D o n,p(EN) = fi'%EN)

e

- whore o, (EN) 'is the cross section ‘that has been corrected for the

-efficiency of the counter.

"and -

. R | Mn d(Eﬁyi '
o, alEy)* = ,NEHe’ D.°;;,a (By) = f; &)

[ -»\wheré o, d(E )* 1s the cross section of the 5. (n}d)b reaction that has

been counted for the physical efficiency of ‘the cnunter. ‘
‘Assume now that the higher energy rise time discrimination removal

counts have been replaced and the cross sections have been corrected

"f_for the counter efficiency as indicated &bove. A computer program to

unfold the wall effects and to calculate the resultant true neutron

spectrum could be as follows: o o . oo

’l(l) Let Ey =By -Q .- ."-. | o

' (2) Let Ad' = Number of neutrons of energy EJ.

. where E,, = Actual neutron energy -

Jl

EJ a Registered neutron energy |

B
‘;.(3) Let CRN-'B Number of counts reglstered in top energy channel of
. T the multichannel analyzer (after correction for rise-
| discrimination)
:" (l“) 'CRN. = ANI n, (EN') f (E )
(5) Solve for Ay,
A . ®r

%, By ¥ T (Ey)
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SO e = A %plieay ey %, p(F ¥

[-i‘ (B )] Pp E*‘fE(N}

vhere P, (B .é}E(N l)) is the probability that an (n,p) event from '

channel E ww}l be regxstered in channel E(N l) P(E ~>~E, ) = ,%£-- %n ‘
, : = L
' (7) SQJ.VG for A(N"‘l)' : -

(8) Repeat this procedure until we reach channel A

(N-3)*
where: . .
. . i=j«1 - . : .
C e e T ey I e 1)] R )
EE. | 2 Ba-g) R By
" (9) . Let By = (Qn,p Qn d) and the deutexons begin to appear._
. ;.‘e. Erégistered - (0. 76h + 3.27) = E - 3.27
(20) CR(NJ 1)’A(N-a-1) n,p(E(N-d-l)'>*_f;(E(N-J-1))* * (N-i)"",p
- o ' =0’

S . : - j
By )'*E'fl (E(N—i)ﬂ'?P (E('N-i) E(n-3-1))  * Ay % ,d(E(N'))*'
. £ (E(N 3 1)) Thé last term 4in this expressidn indicates the T

PR deuteron effects from Ey, and . (E(N 3= l)) = the Pr°bability that tne

~3€fdeuterons of energy E(N 3 l) will not hit the wall.

(1) solve for A

_V]~y}-lgfi (N 5 1)' N
SUSN o S 1=§ o 9.
S A(N‘-d-il)' - CR(N- -l) Z A1)t %, () * E'fl(E(N-i).z‘.l‘ |
v . = S ‘ S
&x . “. PP\ (E(N_j_ .E(N -3- l)) - -AN' o;_‘ d(EN') t (E(N -3e l))

i .'.Slifi%eé v n,p (E(n- -1)') f1 (E(NJ 1))

:\A‘.




f (12) Then in gehe:al:

= .where P

A . ' . =Jd+k ) -
gm0t = R g0 © Zo A %, By

EL'fJ. (E(N-i))] Pp (E(N S (N-j‘-l'-k)).',' A(N-k)' %,d (E(N-k)'.)*' , -

i=%k -1

Cfs Eggaa) s ) A i)' a8 ‘Em 1)"* 56 = :,-k)]
: o 170
Pd _<E(N-j 1-1). (N—J l-k))
. _v'divd.d.ed vy (E(N_ 1 k),) £ (E(NJ . k))
Fa (E(ﬁ'}’ijz7' (N-j.l k)) \gs the probability of a deuteron

N having scatterlng from & higher energy channel into channel E(N - l-k)
‘;f and f6 (E(N ~3-1- k)) = the probability that the deuterons having energy‘

E(N-J¢l-k) will intersect the . wall [:-fs (E(N o1 ki]

A (13) This procedure is followed until the spectrum is unfolded to the '

lowest energy channel that has escaped rise time discrimination.

(14) The unfolded spectyum

‘.-AN','A(N-l)“ A(ﬁ_2)|;,A(N_3)|'- ."c.'A(ij~l-k) co.ccoco '

u.:is then the neutron 5pectrum corrected for (a) rise time discrimination,i
- (b) wall effects, and (c) counter efficiency.
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. E., Random Probabi;ity I'nver's'ion Matrix

Al . ) . -

The foregoing sectionbs.have considered in detail the computation’s

”neces's‘ary.to Qhange the raw energy spectra to a neutron spectra by.the_ o .

.i"emoval of the rise time discrimination effects, the wall and end effects‘,' -

and corrections for the spectrometer efficiency.
Unfortunately, as can also be seen from the foregoing sections, the
number of computations necessary to remove the se various effects and

corrections is exceedingly large. "“There are four position variables, two

.

~independent energy variables (one reaction particle variable, one incoming -

neutron variable), risetime disérimina’cor setting, and an applied voltage

condition--a total of 8 variables. The number of variables and constraints

on individual computations make their solution by analytic means virually
. : - \ L ) ’ } o, s

- machines, the number of computations invokved would require several -

an impossibility, and even when considered for high speed .covmputirrlg

~

‘houi‘s of machine time. It was therefore decided that in order to compute

" an "inversion matrix" which could be applied to the "raw spectra' output - °

éomputation of all ‘correct‘ion.s to the raw spectra sim_ulténeously, as well

" of the multichannel analyzer recourse must be made to a "random prob- - .

- ~ability 'méfhod béing that it will »i'equixfe oim,ly a comparatively small

v

amount of electronic computing machine time, and in addition will permit

as elimination of several assumptions that previously were necessary to ‘.

4
LN

apply to the more gen.e‘rallcase..

‘The random probability analysis for our counter has been de‘\}eloped
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by means of a FORTRAN PROGRAM having the code name "CATMAN, "

.An; outline of the re.ndom.probability' analysis is presented below:
ot . 1 . ', i A - '. .
(1) A neutron of a'spe,cifie energy Ep (selected as the maximum neutron

energy that our counter is expected to detect) eomes into the counting

tube. .The direction of the incoming neutron is selected at randorri, "and

_ since the detector is to have a 41 response, this direction may be

completely arbitrary,

"(Z) The neutron passes into the volume of the tube (not necessary to limit

B 'this to the "active volume" between the field tube s) and transits a distance

R

" 'into the gas medium. . Since each unit volume is presumed to have an equal

. probability of a reaction occurring in that volume, ‘the position of the event

N

" is selected at random by a "random number generator! which determines = -
. ’ Y . . * ’ : : ’ . ' o . - e
' both longitudinal distance along the anode wire, and radial position Tge S

(3) Ah event occurs at a re.diﬁs rg. from the'couriter center line a.nd'rat '
\

. ,; some length .2 along the counter length The event can be either a 3He(n,p)'1‘
| '."reactmn, or a 3He(n, d)D reactmn. The probabxhty of the type of reaction
4'.;.s based on th‘e ratlo of the cross sectlons at the energy of the mcommg

~neutron te the sum of their crose usectioxis,l' i.. e. 'the‘probabi'lity of a

v- 3He(n, p)T reaction is:

Tn, p(EN)
(EN) + 0 d(EN)

and the probab1l1ty of‘a 3I-Ie(n, d)D reactmn is: S e 55. A

T, d(EN)
on, plEN) + 05, g(EN)
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b (4) .'The'reaction .particles a::e assumed to'_fiave isotropic distribution in
.the' center of mass system'}of coordinates, and tlae direcfion of one of the:
- reaction p"ar';.icles is .selec;c‘ed at random (three.dimensional selection
"baeed on ¢cm’ cos gc.m" and _equal-bo.t opposite 'moment\;m veetors). The

energy of the particies in the CM syStem is divided among the particles

- as follows:

' 3 3
EP cm Z Z | + Qn, p , R |
T 1 3% He(n, p) reaction
ET cm Z (Z N + Qn,, p)
En em = Epp em® 3 (ZEN+Qn d) } He(n, d)p reaction

" (5) The reaction ‘i's_ converted into the Laboratory system of coordinates,

and the energy of the various particles is computed in the Laboratory

N -

system, Note that‘any energy between a maximum and a minimum.
: Laboratory energy is equally probable and can occﬁr' for the protoh ‘and

', triton partlcle sv  Like wxse, if 3 EN> ‘Qn d\ (threshold energy), the

two deuteron partlcles w111 vary between a max1mum and m1n1mum

_ _'Laboratory energy with equal probab111t1es. (From Appendlx C. ) The

cos 0.
" (6) The length of track of the various Laboratory particle energiee are

" computed by the relationships previously pre sented.

', (7) The track lengths and orientations are then compared to the reaction

LI

o SRR ' site to determine if any portion of the tracks has intercepted the walls -

Laboratory energ1es are determmed by the random selectmn of ¢cm and P



, ' to travel as an identical particle that begins its life with an energy equal
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of the tube, and/or has a portion of its length in the gas volume determined
by“the perpendicular ;radi_a'l'projec':tioris of the in‘terio'r ends of the field

o fubes and the end wallsA(vené.l effecEs). s ) ' I \ ) :

(8) 1If the track of one of the partiqles.interseCts‘ the walil or the end .-

‘portion of the counter, the portion of 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

f

dgpositio'n 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

.' .represented by the length of track that passes outside the active volume:

- (if the same gas mixture were present outside the container), This _

' o conclusion can be drawn from the concept that after a charged particle

" has lost a certain amount of energy, it still has the same length of pa;t}_}v
' ¢ : :

S,

_ to the reduced energy of the particle in que stion.,

. (9) The v‘é.rious (1,2, 3,4) values (radial componentsvof track lengths)

co : _ _ (N ‘ .
- are calculated to determine rise times, with the condition that an appro-

priate constraint be placed on those tracks that intersect the walls of the

tube, or pass into the end fegions;

< (lQ) The rise time of the pulse is then'.determined, based on the time that .

) it takes for the nearest (r,) and mo st distant electron (rg) to.reach the,

' anode. ' . 1‘ P i , ] - .
‘ t - ——————*———- = - . ‘ . v
T 2m v, PN R - , -



'jgrveater volume proba.bilitjat points more distant from the anode.
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‘(11 1) A weigh,ting frunction is _a.pplied to the re sult to account for the

g(r)dr —'bz dr

3 ) .

"where x is the reactmn site selected in (3) above. _
- (12) The we1ghted pulse is catalogued by energy (EN+Q), ‘rxse tlme, ;
L and reduced energy (if apphcable) |

"(13). Steps 1 through 12 are repeated several thousand times for the same

incoming neutron ener;gyn. ‘The probability of the various particles_not
hittlng-the wall is computed. fl(E),Z;the pr'ob;abi.lity'of‘the proton-triton

tracks not hitting the wall; ':.‘and.'.fs_(E),n'the probability of the deuteron

_ combinations not hitting the wall, ‘are calculated after "weighting" for

volume probability cc.asiderations. ‘The probability of caxlsing a pulse in

© a lower energy ‘c'hannel.P(‘E ->;E~) is likewise calculated from the tre.ck- :

length-energy relatmnshxp descnbed in step 8 after the volume prob- - . )

[y

ability functxon has been apphed All three of the se probablhty functions

. are combined into a new probabillty function Pn(-E - E;) for the spectrum

unfolding procedure s,

(14) The energy of the incoming neutron is reduced by one -energy unit,.

- and steps 1 through'l3 repeated,
(15) The energy of the incoming neutron is reduced in successive steps’

‘until the lowest.value of interest is obtained, or until the length of track ,

of the charged particles are less than the length required to escape rlége

" ‘time discrimination.

.
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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
'Amat'rix.a.rran_gement can then be compiled and corrected for the effici.e'ncy

.

- of the counter, The bn_'xatrix arran'gement could appear as:

— =7 . — . E ‘ - . ~ -
Cl . a.ll alz al3...'.'....a.1n_ Al
o Cz 321 azz a23otou'o..-¢.a2n A
l ‘
= %
Cn- | 2n1  #n2 Bpzecceere af"nn | Ay
Counts regis- . aiJi = fraction of neutrons oflenergy’  Total neutrons
_tered in each ~ j that are counted at energy i, - sent into each
energy incre_-ub- o S ' energy range.

' ment for randofn
probability .
analysis, |
{17) The problem' now resolves itself into determining an inversion matrix
whereby we can calculate the original neutron épectra from the counts
registered m each energy channel of the multichannel analyzer, i.e. to
-cpmpute an inversion matrix such that: ' .



RSN
&i;l ‘

Pwe . g

.Jso..'
— — — | | | o » rT P
Al . ] bll blz .'b13oo-.0?.to-?}?ln . ’ Cl .
B P21 Paz PazeecceeereePon C2
A . | '
= X
AN = bnl . bnz bn3..v...".?..v.bnn \ L CN
Neutron ~ * . ‘Inversion . RawCounts
Spectra . | Matrix . o from
o T _ : ‘ Multichannel
SN - .- Analyzer

Pl

(18) Note. that m stépvs‘v_ ,16.'a.nd 17 we have ref_eq;:red: té a matrix arraﬁge-_
ment and an inw;e'réion mé.trix for our 'illﬁétra;ti;)ﬁ; ‘I‘hé actual matrice:s',

1£ they w.ere to be'construc‘:‘céd’., \\;éuld be an array of SQOxSOO or more,
and would be difficult, if ‘n'ot impossible, to invert.. Instead of actually .
.constructing t‘heseima:tric.es,. the computer. would solve this problem by
é. subtr;ction-division proce‘ss similar to that explainéd in the precedinlg
section II kD)_..
'(L9.) The ‘cm'rnplete rando;fx probability analysi's in FORTRAN lénéuage

".(With”appro_priate comment cards) is included in Appendix E.

S

U S

. -~



.III, CONCLUSIONS AND PRESENT STATUS OF PROJEGT

;
" At the present time, the ,3He neutron spectromete: described herein
ag under development, has not been tested. The electronic circﬁit'ry for

jthe-lr:is'e tlme disc:_t;imiz‘lation however has been constructed axld“opera;ted
- using the small 3He tube ﬁsedAby Wang. This tube is filled with 10 atmos.-:
.‘ pheres of 3He (no heavy stoppmg gas), has only a 15/16 in. inside |
'd1ameter, and an energy width E of only 0.5 MeV and an energy length

" Eg of 2.5 Mev16

for protons. * _The intrinsic tube eff1c1ency (due to tlle :
4 srrlall size) llo'weve:g is extremely low, even at these moderete enez-'glie's_v,
.é.pd it was n'ot considerecl that the expense of developing an inversion
| matrix vyes warranted. | | | | |

. ‘The "'ixlver‘sion matri::c” for tlle lex:ger tube that is on'lox.'de.r from the
'l.‘exa.s Nuclear Corporatzon, has essentially been completed and the
.'.,"random probab111ty program" (CATMAN) whxch isused to generate the '
"mvers:ton. matrix" has been completed |

‘Future ‘wo‘rk'ih the development of this 3He spectromete:. coeld ‘lielv

'4_'in"some means of electr'oni_cally comparing -tlle riee time .vo,f v‘pu'lse‘s to the
pulse magnitude (energy) to -.determin:e 'if 'the pulse-shoxllld. be "gated' into
_ ‘tl-lemultichan‘nel a.vnalyzer. , 'I‘hls comparieon feeture Would be'irl lieu of'
.a set 'v'a.lue (t;) for, th‘e.rise time discrimlxlator circuitry, and 'w'ould

enable the registering of those valid low 'energ'y pulses which are now.

_ *These figures have been recalculated in this .i'eport, sihce Wang made
' an error in the density of.j”H_e on pages 87 et seq. of Reference 16,
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- .'vaiq.tdmatic'alil)rr‘eliv.mixl';a'.te.d because their sﬁc.:rt‘ tr;a.ck 1engthsﬁ canno't,ové‘r-
co?ne 1-;he rise tirr;g discriminator setting.v A Thé rise ‘tim‘e setting \'lvould"
. t'h.e?‘ be some function of énefgy, i.e. ‘t; (E). Tiiis im;l)r‘over.nent wbuld
. enable the" sﬁé;:tx;ometer to still differentiate bgtween yalid pﬁls‘és. and
recoils witho{;t sécrifi.cing all low energy v'a‘.liii: pulses in the process. It o
. seems some\'Nhat‘ pa;ré.déxical that efforts shquld bé made té e,xfend the
‘rz;nge to er;ergies in the neighborhood of .l:. 0 MeV from the #ppei‘ eng:gies
Whex} the original.work of Batchelor3 was aiméd -a.t ext;endinlgl ;he range of
his _spectrometé;' beybr;d 1 0 MeV f1;om the 10we1: eper\gies b}‘r eliminatihgv
the 3He recoils. | | |

, A sx'zbsequent repoi‘t%@ill be'.writt‘en by t;he_He.alth Physi.cvs

Group of the Lawrence Radiation Laboratory, Berkeley concerning the

?
'

actual functioning of the 3He_neutron spectrometer, and departures (if -

~ any) from the predicted operational charactej.'istics._

N
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Appendix A. DESIGN OT EXEERIMENTAL APPARATUS

5

1. Design of the

3

Fe proportional counter tube

- Previously"construcfed He proportional counters.

The design of the helium-3 proportional counter tube was completed

.after an extensive search of the technical literature. To aid in the

- selection of the counter tube parametcrs, a sumary of comparative sizes,

3He

gas compositions, filling pressures, and other pertinent data on all
proportional counters and ionization chambers constructied to date vas

tabulated (Table AL). The data necessary to complete Table I is not

“'reported,‘but it is apparent that a variety of heavy monotonic gases and
L stebilizing gases have been employed by experimenters. Counter dimensions

. and shapes have likewise been somewhat varied.

‘v. ~ Lawrence Radiation Laboratory usage requirements

3

~“inis “He proportional ¢ounter will uliimately ve used for radiation

' surveys by the Health Physies Department at the Lawrence Radiation Lab-

OY&TOYY. . The obJjective of this counter therefore, is to be capable of

‘ detecting and accurately evaluating neutron spectra of energies to about

.

14.0 MeV regardless of the neutron source direction. It is likewise
necessary that the apparatus be capable of being readily transported and

' ;pleced in relatively inaccessible locations. The usage reqﬁirementS‘thus

consist essentially of: (1) lix resolution, (2) relatively small 51ze,(5)
the high voltage requlrements remain within the capacxtles of existing
Laboratory equipment, i.e. less than 6000 volts (an addltional con51de*a- '

tion that was imposed)

"‘Vc. Design variables

In the design of a proportional counter, the designer has essentially '

- five varigbles that are available to him, viz. shape (geometry), dimensions
- of the container (cathode),_dimensions of the anode, gas composition and

. pressure, and applied voifage. It is to be noted that once a design has
'been flxed the only varlable available to the experimenter is the applled .

voltage. Unfortunately, the flve variables each effect the final prop-~

erties of the counter and are essentlally inter-related.
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. TABLE A}
Physicsl Charscteristice of 3He Proportionsl Counters and lonisation Chambere Reported in the Tachnical Litsrature
' . ?ypc Emmlut Cathodo  Anode ;.‘__17;:- Opera- Cas Encrgy Filling Gae {atmosphercs) at STP Experimenter,
counter shaps  radius radiue tive ting multie  range He . Stopping gae Stabilising gas Date,
{iny) (in.} length voltage plica-” (MeV) Total and .
e i in): fvole) son _ _ (PMe) _A__Xr X COp -Ciy N Pressurs Reference
Prop, Cyl, 3.8 11,0 0-1.0 .071 1.48 152 R. Batchelor
(.0071) , (1952) Ref. }
Prop, - Cyl, 1,0625 ,002 4.79 2600 ~10 0-1,2 0,355 2,16 , 0237 2,5¢ Batchelor, Aves, and
, . ’ . ’ {0.355) Skyrme{1955) Ref, 3
Prop, Cyl. 1.968 0028 8,51 6000« 045,00 {3.0cc) 610 6.10 Bloom, Reilly, and
' 8000 @SsTP ! ' Topple (1955) Ref, 2
Prop. Cyl,  1.0628 ,002 4,79 4400 =10 0.2.5 1,355 446 0066 N 5,84 Batchelor and
{1.355) - Morrison{l960) Ref, 4
Prop, Cyl, 0,9378 002 9.00 0-17.8 (0,976) 4.0 . 0418 s,02 AR, Sayres '
{0,01335) 4,25 + 0445 4.32 {1960) Ref. §
P {0.992) 4.0 .0418 5,03
{0,0501}) 4.23 2 0443 4, 3‘4
Prop, Cyl. 0.980 .00} 6,00 2450 4) ‘1.0 {1.09) ‘ 4,50 + 0306 8, 60 W.K, Brown
' . {1962) Ref, 8,9
Prop, Cyl, " 0,480 ,OOI' 412 ~3200 {1-10) small 1a10¢ Mills, Caldwell, and
v . amount Morgan{1962) Ref, 28,
Wang(1963) Ref, 16
Prop. Cyl, 0,480 ,00) 6.0 ~1%00 {2) * 4.0 amall [ ‘Texaa Nuclear Corp,
o . amount {1964) Ref, 26
Prop, Cyl, 0,480 ,003 2100 (10} \4 10+ Jo L. Friedes and R, E,
. T 0.480  ,003 920 (2) ? 24 Chrien (1964} Ref, 11
0.480 ,001 1050 {6) T 6+ .
0.3125 ,006 5000 {9, 7} 0.3 10
0,3128 ,008 $000 9.7 0.3 -10
Prop, Cyl, 2,00 . 004 15,0 [ ) {1.0) 4.0 .0} 5,01 Sayres and Coppols

SR

P N e

{1964) Ref, 10
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TABLE A«) {cony,}

.
~Type Counter Cathode Anode Effece Opers- Gas Energy Filling Gaga {stinospheres) st STP Experi A
. counter shape radlue’ radiug tive ting multie range He Stopping gae Swabitiaing gae Pate,
{in,) (in,) length voltage plices (MeV) Total and
{in.) - (volte) tion (H) A Kr Xe €O, CH, N, Pressure  Refcrence
——— s, et oy et
Prop, Cyl,. 0.4375 ,0025 10,0 4000 450 HH * 0.6) 6.1 0. K. Marling
. (1968) Ret, 19
0,4375 ,0025 10.0 2500 1 (5;)5 0,613 [N}
' 0.4375 0028 10,0 5000 9 .;?1 . 1,00 10,02
0.4378 ,0028 10,0 4000 o '('1'?‘ 0,61 12,28
0.4378 ,0028 10,0 2400 » (5,- f“ 0, 309 611
v 5.93 BF
0.4378 .0025 10,0 750 1.0 A, {oral ese
. ’ - 5,93 . : (BF3)
0,4375 ,0025 10,0 . 1000 1.2 S (ora 6,99
. . . 5,93 (BFy)
0.4378 .0028 10,0 2000 2.4 4 ' nre 6,59
. 5,93 . (BF5)
0.4375 ,0025 10.0 3000 [ i ibre 6,59
' 5,93 : (BF,)
0,4378 0028 10,0 4200 is e o 6. 39
. . 0,4378 ,0028 10,0 4500 390 un v 0,97 .68
0.437% 001 6.0 , 1000 100 ml . ? 1] ? 8.92.
. . N .
fon Gyl 135 a0u04 9,38 4000 A N Y W1 651 Freemansnd West
y . . R {1962) Ret, 7
.
lon  Sphere 3,94 0,295  N.A, IR I ¥ I 8,318 3.0 N.P, Cleskov
. . . : (1957 Raev. 13
. o Sphere 0.511 L0197 ' N,A, %1600 0,200.8 2.5-¢4  2,8-4 ! 0,10,06 5.3-8¢ A, 1. Abramov
. . . (1958) Rev. 32
\
A
. N ’ . -
N
. . "
) N .
-
. R ' W' ! o .- .
7 : ‘ M J .
. Ml -
' T, R B [
. ! g : '
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. Y .
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In addition to the three usage reqpirements; the;exexiSt several

mechanical and electrical requirements that the couhtekqimst fulfill.,

These requlrements are:

(1) To fulfill the bix requlrement, the f;lllng gas must be capable of
-completely stopping maximum energy product particles within the active
volume of the container. ‘ ‘

" (2) The wall thickness of the container must bersufficient to contain the

" filling gases under pressure.

B (3) The gas fillings must hotvprovide competing reactions that can be

mlstaken for bona-~fide events. ‘Recombination. 8hould be minimal.

’

-(u) Gas multiplicatlon to some degree is necessary to overcome electrlcal

noise, and to bbtain independence from the reaction site within the counter.

- (5) "Jitter-time" (the time it takes for an electron at a point on the
cathode . to migrate to the anode) must be relatively small, and within the
resolv1ng capabilities 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 dlscharge must be eliminated._-"

K-N Effect of design varlables on design parameters

The changlng of -any design variable has & profound effect on the
“‘design parameters. The interdependence efvthe parameters to several
variebles ﬁakes any'proportional counter a compromise, The changing of
the variables has an effect upon the parameters as follows:

f;(l) Shape (geometry)--effects: ULx response; field gradient distribution

.. (thus "jitter-time"); space charge dlstrlbution..

{2) Dimensions of the cathode--effects: amount, pressure, and composition
- of the filling gas; field gradients (thus "jitter time")

’ (3) Dlmen51qn of the anode--effects: field gradient ("Jjitter time" and

gas amplification); corona discharge. vy
: : v ’ : ' : - S
_(4) Gas composition and pressure--effects: stopping power; Jitter time;

B gas amplification; competing nuclear events; relative cross sections of

~the composite gas. -




g "appropriately designed field tubes.

(5) Appliod voltaao--etrects field gradient (thus Jitter time and €as

: multiplication), corona effect._ B

{%L'f;‘ “Selection of the approprlate design variables

(1) -The seometry selected wes a cyllndrical proportional countcr. A '
chlinder vas selected instead of a sphere, due to the adverse effect of

- & concentration of positive space charges near the anode after the oceurr<

- .ence of €as multiplication. ‘¥hile this condition likewise e}its in a

cylindrical ‘proportional counter, the space charge effects are distributed

""""

~ . over the length of the anode wire and are not concentrated at a single ™
v'ﬁ poiht as in a sprerical configuration. It was also considered that the
-Z;resolving time lag would be less (thus-the counting rate higher) and °
:e~mult1plication more uniform in a- cylindrical cnamber. This - selection, _
'”-however, necessitated some sacrifice of the hn response ‘of the proportional
:‘:counter——a deficlency that was partially overcome by increasmng the gas

‘- pressure. The field gradient distribution is radial along a central axis

.in 'a cylindrical tube, except near the ends, instead of & direct radial

A:~distribution as in a spherical chamber. The end distortion of the field
"gradient<of‘the cylinder cen be_eliminated, hovever, through the use of

27

(2) The dimensions of the cathode were arbitrarily selected to be 'a maxi-
mum outside radius of 2.0 in. and an active length of 15.0 in. .These '

'. dimensions were considered to be about the maximum that would meet both
. the rortebllity reqpirement and still maintain a reasonable field gnadient
- (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 practical considera-

- tion likeW1se limits selections of the amounts, pressures, and composition
;’of the filling gases. The thickness of the cathode walls is determined

by the filling pressures.

.kj) Gas composition and filling pressures
" (3.a.) The gas composition mst be. sueh that'

(3.a. l) The reaction particles from a 14.0 MeV incident neutron will be 'nﬁé

stopped in a diameter. of thie cylinder. This will to a certain measure . .

o restore a portion of the hx geometry resolution..<-

(3 a.2) The electron migration through the gas mixture should be sufficiently
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"?(3.b.i) The cross section of the
. of 10 for neutrons at 0.1 MeV to 1l MeV.Jf8 It vas decided. thet some -
~f compensation for this decrease in.cross section should be made if neutrons

‘ .-.,W,92.' R _' IR

‘ ?rapid that extreﬁely lohg Jitter-times are not encountered.

(3.a.3) Compefing nuclear events are minimized.
S : ! ' L. ‘ ST :
.:(B.a»k) A stabilizing gas be employed to absorb photon produced from

bremsstrahlung during gas multiplication and to prevent spurlous palses.

.~"(3.a 5). The gas multiplication (which is a function of the pressure) bc

;sufflclent to provide a pulse that is both proportlonal to the energy of

the incident neutron and sufficient to mask electrical noise. A gas

' multiplication of at least 10 is considered desirable.28’29 ' CoN

37(3,5.) ‘The selection'of the gas composition was dictated by several .

".. factors.

T

He(n,p)T reaction decreases by a faéﬁory '

“of hlgher energies are to be detected in meanlngful numbers. This.

“: reduction in efficiency at higher energies is likewise’ compounded by the

h fact that since the higher’ energy product particles will travel further

" in the gas medium, their chances of intersecting a wall are increased

ﬁ}and thus the probabllity of the production of a full energy count is

3

. somevhat for this loss of efficrency at hlgher energles.

decreased. It was considered that two atmospheres of 7He would compensate

.'(3 v.2) Helium-} is & gas with relatively low stopping pover for charged
:'partlcles. A bheavy monotonic gas must be added to insure that the charged

s particles stop within the”diameter of ohe cylinder. Previous.experimen%ersm‘

~ have useqfergon, krypton, and xenon for this purpose. Argon was rejected
' ih this design for two reasohs First, the pressures of argon necessary
. to stop a charged partlcle are greater than those of either Kr or Xe for
‘ the same energy. -Secondly, the A(n,a)s33 reaction becomes significant -
above about 2.2 Mev.22>% Pulses due to this reaction can be removed by
‘rise tlme discrlmination, but the reaction data 1s incomplete and at
" higher energies an 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 fowdd to greater for argon than.either Kr and Xe.31
" (‘The disintegration particles prodﬁced are not however identified in

. reference 31.) ' . )

Xenon was likewise rejected dne to the uncertalnty of the type of

.
+
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disintegration particles produced, and absence of data concerning the
diszntegration eross section at intermediate energies._ The rcjection

of xenon wa:s difficult s1nce the heavier of the nohle gases would have

required smaller filling pressures {than either argon or krypton.

Kryptonlwas thus selected to be the "stopping gas". Unfortunately,

| krypton likewise has a diSintcﬂration cross section (tentatively identified
‘as an (n,p) reaction by Shamu ) which produees a scattering of disintegra-
. tion particle energies over the entire energy distribution, the main portion

31,32.

~ .lying in the 4-8 MeV region. No attempt will be made to remove ‘the
- protons produced from krypton disintegration from the resuliant spectrum

due to the uncertainty of their energy distribution. -

Having selected a helium-3, krypton mixture it was necessary to
determine the appropriate iilling pressures. This wa<'accomplished by a
trial and error nethod of computation based upon dete*@nning 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 neutron. When the length of

track was eqpel to the radius of the cylinder, it was considered that the
pressure requirement had been met, and that a configuration that could
.approach the desired‘hn resolution bad.been accomplished. It ﬁas found
that 10 atmospheres of krypton plus 2 atmospheres of 5He met this
condition.

-

(3.9.3) A SUabilizing gas was considered essentlal and O. 56 2 wes

- selected for this purpose. Carbon dioxide was selected in lieu of methane
 'which has been successfully utilized by Batchelor,3 Freeman and‘West,7

and Sayres;o

in their moet'recent_counters.‘ The reason for this change -
is that our counter is designed to evaluate neutron spectra'to 1L, 0 MeV
v(considerably above the energies ‘evaluated by previous experimenters),
‘and it was considered that the introduction of a source of additional '
recoil protons (from the methane) into the tubs would provide unnecessaxy
complications--especially'in view of the additional proton beck"round due
to the nrypton di31ntegrauions (which was not a problem at lower neution

energies ).

(3.b.4) For comparison pufposes, the cross-sectlons of the various gas
reactions are plotted in Fig. Al as a function of neutron energy. The

cross section for the 002 was obtained by adding the energy dependent
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total cross section of carbon to twice the total cros<‘section of oxygen.
In addltlon, & relative plot of the cross-sections 18 yresented to display
the colllslon probablllties 'seen" by a neutron as it cnters the tube

(Fig. A2). It should be noted thau.tne disintegration cross section of

" the irypuon at 10 atmospheres pressure beccomes a factor of mador con- -

31derat10n at higher energ;cs, and provably will detexrmine the upper

energy limit of further refinement on this type counter.

(3.9.5) The dimensions of the anode “were.now. considered. and several,éppliéd

voltage and wire size combinations vere attempted. Jitter time was

_'-bglculated by use of a "weighted" electron mobility factor (presented on
" pagé 19 ) and found to vary from 18-22 useconds for applied voltages of

6000—5000 volts. The gas multiplication was calculated from extr@polations

" of Browm's datae and found to be approximately L0-15 for the above range

‘of.voltages;'uSing'a 3 mil diameter wire. The jitter time is considerably

longer than desired, but 1ncreaszng the wire size (;or fixed cathode

U‘dlmen51on and filling pressure) decreases the gas multlnlicatlon and dces

not appreclably decrease the Jjitter time 1n the voltage ranges considered.

The jltter time is relatively insensitive to changes in applied voltages,

© ~therefore if we seek to reduce the Jitter time, the only_feasmole nethod

.i5 to reduce the diameter of the counter and increase the gas filling

Pressure. 'This alternative is Lndesirable siﬁce an increase in gas

pressure would increase the relative. disintegration cross section ol the

" krypton--a problem that is already larger than negligible proportions.’

.(}.b.6) We must therefore accept the’féét that the counter will be - .

) _ comparatively slow, and design the electronics accordingly.
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2. Design of the Associated Electronic Components

a. Design Parameters

The electronic components of the'jHe proportional counter must be
designed to meet several requirements. The majority of these require- -
ments are common to proportional counters‘in general, however there exist

several unique problems associated .with the.broad renge of rise times

of the pulses (essentially 3-22 psec is our region of interest). The

design parameters include: . ' S

(1) The pulse produced by an ionizing event must be linearly amplified
 and be capable of accurately portraying the energy of the 1oniz1ng event.

(2) The electronlcs must have a low signal to noise ratio.

(3) The high voltage supply ‘must be well stabillzed, since varlations
in the high voltage will cause a direct varietion in the pulse height.

" (4) The electronics must be capable of distinguishing between a desired

‘event and an undesmred 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) Provision must be made to permit varietiqn‘ip;= the high voltage

.*supply, the counter field tube settings, the rise, time discriminetoi
setting, and the time constants of the double differentiating network.

<L), A block diagram of the electronics arrangement constructed to meet
. the abcve parameters is 1ndicated below. The basic arrangement of

components is similar to that described by Sayres and Coppola;o'with the

. exception of a new Peak Sempler Unit and & Time to Height Converter Unit

which vere designed eand constructed by Mr. R. M. Brown of the LRL Physics

~ Technical Support Group. The purpose of the Peak Sampler Unit is to
—_— provide a gating to the'Multichennel Analyzer at a time when the pulse

£

(2) To explain the operation of the electronics,'consider the formation .of a
pulse In’.the proportional counter as the result of a collision of a

neutron with one .of the contained gas molecules (Bﬁe,,xr, coz).' The -
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. charge is deposited on the -anode. ' The :size of the charge is dependent

T . L : . s
. rise time, 0 The exact relationship between the differentiating time
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»'collision’may,result in either a desired'event; 1. e. disintegration of

) 3 . . L ~ - .
the “He nucleus, or an undesired event--the production of a recoil.

(2.a.) The electrons that were liberated as the charged particle (5)

transit the gds are accelerated by the electrical Tield gradient and a -

| upon the energy of the particles that are stopped within the gas medium,

and the amount of gas multiplication in the area surrounding the anode.

" (For gas moltiplication 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 kas not

been achieved.) The electrical pulse begins to accumulate vhen the first

“electron reaches the anode, and reaches a maximun when the last electron
-finally arrives at the center wire. Depending upon the type of event,
the initial energy of the incoming neutron, the radial distance from,

',4and ‘the result ting track orientations with respect to. the anode, this

charge build-up period may vary from a fraction of a micro second to as

‘much as 22 useconds for a given voltage gradient distrlbution within the

counter. . The actions of the following component units begin vhen the
first charge begins to appear on the anode, and continue until all the.

. ﬁcharge has been collected.

(2.v.) The incoming pulse is amplified through & charge sensitlve

. Preamplifier and an Amplifier.

(2.c.) The pulse is sent into two'parallel channels after leaving the
Amplifier. One portion of thé still rising pulse is sent éirectly to-

ﬁfthe Peak Sampler Unlt where it accumulates to a maximum--at vaich time
it 1s either Hgated" into the Multichannel Analyzer, or 1s discarded.

(2.4.) $he other portion of,the pulse is sent Lo a Double Differentiating v
Circuit (figure A-k) where an output pulee islobteined whose duration is
dependent upon the rise time of the input pulse, (As an approximation,

" since

the output pulse from this.unit represent the "rate of rise time
simple RC circuits are not true differentiators.) The time between base

line_cros%ings of the doubly differentiatedvpulSe is thus related to the

1

’ ! . - 3 . ‘ . ' "
constants 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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" cross of thé double differentiating circuit output--thus directly
. related to. the pulse rise time. The pulse width of 2.5 psec is of no
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rise time less than a predetermined value, and retaining those that have

' a rise time greater than this value. The calibration of the rise time

¢ircuitry is accomplished by utilizing a signal generator with pulses of -
knowm rise times. The shape of the input and output pulses are shown on

fig. A-4. The differentiating time constants are equal to each other at

each of the three settings (1, 2, and 5 usec), and can be varied depending .
upon the desired output. The counter normally operates with the differen-...

tiating time constants set at 2.0 pgec. Por an analypis of low energy -

spectra, the dif;erentlatlng time constants are set at 1.0 usec, and at
the higher 5.0 psec time constant whcn we.axre prlmarlly lnterested in

tne higher end of the energy spectra..

(2.e.) The output of the Double Differentiating Circuit is directed to a

unit called a "Pulse Height Discriminator". The purpose of this unit is

to convert the input pulse to a square wave, and from this square wave to

generate a “"start pulse" and a "stop pulse” as the inpnt double differen-

. tiated pulse‘crosses the zero potential axis. The electronic arrangernent
. for thls component 1s showa in Flg A-5 along with the circuitry necessary

" . to produce the 5 volt bias source.

(2.£.) The "start pulse" and the "stop pulse" are then directed to a

'";_Time-to-Heignt-Converter unit. A block discription and a pulse formation

diagram is displayed in Fig. A-6. . The "start bulse" sets the Bistable

‘Multivibrator thus initiating the ramp generator (con51st1ng of a constant
.'eurrent source nharging a capacitor). The charging process contlnues

until it is stopped by the action of the "stop pulse”. -The "stop pulse"
is fed into a Monostanle Muitivibrator which produces:a 2.5 gsec output
pulse. This pulse turns off the'constant current soun;é, and thns~

terminates the charging process. The height of the ramp at the point v
wvhere it 1s terminated determines the ‘height of the 2.5 usec wide output

bulse. The capacitor is rapidly discharged, end the Stert Multivibrator _\:.

18 reset for the next pﬁlse. The output of the Time-to-Helght Converter
is thus a pulse of magnitude such tat it is directly related to the zero.

significance other than a convenient width for the following components.

: A circuitédiagram of the Time-to-Height Coaverter is shown in Fig. A-~T.
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i(e.g.) The output of the Time-to-Height Converter is then sent to g

Single  Channel Analyzer (Fig. A-8). The Single Channel Analyzer can be’

© sét to accept all pulses above a certain height (time) or to accept

- pulses on a window basis. The analyzer settings are adJustable. Numbers

on Fig. A -8 refer to standard LRL drawings .w Tne Slngle Channcl

"jAnalyzer produces an ‘output pulse only if the input amplltude is within
- the window setting.

(2.n.) The output pulses of the Single Channel Analyzer (rise times .
‘  within desired ranges) are then passed to the trigger input of the Peak
- Sampler Unit (Fig. A-9). The original pulse has been building up to a

maximum and when the "trigger signal" arrives from the Single Channel

. Analyzer, the pulse is gated into the Multi-Channel Analyzer. "If the.

::"trlgger 51gnal" does not enter the Peck Sampler Unlu <he pulse is led

to ground.

* Data on the units of Fig. A-8 can be found in Reference 35.
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and are readlly available, or may be calculated by using Eq. (B k)
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Appendix B. Nuclear Reaction Tynamics

O—=

Consider the general case of & particle of mass. ml and vy colllding

w1th a partlcle of mass m2 assumed to be at rest. Particle m, absorbs

'v.the colllslon. After the reaction, particles m3 and m), with velocltles

v, and vu leave the reaction site at angles S and. ‘? respectlvely.

3

Utilizing non-relativistic dynamlc S, the laboratory sysnem of coordlnateo,

. and wmass numbers of messes, ve can write the three general equations for .

the conservation of momentum and energy.

8. Conservation of Momentum:

RY

By Yy =Wy Vg cos £L~+ m, V) cos ‘?L : "{A_ | (5-1)
_ A .oy : jl e
0 --‘m5 V5 sin o, - m v, sin Y - -0 (B ?)_.

)

ib.‘ For the Conservation of Energyé

2

vy,

+Q=l_m
2

1lmn
z 1 2

”fvhefe Q is the ehergy eqpivalent corresponding to -the mass diffefence-(in
non.relativistic particles) between-the initial masses (before collision)
‘and the resulted masses (after collision). i.e.

= (my + my) - (my + m,) S | " (3-4) -

Note that Q may be positive or negative. Q. values are taoulated

Equations (B-~1), (B-2), and (B-j) may also be written in terms of
2

'energy by making use of the relationship E = % mv oﬁhmv =f2 Em

i

5_v§ + lAmu v, o o s o (Bi?) .

s
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_ Thus equatlons (B- l), (B-2), and (B-3) (after clearing of the
constant \r- factor in Eqs. (B 1) and (B-a)) becomes ;

F—_ﬁ-—n—; cos% +Jﬂ,+ cos‘nj . | | (B:"La")

o . - . . ) . . \' . ) ' , . '
. 0= ’m5 E:j sin 8L - mbr Dﬁ sin ‘)L L . | (I_B;-2..a..')
By + Q=Eg+ B A (B-3.a.)

B ‘o : .
| In the following analysis, we shall work with energies rather than
velocities. Note tha.t by the simul aneous solut:.ons m“ ‘the above three

YNy

equa.‘c:.ons , We may eliminate any two pa.rameters. o

. : N L~ I
Case I Simple Scattering

'

Let us first consider the case of simple scattering wherein m:L = m3

and m =m. Itis readlily seen from Eq. .(B-4) that in this case Q = O.

. It is des:.rable to derive an expression for the energy impa.fted to the
~ stationary target m, in terms of the incident particle energy. Making

the above mass substitutions into Egs:i(B-l.a.) and (B-2.a,) transposing

'.the last term 6f Egs. (B-l.a.) and either texm in (B-2.a,), squaring
- both equa‘dions a;nd-add.ing we ca.n. eliminate the e.ngle '8‘_ to obtain

szl Eucos‘é’ +.0, Eh-m E3‘

Solving Eq_. (B-3 a.) for L‘ and substitu’bind th:.s va.lue into the

5

: a.bove rela.t:.onship, one obtalns

m By .- l my B, Ell- cos\l f-mg E)y =m (El -Eu} }

ox:

' . ; : "=;-
‘-2 /mlm El 4 cos t1,".-,-m2 1::,+ 'l'ml.El&
- VIS
E, (m +m)-—2/ml m, B, B, cos‘_‘u’f
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}j'sqparing both sides and solving for E4 ylelds"‘

T S 2
B, = (Tr:—a—)z" (Epoost ¥

(85)
.  Therefore, the enefgy of the recoil particle is dependent upon (a)
' the masses the incident particle and target particles, (b) the energy of
ﬁhe'inCideht particle, and (c) the ﬁcattering'angle the target particle
wakes to the‘direétion of the incident particle._'For a‘maximum'recoil

;it is obvious that a head-on collision GVL = CDwill impart the maximum

. energy to the recoil particle.

- Qur counter is designed to analyze neutrons of energies approaching

1::“lh.0 MeV. It is of interest to aevermlne the maximum energy that can be

Tt e,

e

imparfed to a potential r¢c01l_part1cLe. In this case, let us assume
fthat' WL = 0. Using the atomic masses of the neutron and the Eelium-3
nucleus, and the chemical atomic weights for Xrypton, carbon, and oxygen

_ respeétively, we can substitute these values into Eq. (B—S) to obtain: - .

Maximum Reédil Energy

| General for'lh.d MeV neutron
'_1,_~Emax'3ng recotl "1  0.75 ém; ,1{; | lO.S‘MeVA
Ej o éarhon_recgil | O.?8h EN ;  o jféé MeV
21'3._ Emax oxygen re;oil | b_. 0.222 EN | 3.1 Mev
N E_,. krypton recon' o o.'ql-,66 B 0.65 Mev -
" Case II - 3He'(n,p)'l' reaction

4

He (n,p)T reaction we can vrite the equations

- In the case of the 3

n ;for'conservation of momentum and energy as follows: Let us identify m.

. . um. & 1
and-El as a neutron having mass of unity and energy'EN; mass m2.will A
‘be the JHe molecule having a mass of 3; we shall designate m, as the =

3

. triton having a mass of 3 and energy ET; the proton having a mass of

unity will replace m, and vill bave an energy E Making these substitu- .

0 . P ]
tions into Egs. (B-l.a.), (B-2.a.), and (B-3.a.) yields:

f_—_ !5 E, cos B JEE;-cos Y. . ':' ' (B-l.b})




.

o Perigdy s d e gy S T v s ca s g B
hitiian s B A I M PSSy

. o e o= /3 Ep sin‘S"_ +,/.'EP‘ ein T | BT (3-2.0.)
" c' = T lfc t ' '
) Ey+ Qp=S+%. - ~ (B-3.0.)
_' It will be of interest in the determination of rise times for us to
. have an expression for the angle C between the proton vector EP and the
."'brn.ton vector E.D .This e,cpressa.on can e obte.:.neo. by sq,ua.rlng Egs. (B-l.b. ) o
e.nd (B 2.b. ) and adding the two eqna.tions.  This yields:
= ') . a0S _ R VIR
¢ Ey=3FEq+ 2/ 3 Ep Ep (cos ¥, o EL sin¥ sin 8‘_) + Ep
'fRecognizing.thaf tne‘bracketed term is equal to: cos (’%L + éi_) =
cos & -, We can.solve for cos O '
: 2 (3 ET EP)
The solution of equation (B-3.b.) for EN and the substitution into
the expression for cos O’ yields. : : ,
(Qn + 2E , .
cos: aL E. | (B-6)
| o 2y 53 ET P BN : '
-Note that aLis'always obtuse since‘Qn énis a positive quantity.
. ! 2 . . :
Qn,P‘ = 0.764 MeV
‘The s8in ¢ will also be of interest in. our computations. This can be
 ? _easily derived using the Pythagorean Theorem to produce
o : , - 2 S o .
e Jw (2 B, - B;) @ - -
’: o ' I' ' . sin a = T —-——-————-T rl,p R . ,J:l‘ : (B-7)
‘. ST | : 2‘/313,1,1:? o " ,‘,,,; .
+ oL . . . . . . ) ‘\‘
S S | case III ’He(n,a)D Reaction
. ‘ : : R \

In a dueteron producing react:.on ) let us iden‘c;ify the general case i
as follows: E a.nd. unity are again subetituued for L‘l and my 5 MWy is the

N
: - 5He molecule of mass 3; E a.nd mass 2 are assigned as E3 and m5, and Ene

DL



T | _ =
R O T A § -2
.' and ma.es 2 are utilized for E) and ml, Substi‘cution of these va.lues )
" into Eqs. (B-1. a..), (B-2 a.), and (B-3.a.) yields: - S R ‘
-\!EN -\?2 DDl . cos SL +\f2 Epp cgs.f“» | (B-l.c.) -
7 ) . é . L’ 4 . .. . . . v -
= + .2 B . Toste)
0 s‘/2 Epy. §1n SL .2 Bps sin o)L | (B 2? ) .
Ey* %,a= % v Fpp | o (B-3.c.)
, Ve are again int'ere's‘ded in the angle o betweca the two deuteron
vectors. Proceeding as in the previous case we find that
IR - Ey -2Ey -2E, . |
A o
)+J EDl.. ED2 ' o ' » \-\"‘-'
Solving (B-3.c.) for EN and substitution into the"»vg._lue’ for cos o,
- + E., + E..) T S
cos O = "(Qn d. D2 Dl) .. _ . (3-8)
t Ll- ' . ' .
N 4 "1 Fpe |
. Note that if Epy + E Q\n a (which is nega.tive), then a‘_ = 2. LIS
' EDE < %, a’ aL is a.cute, end {f EDZL ED2> Qn @ '“ o is obtuse.
Q‘n a," - 3 27 MeV and. is tnreshold at l& 36 MeV
- . At,threshold a'_ =0 . - | - ' .
" The sin of o - can be -determined as in case IT
sin @ ‘/lsnnl Epp (Q‘nd+E +ED2) .
L S (8-9)
Y Fre Lo - ™
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'APFEEDIX C

DISTRIBUTION OF ENERGY AND ANGULAR DEPENDENCE IN_S?HERICAL COORDINATES

“A. Reason for the Variation of Cos @ rather than © in Detcrmination
of Rise-Time Probability Function. '

In spherical coordiantes, an element of surface area is determined

.a8 portrayed in the attached sketch. “Assume a radius of unity.

b4
singdo
;A\" 40

-idA = sin °a pae=-ag d'(qos‘o) " L (c-1)

If we wish to cover every possible elemenf of the area of the sphere,
we can seeethet the diffefential area is not composed of merely do and

df, but 40 and sin 6df. ' Varying just © and @ would place undue emnhesis

+ -on the polar regionS'where the sine of © varies siowly with Q. Therefore,

 'we s t vary ¢ and cos 9 to obtain uniform diotrloutlon of the tlps of

our energy. vectors over all possible con;mgurations.

. B. Probability of a Lab Encrgy Particle Heving an Energy EL after

Interactlon.

Given: A particle of mass m W1th energy E,, strikes a particle

oL 1L

3 and mh with added energy Q

To Find; What is the energy 0¢‘.m3 in tne Lab system of coordinates.

This problem 1s similar to the relatlonshlps devcloncd in Appendix "B" '

o ,however it will be shown that any dlstrloution of energy of the product
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' particlés is equally prbba_ble within a maximum and minimum energy range. -

Notation:

m
E =
P

<
n

L=
1

0 =

subscnpt XY 2
- subscriptl, 2 3,4=

subscriptL,cm =

mass

R | 2
energy = E mv
. momentum ‘= mv
velocity - -

azimuthal angie

polar angle
components of vector quantities in x, y, or z directions

particle identification : .
L= Laboratory system
cm= center of mass system

AN

coordinate system;

Select'the coordinates of the cm system so that the z axis is along the '

..dlrectlon of IvlL ‘

' 1 - 2
ElL =7 m lvl‘L or _
I;;—-v - ZElL ' : ‘
Bl = . 2 E
| LT ™ |V1L| s Wt § 3
| 2 o Labo_ra?o:y system.
‘ — e i before collision.
"L Ivar =0
1 2 . c : : S
o O | enter of mass system LS
e before collision,
lvl cm! l"z cml. .
¢ e
|Pcm ‘Plcm‘ ¥ |P2cml+ 3cm‘
— _ m]
| Verl = ™ +my !"u..,‘ .



e i o ® prm e B Y et - NN be K3 e s e

! but ‘VIL‘ a.nd \v ‘ are pa;.rall.el

\

-»J m1
1L‘lml+m2

tVZL cm‘_Pi

- before collision

-

2 ™ l"'ff;l ”’{ % m, |V con|

v

F(tot. before cm) ~

T Em ey Pl t Aim

E tot, before cm+ Q=zE

lP 4 ém‘l ?
2 my

and ".si'_i}vc"e" in ;t_ﬁe cm vsyé‘t»e‘rvr'_x,‘ |P3 cm| ==

solving f0f Byl

4 E(tot 'béfdvré cm) '.E",Total energy avalla.ble m the cm system
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l
3 cn i cos (90~G)

P3x em. ~

o

B SRR o
Dy em = 0Py e

]

208 (90-9)cm

Pz em = [P .

W
=
]

W
N
.
]

RN . . = cos O 2 My m l2m ElL
- ‘-(—————— +
, . - mh) Q?l + 2 ) _

.
S X
' —_—
cos.¢- =| "7 {sin 6 cos §
'vcm P3 cm cm em
sin ¢cm =|Py |10 6, sin ? o
cm |
o E . |
EE . “J&Ji ' - -
+ Yz em but the last term in
L brackets = lﬁ_‘ _
L .'- ] ‘c.m'
1'(V1L|
(my ¥ m2)
o :
3yL PBZL
om si’n2 ¢cm1'+ R Iz
i, n“ cos 6, ﬁjn m m 7: o
@ F ) \(m"ml,)‘
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. } BLi m3 m, E' >+ 2m my 2 Byp o+ k 53 cos @ | m j m, E,p B
. ’ ,' : Zm + 1) ] . Zm + m 52 ,(ml + me) (m + mh)
) - Ip L' m, m, E. ' H
L 3L —re l 5 1L, . 2cos' 0. |m 1Pz 1 E.. E
E,, = 5= + + "7 Tem 3 4 Tl
- 3L 2-m3 (o, + mu) ;Zml.$ m252 «l (m = mh)

- (ml-+ m2)

ASubstitﬁting for E' from equation C-Z‘énd regrouping yields:

E3Ly= ElL 'm2 ml+ ' . ml m3 . ; .mu Q - .2 ¢cos Gcm .
(m + mz)(m + mu) . (ml + mz)é" (m5 + @u) : (ml + ma)
T 5 . ‘ ' ; |
Mo 11, ' . I
1m m +Q L
By Ta Ty, lL( m, + m, ) o . jfﬂ - -
(mg + ) - T N T (é-?)

Note that 351 1s composed of two p@rﬁs:.
' (a) .A constant value depondent only;én thé'ené?gy df th¢A1£ching
';parficle.' N | | | o |
() A varia£le‘£hat ié dépendenﬁion the coSineiof‘the~sca£tériﬁg'aﬁgle
.0 in the center of mass system. | - |
In part A of thls appendix, we discusged the fact that in spherical
coordinates, the parameter to vary to insure complete coverage of a o
vf spheri;al surface waslyhe cosine of th¢ po;ar angle and not the anglg."We:
’?_ o can therefo?e.§onclqde.tha§‘since the cosine of @ . can va:j, any value
. ? | ) ,is éépally probable between -l andv+l. Thus thelLab énergy of the product N
B . particle is eqpally llkely to have any energy between, & maximum deterrmined

- by cos Q =.1 and a minimum of cos Gcm = -lf.’

e RN S

If ml = 1, m, = 3, m3 = 1, m4'=5 as in the He)(n,p)TAreaction,

equation C-3 becomes for thé pfoton Parvicle:
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+ eop—

. EPL— E;ENL-I- H n-’r_r_(in_ ,\/EENL +' 3ENL Q‘.}P J o (C_"‘_) \
| J.- IfTm=1,m - 3 Wy = 5; m, = 1 for the triton - - '

ETL =E“Em+ 1]—;- Qn +  cos © m 9 “\

CoTm 8T F Cwet _em T N‘LQn,p (c- s)

The total enoxrgy in j:he Lab systom of coordln?.‘ges ENL+ ‘Qn,p = EPLH‘TL 4

.‘ENL + 4Q21,p ._ EENL + Q o+ c08 Oy /\1-91: Emi +3E_Q +

k

Since the scattering angles in the c.m. system are equé.l and opposite
Bt % = Bt Sup

£ m]_"" ?-: -m2 = 5, m 3 = 1), =2 ‘2s in the case for the He (n d)D

. reaction ,\'equa.ti'on C-) becomes for dcuteronl :

ﬂ— 1 - : ; - '
Ep J.L" 2 (ENL + Q‘n,d)" +_ cos O . J By By Qn,d il (C-6)

5 b

Deuteron#'a is equa.l %0 deuteron ,’ 1, exéeﬁt that When“a.dding
: j‘to detemine tota.l energy, “the sign of one oi‘ the scattering: angle.a'

: must 'be rever.»ed.

X
h
. N
“ *
: e
. i
N o
N b
i ) Jct
L W
W
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/

. Appendix D. Derivation of '1eld Strength and VOltage Equipotenulal
' Eqpations for Coaxial Cyllndrical Geonetry »

L]

E(r)

V(r)

E = -g:gad. v

- thus VV’QV =

.Bouhdary conditions: (1) V(rg)

(2) v (¥)-

in cylindrical geometry--

1 e VY -
r ”(;f%: (r_?%gg) = Q.

‘.ré‘_l,. = C

ST 1
SV
ar r

V=g ,anfca

Applying the B. C.

(ré) = Cy Jzn Ty + 02

V(r, ) =Cy .@n T * 02

b

PR
o

voltage gradient at any

radial positvion x. ‘

voltage at any radial
position r

radius of the cathode
radius of the anode
applied potential to the
anode

applied potential to the
cathode

(P C. no.- l\
(B C. no. 2 )

Solvihg the .above two.eqpations to determine Cl and 02 we obtain
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‘Random Probability Analysis
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o

SIBFTC CATMAN ' o ‘
e THIS PROGRAM D

ETERVINES THE PESPONSE OF A PARTICUILAR NEUTRON

[g]

PROPORTIONAL COUNTER HY MUNTE CARLO METHODS. THE COUNTER IS A
e CYLINDER.M I TH AN AXJAL. WIRE..FOR . THE .ANODEL_ .THERE: IS A.DEAD.
SECTION AT EACH END CF THE CYLINDER WHERE ELECTRONS IONIZED BY
J;———~—- THE-.PASSAGE..OF -A .CHARGED.PART.ICLE .CANNCT. REACH THE ANOCE. _IN _ ..
THE CASE OF A PARTICLE TRACK THAT ORIGINATES IN THE LIVE PART
0F THE CYLINDER AND PASSES TO _THE CEAL REGION, THEE FFFFCT 1S _AS
IF YTHE CYLINCER ENDO WALL IS AT THE BCUNDARY BETWEEN THE TWO
L REGIONS. _HOWEVER,. A _TRACK.MIGHI..ORIGINATE IN THE DEAD REGION __._
AND PASS TO THE LIVE REGION, IN WHICF CASE IT ONLY DEPOSITS
- ENERGY..ALCNG..YHAT PART..OF._THE_TRACK WHICH__IS .IN.THE .L1VE REGIDN.. ..
IF THE EVENT DEPGSITS ENERGY IN THE LIVE REGION IT IS COUNTED -
J;———————JALJHE_LHA&NEL;UUHLLDRRESRQ&DS_ﬁﬂ_IhE_LMERGX_DEEQSLIEQLJEHESS__
: THE RISE TIME IS LESS THAN THE TIME SETTING. .THE RISE TIME IS
L THE_TIME . BETWEEN ThE .FIRST..AND.LAST_ELECTRONS _HITTING THE ANODE...
THE RISE TIME = CONSTANT X (R1le22 — RO=22) WHERE R1 AND
Lo _RO_ARE_THE_DISTANCES. FROM. THE .ANODE. OF _THE.FARTHEST.AND THE ..
“NEAREST ELECTRCNS. - THE CONSTANT DEPENCS ON THE PHYSICAL DATA
FOR _THE COUNTER TN GEMERATS RANDON FVENTS, A POINT FLR THE
REACTION SITE IS RANCOMLY CHOSEN IN THE VOLUME OF THE CYLINDER.
THE DIRECTICN. OF. . THE _NEUTRON..IS ALSC..RANDOMLY. _CHOSENa _ .THE . ___ —
NEUTRON COLLISION WITH A HELIUM~3 NUCLEUS MAY YIELD A PROTON -
——ee IR LTON. PAIR . CR.A.DEUTERON. = DEUTERON PAJR. _THE CHOICE IS MADE . __
: RANDOMLY AFTER PROPER CONSICERATION OF THE RELATIVE CROSS
SELTIONS SUPPOSE PROTCN = TRITON IS fHﬂSFN IHE DIRECTION
0F THE PROTCN IN THE C.M. SYSTEM 1S CHOSEN RANDONLY. THE
L MOMENTA_AND_TRITCN.DIRECTION.  ARE.THEN CETERMINED. BY ENERGY.AND___ __
‘ MOMENTUM CCNSERVATICN, AND ALL QUANTITIES ARE TRANSFORMED TO
THE_LAB.SYSTEMa.. 1T 1S. NOVW. POSSIBLE _TO . DETERMINE_IE EITHER
PARTICLE HAS PASSED INTO A WALL OR ThE DEAD SPACE, AND IF $O,
HOW MUCH _ENERGY. IS LCST IHE RISE TIME XS EOUND, AND IF IT IS
MORE THAN THE MINIMUM, THE EVENT IS COUNTED. THEN WE START
-HE . USE CGS_ UNITS THROUGHOUT .
ODIMENSION ENER{600)ERGI600),EL(600,4),ELLIS0044)4EELI6CO,4),KI(3)
e WTSML L 00) L EL MAX (4 ) 5 ELSPL 4 ), SIGNP{600) « SIGNDALOCO),RPAIR{ECCY s
2 LOST(100),AL(2)4A2(2}9A3(2)+A4(2),A5(2),A6(2),A7{(2),A8(2),

TLST{1¢0)

(o]

Ol\ﬁ

apo ntxn

(9] H(\fvaLwé‘wn

O‘\nl\ﬁ

ODIMENSICN TOTAL(100),LCHN({600)

e EQUIVALENCE (ALL2)ENERSLCHNY o (A2(2) 4 ERCIs {A3L2),FL ) {AG(2), ELL)-
1 (AS(2)4EEL) »(A6(2)+SIGND),y (AT(2),RPAIR),(AB(2)4SIGNP)

e READ (2,1}  NCHANS aNTABS NENS, IETEST, IFPLUT NUIRNS, VOLTS,TIMELELOH,

1 EHIGH )
WRLTELA 1) NCHANS NTARS NENS  IFTEST JFELL OT  NUTRNS WCOL IS, TIME FL O
1 EHIGH

cemoarn e ECRMAT (515, 1004 FLO400E10342F5.3,E15.6).
NCHANS IS THE NUMBER OF CHANNELS: NTABS IS THE NUMBER CF
L———TABULATIGNS CE_THE RANGE ANC_CRUSS_SECTION DATA
NUMBER OF NEUTRON ENERGIES TO RUN. IF TFTEST 4NE. O WE PRINT
NEARLY ALL VARIARLES AFTER FACH FVENT L IE IFPLOY . NE. C WE
PUNCH CARDS SUITABLE FOR INPUT TO THE PROGRAM THAT PLOTS THE '
RESULTS. NUTRNS IS THE NUMBER.OF NEUTRCNS T0 GENERATE. VCOLIS XS .
THE COUNTER VOLTAGE. TIME IS THE RISE TIME SETTING. ANRAD IS '
4;________Ia&_ANnD£_xADlUSQ_LAIRAn_ls_lﬁE.LAIhnDE_RAnluSL_QXLENG_LS_hALE
THE CYLINDER LENGTH. YMAX IS HALF THE LIVE REGION LENGTH. PRESS
IS THE ©ORFSSURF. PMM IS THE PROTON MASS. TMM IS THE YRITON MASS

(g}

HE o

obobo
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DM 1S THE DEUTERCN MASS.

-ENM IS NEUTRON MASS. FE3M [S HELIUM~
3_MASS.ELVOLT IS _CNE FILECYROM=VOL Y IN FRGS. ENLIM IS THE MAX,

ENERGY OF TFE "CHANNELS. QONC IS THE CEUTERON REACTION ENERGY.
(~TRITON REACTIUN ENERCY. DIEMIN 1S THE MINIMUM
' DIFFERENCE BETWEEN THE SQUARE OF THE MAX. RADIUS .AND THE SQUARE
0F THE MIN. RADTIUS SO _YHAT_THE RISE YIME IS LONG._ENOUGH. SIGNP
IS THE PROTCN-TRITOAN REACTICN CROSS SECTION. SIGND IS THE
NEUTERON REACTION CROSS . SECTION. RPAIR IS THE PROTON RANGE IN

oOPpODOONOGPO

AIR DATA, THE CRQSS SECTIONS ARE IN BARNS (10.#8{=24) CN,ew2),

e ENTABS_ = FIOAT(ATABS)

ANRAD = .015%2.54

it

' CATRAD 1.96582.54

. CAT2 = CATRADe«2
v CATMAN = CATRAN — ANRAD -
CYLENG = 8.5%#2.54

YNAX = 7.522.54

PRESS = 12.005276.
HERPRES. . =.2

P¥M 1.67248€-24
IMM 5.0220BF=24

OV = 3.34728E~24

. ENM = 1 .4748E=24

HE3M = 5.01976E~24
EIVOLTY = 1.60207E=12

ENLIM = 15.E6#ELVOLT"
ERANGE = ENLIN - 1. FE6eFILVOLTY

CND = —=3.27E6#ELVOLT

GNP = . 264E62EILVALT

TFACTR = PRESSQALCG(CATRAD/ANRAD)/(2.
TEMP = 293.14

2.121E68VOLTS)

DIFMIN = TIME/TFACTR v
READI(2.2) (SIGNP(I),1 = 1}, NTARS)

READI(2,2) (SIGND(I),I = 1,NTABS)
READI242) (RPAIR(I),1 = lLNtABSl

FCRMAT(8F10.0)

AL(1Y = 0.
A2(1) = O. .
AR = 0. :
A7(1) = 0.

ABL1) = 2,8SIGNP(L). = SIGNP(2)

SPACNG = ENLIM/FNTABS
SRECIP = ENTARS/ZENLIM

RCHNWD = FLOAT (ANCHANS)/ENLIM
Catl CLCCKI(TIMI)

e

CALL L:NGTH(NTABS:ENLIM.ENER(ERG RPAIREL JELMAX ELSPELLEEL)

eCALL CLOCKI(TIM2)

¢ CLOCKI IS A LIBRARY ROUTINE TO PROVICE TIMING INFORMATIONS

pC 160 NEUEN =_1.NENS ..

i . EN = ERANGE# (ELCW + FLOAT(NEUEN)®(EHIGK — ELOW)/FLOAT(NENS))

INTERP = INT(FNTABSeENZEN)LIM)

PART = (EN - ERG(INTERP))=SRECIP

. : SIGP = SIGNP(INTERP)_+ PART={SIGNP (INIERP+1) =
b SIGD = SIGNC(INTERP) + PARTo(SIGND{INTERP+1) = SIGNOD(INTERP))

SIGNPLLNIERPLL____

e EN IS THE NEUTRON_ENERGY.a..SIGP..IS _THE P=T_REACTION.CROSS

252

IS IN THE Cala

SECTION. PNEUTL

IS THE NEUTRON MOMENTUM IN THE LAB, AND PNUTCM
VCMSYS_ IS THE VELOCITY OF THE C.M.

c SYSTEM. ETCV IS THE TOTAL ENERGY IN C.M.




S ‘

.- - —— —— tarem e e s e emesues m e es e e s

SIGTOY. = S!GP + SIGC
CHOLCE = SIGRLSIGIOL

nhnwoLn

KIFCTR = .6025+KEPRES®273., 16*SIGTOTQ(2.'CYLENG)¢CATNAN'3.14159265/

,-___"___1“"m‘.,u_(ZZQOO-QTEVP) o et s e e e et e -

PNEUTL = SQRT(2.=2ENM#EN) - .
i e -MCMSYS .5 . PNEUTL/Z(ENM..+. HE3M) ... . IS
PNUTCM = PNEUTL - VCMSYS#ENM
e AN C M S PAUTC M 222/ (2 oENN)
PHE3CM = VCMSYS&HE3M
EHCM .= PHE3CMer2/L{2.2HE3M)
) ETCM = ENCM + EHCHM R ,
e LCSTANEUEN ) 5 0o e . . —
WTILST(NEUEN) = 0.
WISMINEUENY = 0 -

TCTAL(NEUEN) = 0.

DC_16 L = 1 oNCHANS o oo ' N

CHAN(I) = 0.
146 CONTINUE
NEUTRN = O
LZ NEUIRN = NEUTBN <« ]
STATEMENT 17 BEGINS THE RANDOM GENERATION LOOP (SEE STATEMENT

[g]

—C 140 BELOW)._. WE_CAN_ CONSIDER. ALL _EVENTS T0 OCCUR TO THE RIGHT .

OF THE CENTER OF THE CYLINCER {IMAGINING THE CYLINDER 710 LIE
HORIZONTALLY) BECAUSE_QOF SYMMETRY . THIS IS _SIMPLER BFECAUSE THEN
NO TRACK CAN REACH AS_FAR AS THE LEFT END SINCE AT 15 MEV OR
LESS . ALL TRACKS ARES SHCORTCER THAN YMAX IHFE END WALL FEFEECT IS

THEN DUE CNLY TO THE RIGHT END. 7O CHOOSE THE REACTION-SITE AT

' —C— _RANDOM IN THE CYLINCER VOLUME HWE CHCOSE HP, THE HORIZONTAL

PGSITION MEASUREC TO THE RIGHT FROM THE CENTER,. AND R, THE

e RADIAYL DISTANCE FROM THE CENTER AXIS. _THE REALTION SITES_ARE
NOT UNIFORM IN THE VCOLUME SINCE THERE IS MORE VOLUME IN R TO
O+0NR FENPR L ARGE B _THAN E£AR SMALL R. SINCE WE p ~LHAOSING THE

) VALUE GCF R -UNIFORMLY, WE MUST APPLY A WEIGHT'~J CORRECT THE
_JL____._._QLSLRLBUIJDN4__SlNCE_1HE_MﬂLuME_lN_IHE_lmlERMAL_DB_lS_DlBECILI___
PROPORTICNAL TO R, THE WEIGHT MUST BE PROPORTIONAL TO R. THEN
WHEN AN EBVENT IS CCUNIED, HWE DO NOY ACC 1 10 THE PROPER CHAMNEL
BUT WE ADD THE WEIGHT. 1IN ORDER TO CONMPARE THE RESPONSE:
SPELIRA FOR SEMERAL NEHNTRAON FNMERATES IX wnu;n HAVE REEN
NECCESARY TOU USE A WEIGHT ANYWAY BECAUSE THE TOTAL REACTION
CROSS_SECTICN VARIES WITH NEUTRON ENFRGY. WY 1S THE MHEIGHT.
WTECTR IS (NUMBER OF HELIUM ATOMS/CC)e(LENGTH QF CYLINDER)«Pl+

(]

oOpon

. _L___—-‘.‘LRADLUS_DE_CXLLNBER_LCQRRELLLD_EQR_SDLlD_ANﬂDEll~LIﬂlAL_CRQSS____

SECTION). INMAGINE A COORDINATE SYSTEM AT THE REACTION SITE
WITH Y-AXIS PARAILE] T0O THZ ANNNE ANC Z-AXIS ALONG & RANQIAL
LINE FROM THE ANCDE. WE CHOOSE A NEUTRON DIRECTION RELATIVE TO
IHIS_SYSTEM RY CHOGSING AZIMUTHAL ANGLE, PHI, AT RANDOM AND
COSINE OF THE POLAR ANGLE, CTH, AT RANCOM. IT IS NECCESARY TQ
PICK _THE COSINE AT _RANDCM TO GEYT A UNIFORM DIRECTTIQNAL
DISTRIBUTICN. THE CiM. SYSTEM IS IMAGINED TO HAVE X-AXIS
PARAVIES _TO THE NEUTRON DIRFCTIONA

HP = CYLENG«RGEN(UGH)

R.= CATMAN3RGEN(UGH) ¢+ ANRAD

R2 = R#«R

WY = WIFCTRaR

TCTAL(NEUEN) = TOTAL(NEUEN) + WT

PHY = A.2R8318531«RGENIUGH)

CCSPHI = COS(PHI)

LAﬁLAO OO
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SINPHI = SIN(PHI)
CYIH = 2 . «ROCEN{UGHY = Y.

STH = SORT{l. - CTH=#2) ' L
IE({RGEN(UGH) GIa_ CFOICEY GN YO _ 18

CHOICE 1S THE FRACTICN OF EVENTS THAT ARE PROTON~TRITCN FEVENTS,.
IE_A _NUMBER RANOCMLY. CHOSEN BETWEEN.C.AND_1_1S_aGI.. CHCICE, WE__

PICK THE DEUTERCN CASE. IN THIS CASE WE MERELY SUBSTITUTE THE
OEUTFERON MASS FOR_THE PRDT_[]'\[ AND JRIICN MASSES AND_QOND FCR _THE

ﬁ"bﬁLbﬁ

REACTICN ENERGY.
PN = PNN ——

TV = Tey

0 = QNP _ — S

KASE = 0
GLLUIC. 19

18

Pr¥ = DM
IV = 0OM

Q = QND
KASE 2 —— —

19

PPCM SQRT (2.4 ({ETCM + Q)=PM=TM/(PM + TNM))
PHIP = A.2H3IR5ALsRGEN(UGH)

(I T

CTHP = 2,#RGEN(UGH) -~ 1.
SIHP SQRT (1. = CTHP2#2)

XPCM PPCMuSTHP2COS(PHIP)
YPCM PPCMaSTHPaSIN(LHIL)

ZPCM = PPCMeCTHP
XMA = XPCWaSTH = ZPCMaCTH

VB ZPCVMaSTH + XPCM+CTH ‘ . . _
XNMB XMAXCQASPHI = YPCN#SINPHI —— 2

LI (LI T 1]

Yvg XVASSINPHI + YPCM«COSPHI
PPCM 1S THE PROTCN MCMENTUM_ IN CaMe _ XMBsYMAZMB, ARE THE X,YeZ

COMPONENTS OF PRCTCN MOMENTUM IN A COCRDINATE SYSTEM THAT IS )
PARALLEL TC THE 1 AR SYSTEM. RUT MOVING WKIYH THE C.Mo NOTE THAT

POoboN

THE COMPCONENTS COF TRITON MOMENTUM IN TEIS SYSTEM MUST BE THE
NEGATIVES CF_XNBaYNMBo2ZMB.e e —

VCSYSX VCMSYSaSTH#CCSPHI
VLCSYSY VOMSYSeSTHaS INPHI

VCSYS2Z VCMSYS#CTH
PLABXP PMaVCSYSX + XM@

PLABYP PMaVCSYSY + YMB ‘
PLARZP PMaY(CSYSZ +_2MB —

PLABXT TM#VCSYSX - XNMB
PLABYT = TM#VCSYSY =_ YMA —_—

wi g oninou

PLARZT TMeVCSYSZ - ZMB

PLXP? = PILARXPu=D
PLZP2 = PLABZP#«a2

o

XPZP = PILXP2 + PLIP2__ e _ e

PLABP2 = XPZP + PLABYPu=a2
PIARP SQRTIPLABP2) S

PLXT2 PLABXTu#2
Pl 2X2 PLARZ2T w02

nonin

XPZT = PLXT2 + PLIT2
PILABY2 = XPZT + Pl ABYIw#2

PLABT = SQRT(PLABT2)
£P = PLABP2/(2.ePM)

ET = PLABT2/(2.0TM)

EP_AND _ET ARF_THE PRCTYON ANP TRITON ENERGIES IN THE LAB. PLENG

AND TLENG ARE THE TRACK LENGTHS. XPsYPeZIP ARE ThE XeYslZ

i
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‘COORDINATES CF THE TIP OF THE PROTON TRACK IN A SYSTEM WITH
ORIGIN AT THE CYLIADER CEMTER, Y-AXIS ALONG THE ANONE. AND
Z~AX1S PARALLEL TO THE RADIAL LINE FROM ANODE TO REACTICN SITE.
INTR = INVT(SRECIP=ER)
INTT = INT(SRECIP=ET)
PARTP = {EP = ERGLINTPII2SRECIP
PARTT = (bT - ERG(INT;))»SRECIP
PLENG = N 2 -
TLENG = EL(INTT7<ASE+2) +PAR4T¢(EL(KNTT+1.KASE*2) ELLINTT, KASE+2))
RATICP = PIENG/ZPLARD
RATICY = TULENG/PLABT
Xp= PLABXPRRATIOPR
YP = PLABYP#RATIQP ¢+ HP
20 =PI ARIO-BATIOL + R
XPSQ = XP=XP
10SQ._=_202:29
RP2 = XPSC + ZPSQ
¥I = PLABXT2RATIOT
YT = PLABYT#RATIOT + HP
ZI .= PLABZT=QATIOY 4 R
XTSQ = XTeXT
73S0 = Z2T.=21 :
RT2 = XTSC + 217SQ - ' ©
VpOMUD YO o HP - . :
YTMHP YT -~ HP .
VALY = YMAY. — MD : : . -
IF(RP2 .GT. CAT2) ALPHA = Ra{SQRT(CAT24XPZP/R2-PLXPZ)~PLABZP}/
1 (XPIP2RATIOL)
IF(RT2 .GT. CAT2) BETA = R&{SCRV(CAT2e¢XPZT/R2-PLXT2)-PLABZT)/
1 (XPZT#RATICTY
ALPHA AND BETA ARE THE FRACTIONS OF PROTON AND TRITON TRACK
LENGTHS . THAT REMAIN INSIAE THE CYL INCER WAL o IHFE PROGRAM EROM
HERE TO STATEMENT 120 DETERMINES If THE RISE TIME IS BIG ENOUGH
AND IE SO, W-AT ENERGY _TO COUNT . GENERALLY, THE TRACKS ARF
_ SKEW LINES RELATIVE TO THE ANODE ANL THE MINIMUM OISTANCE MUST
Lo BE FOUND YC GET THE RISE TIME. YMINR IS THE Y COORDINAYE OF THE
POINT OF MINIMUM DISTANCE IN THE LAB SYSTEM WITH ORIGIN AT THE
OEACTION SITIE
IF{HP .GT. YMAX) GO TO 60
IELYD tEL YMAX) GO IC 24
IFIRP2 JLE. CAT2) GC TQ 20
YOUY = YPNMHOa Al PHA
{F(YOUT .LE. YWALL) GC TO 25
20 R2WAN O =~ {((RabI ARYD + Pl ARZPuYWALL )602 + P XP2eYWALlee2) /DL Aaxg a2

D O

c R2WALP 1S THE SQUARE OF THE DISTANCE FROM ANODE TO THE PQINT .
L VHERE_THE PRCTON TRACK GOES THRU THE LIVE SPACE-DEAD SPACE WALL /”

IF(PLABZP .GE. 0.) GO TC 22
YNINR = —0D| ABYPaP{ ARZPsR/XPZP
[FIYVMINR .GT. YWALL) GO TO 21
RNIN2D = PIXP2aR2/XD7D
RV¥AX2P = AMAX1(RZ2,R2WALP)

G TIC 23

21 RMIN2P = R2WALP
RNAXDP = RD
GC TO 23

22 _ONINDO = 02

) RNAXZP = R2WALP

!

.

-
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- o 23

TIPP = (1, = YWALL/YPMHP)#PLENG

T 24 .

GOoTA 39 — .
IF(RP2 JLE. CATZ) GG TO 31 ‘ o

___25_LﬁLRLABlE_4QE*_ﬂ‘L_CO ¢ 21

RNIN2P = PLXP24R2/XPLP
GL .JC.28

.‘ o 28

RMINZ2P = R2-
QNAX2D = CAT2

CTIPP = (1. = ALPHA)®PLENG

T1Ppp 1S THE,LENGlﬁ_ﬁE_Iaﬁ_ﬁmn_nﬁ_akulcN_lRALK_IHAI_lﬁ_nulﬁlQE_____

OF THE CYLINCER.
GO-T0._39

31

IF{PLABZP .GE. 0.) GO TO 33 -
YMIMR = —DlLARYPnPI ARZPsR/XP2P

IF{ABS{YMINR) .GE. ABS(YPMHP)) GO TO 32
RMIN2P = PIXP2aR2/XPIP

RMAX2P = AMAX1(R2,RP2}
GC.I0 34 .

32

RMINZ2P = RP2
RNAX2P = R2

GC TG 34
RNIN2P = R2

34

RVAX2P = RP2°
T1pP = _Qa

39

IF(YT .LE. YMAX) GO TC 44 o f N
IE(RT2 . IF. CAT2) CN _T0 40 : .

"YCUT = YTMHP#BETA

IELYOUT L6 YWALL) GO TO 45

40

R2WALT = ((R%PLABYT + PLABZTeYWALL)®«2 + PLXTZDYNALL’°2)/PLABYT’GZ
(E{PLARZY .GE 0.) GO TC 42

YVINR = ~PLABYT#PLABIZT®R/XPZIT
TE(YMINR G, YWALL) GO IO 41

RMIN2T = PLXT2#R2/XPIT
RMAX2T = AMAX1(R2,R2WALT)

4.1

GC TC 43
RMINPT = R2WALT

RMAX2T = R2 . : .
L I0 43 R i

42

RMIN2T = R2 ‘ o -
BRNAX2T = R2WALT i 7 e

43

TIPT = (1. = YWALL/YTMHP)wTLENG ‘ P
GL_I0 5868

44
45

IF(RT2 .LE. CAT2) GO TC 51
IF{PIARZY LGE. Q0.) GO TG 67

RNMINZ2T = PLXT2#R2/XPLT
GL_TO 48

47
48

RMIN2T = R2 . ’ ’ -
RNAN2T = CAY2 i

TIPT = (l. = BETA)#TLENG
L0 10N 85

51

IF(PLABZT .GE. O.) GO TG 53
VINR = =Pl ABYT8P) ABIToRAXPLT.
IF(ABS (YMINR) .GE. ABS(YTMHP)) GO TO 52

e REINZT = PILXT20R2/XPLT

RMAX2T = AMAX1{R2,RT2)
GL IO S&

U 52

RMIN2T = RT2

H"*“,"‘ car
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RVMAX2T .= R2

GG IC 54 :
53 RNMIN2T = R2 o .

—_———RMAX2T-= .RT2 . -
54 YIPT = 0. : , , .

e B55_RMIN2.. ANIhLiR“INZP.RNINZTLm_ . - —_ : e
RVAX2 ANMAXLIRNAX2P,RMAX2T) . ’
JE(OPAX2 = RMINZ2 LT OIEMINI_CC_TI0 13
IF(TIPP .EQ. 0.) GO TC 56

—— LS INTATIPRLELSRLKASE+L) )
ETIPP = EEL(IL+KASE+L) + (TIPP = ELL(IL;KASE#l))-lEEL(IL+X.KASE#1)
emmetim e e cimiemn e BELLTL g KASE+LYI/ELSPIKASESL) ot
EC:?P = EP - ETIPP
G IG .82
56 EQEPP = EP

ST I ELTIPT o FQa. 0.3 60.TC. 58 e et e i —_ — e e

IL = INT(TIPT/ELSP{KASE+2))

n ll

e ETIPT_S.EELLIL,KASE+2). .+ _(TIPT -.ELL(IL;KASEtzleLEELLILfl KASE+2).._.

1 ~— EEL(IL,KASE+2))/ELSP(KASE+2)
ECELY. = €T = ETIPT
. GC 7C 59 ’ ,
— 58 ELEPT = ET .o . ; —_ —
59 ECEPCS = CDEPP + EDEPT

- EDEPOS . IS_THE. IDIAL_ENERGX.CEPDSIIEL-lu_IHEmLLME.SBACEA_~—__"_-n-a

GC TC 120
60 _1FE(V¥YDR LT, YMAX) GC TC 20
IF{YT .GE. YMAX) ‘GO TC 130
—_— LEIRY2 1 E. CAT2) GC..TC 65
61 IF(YTMHP«BETA .GE. YWALL) GO 7O 13¢C : .
IE(OLABZT _.GE 0.1 GO TL. 62. .-
YNINR = ~PLABYT#PLABZT«R/XPLT )
TE(YMING O, YWALL) GO T3 &2
RMIN2T = PLXT22R2/XPLT
GC..TG 63 i )
62 RMINZ2T = ((RePLABYT + PLABZToYWALL)##2 + PLXT2eYWALL#%2)/PLABYT#»2
63 1E(CAT2 = BMIN2T 4T, DIFMIN) GO .TO_ 130
TIPT = TLENG#(ls = BETA)
WIIOY = YIENGa{l. — YWALL /YTMHO)
WTIPT IS THE LENGTK CF TRITON TRACK THAT EXTENDS TO THE LEFT QF
THE LIVE SBACE-NEAD SPACE WALL.. HEREs THE REACTICN SITE IS IN
THE DCEAD SPACE BECAUSE HP IS GREATER THAN YMAX.
1L = INT(TIPT/E{SP(KASE$2))
ETIPT = EEL(IL,KASE+2) + (TIPT - E'L(IL.KASE+2))ﬁ(EEL(IL+1,KASE+2)
1 ) - FEL (T o KASFE22) V1 /58 SO(KASEL2)

It = INT{(WTIPT/ELSP(KASE+2))
EWTIPT. = EEL{1L . KASE42) #{WTIPT = E1LLI1 KASE+2} )0 (EEL (TL+#1.KASES 2)

1 - EEL(IL.KASE+2))/ELSP(KASE+2)
ECEPCS = EMTPT — ETIPT.

GC TC 120
LS R2UALL. G "PHDIAR!I~:_ELAEZI&!MALLl£L2_1_ELXIZ.!HALL__ZJZBLAﬁXI__Z__

IF(PLABZT .CGE. 0.} GO TO 66
YNMINR. = =PI ABRYTaPLARZT4R/XP2T

IF(YMINR .LE. YTMHP .O0R. YMINR .GE. YWALL) GO TO 66“
RMNIN2T = PIXT2aR2/XPZT

IF{AMAXL(RT2yR2WALT) = RMIN?T .LT. CfFN!N, 60 TO"3C
GC_ 10 AT

66 IF(ABS(RT2 - RZNALT) .LT. CIFMIN) GO TC 130 -
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67 WYIPT = TLENGwe(l, = YWALL/YTMRP) : :
Il = INT{WTYOY/F)SPIKASEX2)) : :

EDEPUS = EEL{IL ,KASE+2) + (WTIPT—ELL{IL,KASE+2))s(EELLIL+1,KASE+2)
1 ~ EEL(I! ,KASF2+2})/FLSP(KASES2)
GC TC 120

A0 1ELYY LY YMAYXDY) GO YL 80

IF(RP2 JLE. CAT2) GC TO 75
JE(YONHP=AL PHA GE. YWALL)Y GO YO 130

71 IF{PLABIZ? .GE. 0.) GO 7TC 72

—YNMINR = =P} ARYP=PL ARZP2R/XP7P
IF{YMINR .GT. YhALL) GO TQ 72
RMIN2P = PIXP2uaR2/XPIP
GC 7C 73 -

22 RPMINDO = ((RaP) ABYD + P) ARZ7PaYWAILL JaeD + PLXO2uY\UAL )l #n2) /Pl ARYPoaD

73 IF(CAT2 = RMIN2P .LT. DIFMIN) GO TO 13C

TIPP = PIENGa(la = ALPHA)

WIIPP = PLENG#(l. — YWALL/YPMHP)

IL = INT(TIPO/EISPIKASE+1})

ETIPP = EEL{IL,KASE+1l) + (TIPP — ELL{IL,KASE+1))s(EEL(IL+]1,KASE+])
1 = EEL LIl KASEZY )V /ELSPIKASE+])

IL = INT(WTIPP/ELSP(KASE+1))

'____EhIEE_~_EELLLL4hASEfLL_i_LuLLEE_ ELLLJLLKASE—LLL-LEELLLL.IJKASEill_____

1 — EEL({IL,KASE+1))/ELSP{(KASE+L)
—ELEPLS = FWYPP = FTIPP

G0 T0 120

cwdS.B2WALD = ( (25D} ABYD + PILARZPoYWALL Jood + PLXPZ»YWALLanL/PLABYPboZ

IF(PLABZP .GE. 0.) GO TC 76
—YMINR = =Pl ARYPuPl ARZP 2R/ XOZP
IF(YMINR .LE. YPMHP .CR. YMINR 4GE. YWALL) GO TO 76
RMNINZ2P = Pl YP2a#R2/XDPID
IF(AMAXL{RP2,R2WALP) = RMIN2P .LT. DIFMIN) GO TO 13C
6010 77
76 IF(ABS(RP2 = R2WALP) «LT. CDIFMIN) GO T0 130
27 _WIIPP = PILENG# (e = YWALL/YPMHP) __
IL = INT(NTIPP/ELSP(KASE*l)) .
____EDEEQS___EELLLLL&A&E_lJ_i_iWIIPP:ELLLILLKASfilJJ_Jjuﬂ;Lu~_LL&AS§_lJ______
1 - E&L(IL,KASE+1))/ELSP(KASCv1)
GO_T0. 120
80 IF(RP2 .LE. CAT2) GC TO 100
JE(RT2 LLE. CAT2) GC TQ 90 .
IF{YPVHP=2ALPHA .GE. YWALL) GO TO 61
IE(YIMHPSACTA _ .GF. YWALL) GO TO 71
[F(PLABZT .GE. 0. ) GC TO 81
YNINR =—P) ARYTaPt ABZTaR/XPZT
IF(YMINR .GT. YWALL) GO TC 81

GC TO 82
_&L_RMLAZLﬂu_iIR_ELABML_L_PLABZtﬁYHALL)°Q2_“.ELXIZSIMALL°“2)/PLABVT’°2
82 IF(PLABZP .GE. C.) GO TC 83"

YMINR = ~Pl ARYPupPl ARZPaR/XDPIP

IF(YMINR .GT. YWALL) GO TO 83

RNINZ2D = DIXP2aRI2/XPLP . v

GC TC 84 .
B3 _RMIN2P = ({RePIABYP +. PLABZRQXNALL)122.1_2L322~1MALL°tZlLELAﬁlEE&Z_____
84 RNMIN2 = AMINL(RMIN2T,RMIN2P) |

_JE(CAT2 = RMIN2 . tT. CIEMIN) GO_TO. 130
TIPT = TLENG#({l. ~ BETA)

.
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TIPP = PLENG={1l. - ALPHA)
WITOY = TLENGall, = VIWALL ZYTMED)

WYIPP = PLENG#({l. = YWALL/YPMHP)
L= INTLTIPTAELSPIKASES2))

ETIPT = EEL(ILJXASE+2) + (TIPT - ELL(IL, KASE+2))¢(EEL(IL+1 KASE+2)

= ECLAIL,KASE22 ) I LELSP{KASE22]

1
IL = INT(TIPP/ELSP(KASE+1))

SHASEXT) )0 (EEL (1143 JKASEXYY

£TIR0D = (A ) Ir!'VA(‘C.-.l\ {TIDA - =yt (1
1 " = EEL(ILyKASE#1))/ELSP(KASE+1)
It = INTIWMTIOT/ELSO(KASEL2))

3,

EWTPT = EEL(IL,KASE+2) + (WTIPT ~C
- ESLLIY

CEL( Iy KASE*Z))°(:EL(ZL*1.KASE+2)

KASE42) )51 SR2LKASER2)

IL = INT(HTIPP/ELSP(KASE+[)) -

cCLTnn = £t (1)

YACTAYI Y\ v {LITYIND Y (T

KASES£YYIA({ERL (T 2] KASEA1)

Q0 I ELVONHDRAL DHA GE

1 - BEL(ILyKASS+1))/ELSP(XKASE+])
ELEDQS. = EWTPP_ &+ EWILY = ETIPP = ETIPT
GC TO 120

yUALLY GO IO A4S

"IS(PLABZP .GE. 0.) GO TO 91

VITAD = D} ABVYDADRDE ARQ70 AN LYDTID
IF{YMINR .GT. YWALL) GO Y0 91
OMIN2D = PLUPRPI2NR2/LXDZD
GC 714 92 . ' )
QL. BUIN2D = ([DnDr ARYD & DI ABZOAYIIALY Yan? o D) XP2aYUHALLea2)/PLARYPss2
92 R2WALT =" ({RePLABYT + PLADZTeYHALL)e22 ¢ PL“”ZQYHALL°‘2)/PLABYT»GZ
YLDt ACTT ne 0.0 G0 _TO _as
YMINR = =PLABYTwPLABZT#R/RXPIT
TELYMING tE. YIMuny 60 TO Q3.
IF(YMINR «GE. YWALL) GO TQ 94
ANIN2T. = PLUTI2 A2V 07T
GO 10 95 )
QA3 _PHIMNIT = NI
GC 70 95
0% NUINIT = QI.1AT

95 RMIN2 = AMINZ{RMIN2T,RMINZP)

TS(CAT2 = 2FIN2 T

DIEMIAY B0 IO 120

WYIPT = TLENG={le. = YUALL/YTHHP)
WMTIND = Ot MG = Yuthat t g DD Y

TIPP = PLENG#{l. = ALPHA)
Pt = INT{WTIPT/EYISP(UASES2))

3

EVTPT = EEL(IL.KASE22) + (WVIPY -ELL(!Lga&s;¢2))¢(
PMASEL2Y ) LT SRIKASELDY

PRI IIAL)

EL(IL%1,KASE+2)

IL = INT HTI?P/‘LSP(KASE+1))

cwrop AN

JKASESY) o {WTIPD —Et1 17y .

1

~ EEL(IL,XASE+1))I/CELSP{KASE*1)

1= ‘LNTlTYDDUIQP(KAQF-\‘I\I

$LSEed)o(Ert (Y1 o1 KASESY)

3

ETIPP = EEL(IL,KASE#1) # (TIPP - CLL‘ILQAAS’+1’)Q(EhL(!L+1'KASE#1,

~ FEL LI HASELYYY/LE SP{KASZELY)

EDEPQS =
GO 10 120

EWTPT + EWTPP —= ETIPP

100

IF{RT2 .LE. CAT2) GC 7O 110
IS(VTUHIPARETA JGEL YHALLY GO TO 75

IF(PLASZT .GE. 0.) GO Y0 10}
YHIND = —~PI ABYT 0L ARZT a3/ 027

IF(YHMINR .GTa YUALL) GO 7O 101
RMINI?T = PIUT2aD2/¥07T

GO TG 162
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1101 RMIN2T = ((RePLABYT + PLABZT=YWALL)es2 + PLxrzavaLLeaz)/PLABvTonz
102 R2UALP = ({R=PLARYP & PJ AR7PwYLALL )02 + PLXP2eYiALLoe2)/RLABYPao?
-~ IF{PLABZP .GE. 0.) GO TC 104 '

YVINR = —DlABYPaPlAP?PaR/XP]P

IF({YMINR .LE. YPMHP) GO TQ 103

YELYNMINR GE YHALLY GO TO (104

RMIN2P = PLXP2aR2/APIP

GC_I0 0S¢

103 RMIN2P = RP2
G0 1IN0 108

104 RNMIN2P = R2WALP

105 RMIN2 = AMINI(RMINZTLRMINZ2P) :

IFI(CAT2 -~ RMIN2 .LT. DIFMIN) GO.TO 130 \\\

UIIPP = PIEMGa{Y . — YWALL/YPMEDY

WTIPT = TLENGe{l. = YWALL/YTMHP) : \\\\\
TIPY = TIENG={1. — BETA)

IL = INT(UTIPP/ELSP(KASE+1)) :

ENTPP = ECL{TL KASESLY 4 (MTIPO —F10 (7 KASE+1))a(EEL(1L+1.KAS¢+1)
1 ~ EEL{IL,KASE+1))/ELSP(KASE+1)

7t = INT{(MTIPT/Ft SPIKASE+2)) N .
EGTPT = EGL{IL,KASE+2) + (WTIPT =ZLLI{ILKASE+2))e(EEL(IL+),KASE+2)
3| ~- FES (1) KASE+2)Y/F 'SP(KASE*Z)

IL = INT(TIPT/ELSP(KASE+2))

FIIPT = EFL (1] .KASES2) ¢ (TIPT =— FLI{7L.&ASC+2))6(EEL(IL+1;KASE+2)
1 = EEL(IL,KASE+2))/ELSP(KASE+2)

FOEPNS = FEWTPO & EBWIDT = FTIDY
. GO YO 120 .
100 _R2WALP = {(R=PiABYP & PIARZPoYWALL)oe2 & PIXP2oYHALt#o2) /PILABYPsaD
R2WALT = ((RePLABYT + PLABZToVWALL)ee2 4 PLxrzanALLoozi/PLASYTooz
YE(PIABZP GF. 0.) GO TC 112
YMINR = —PLASYP2PLABZP&R/XPZP : N
SIELVYMING tE. YBMYUDY G TO 11) .
IF(YMINR .GE. YWALL) GO 7O 112

RMINZD = L YD2aR2/IY0O7P
"RNMAX2P = AMAXL(RP2,R2WALP)

GO _T0 113 .

RVIN2P = RP2

REAX2P = R2UALP

112

GC TO 113
R¥IN2O = R2YMALP

3

RMAX2P = RP2
TE(PIARZT GE. 0.} GO TG 215

YVINR = =PLABYTHPLASZTHR/APIT
JECYMINMR 8.8, YTMHP) 60 FQ 114

IF{YMINR .GE. YWALL) GO .70 L15
BMINPT = PIXT20oR2/XPZY

RVAR2T = ANMAXL(RT2,R2WALT)
GO 10 136

114

RMIN2T = RT2
QUAY2T = R2WLVT

115

GC TQ 116
REINDT = R21ALT

RFAX2T = RT2

~LI& BRMIN2 = AMINVIBNMINZP.RMINM2T)

REAXZ = AMAXL(RMAX2P,RMAX2T)
TE(RMAY? —~ RMIND 1T, DIFMINY €GO _TO 330

WTIPP = PLENG®(le — YWALL/YPMHP)
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HTIPT = TLENGe{l. =~ YWALL/YTHHP) . . - .

h ¢ J "!\l"‘l“’t?ﬁﬂl:l SNiYASE~LY)

EwWTPP = ECL(IL,KASE+1l) + (UTIP? ~ELL(IL, KASEfl))D(EEL(XL+1 KASE#X)
= ECL{ T KASESIIILELSPLUASEST)

1
IL = INT(HT'PT/ELSP(RASE+2))

avror = SELLTL L MASES2)Y & (WTIOT -FIJJ'L,A'<F+9)1»IC':lI}}) KASE42Y

1 T CC'(IL:RASE+2))/CLSP(KAS-vZ)
CNAENAC = £LITDOND .. CIITNT

120 I = INT(EDEPCS<RCHNUWD)
CHANITY = oL = WT

WISH{NSUEN) = WTSH{NZUEN) <« WT ,
IELIEYEST EQ.0) GO IO 140

-

GO T0O 549

CIAN COCTINCIIENY = ¢ OCTAMEENY = *

WILST(NEUEN) = WTLSTINEUEN) + UT
YELIEYEST . L EQ.-0) GO T0 140

C = 1.C1i5
VYR = s )

YYB = YMB=O

2283 = 7noa0

PLAPP = PLABP=0
QLATT = DRLAST=Q

0 = l.8-9
MOSYI = veSYSYag

VCSYYY = VYCSYSY=0.
VCSYZZ o MCSYSZAQ

URITE(30548) XXBsYVBeZZByVCSYRX,VCSYYYVCSYZZPLAPPPLATT,YOUT

—548 ECRMAT(27H 1 OST  {(XIAB, YMB,ZMBY = (2¢ 2.2, 1H, 3, F7.2,11H) VCSY

5481S = (2{FT7a2)L Hs)sFTe2,9H) PLABP =¢F7298H PLABT =,F74247H YCUT =9
5482 E7.2)

549.0 = 1.E15

DHDM = NNCMAN

XPXM = XPCHeQ
VOVYM = YDOMA

IPZH = ZPCMaQ

PLAXMD = D! ABRYN2aN
PLAYYP = PLABYPaO
DINZID = Of ARZOA0
PLAXXT = PLABXT=0

DALMY = D) ASVT AN

PLAZZY = PLABZIT=0
MRITE(3,550) KPR, KASE,COSPHISINPHT, CTH CTHP PHIP, PPPA XPXMs YP YN,

YZPZM  PLAXXP PLAYYP,PLAZZPy PLAXAT s PLAYYTPLAZZT,EPLET,PLENG, TLENG,
2XD YD 7D ST MT TT PO RY2 N DHA BETAL2VUAY P R2UAL ToRMINDD RHAX2D .

SRMINZT  RMAX2T o YMINRy TIPPo TIPToWTIPP WV IPY,EDEPOS

S50 ECAMAT (131 P R _KASE CSP _SNP CTH (T2 PHIP PPLMEIS XPCM YPCH

5501 ZPCM PLA3XP PLABYP PLABIP PLABXT PLA3YT PLABZT CP(E6) ET(E6) PL
SSQ2EMG TLEMG/EAL2  EQa2, 12,6 (3N, F3.2).F5.3, JOEZ.326P2E2.3,0P2F a0/

5503132H X? YP P X7 YT 7 RP2 RT2 ALPHA BETA RZ2 .

S504WID 2w Y _APMIP_RYNID OMNOIT SHVAT YMINR TIPS TI0Y WIIPP WITOT ED

SSOSEPOS/6F5e29F7e2:F0e2912F60396F64295F0e506PF642)

A0 _IE(NENTRN LT NUTRNSY 6N TN Y7

c LET NUTRNS BE THE NUMBER OF NEUTRONS THAT WILL, CROSS A SLRFACE
—C OF ONE._SQUARE CENTIMETER EROM ANY _DRIRECTION (7T .4D

C FRONT CR BACK) IN CNE SECOND. THEN CHAN(I) Wil BE ThE NUMBER

c NS _COUNTS_ PR SECAND BEGTISTERED IM T%S f—TH CHANNEL o

ITOP = NCHANS + 1
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141 1T0P = ITOP = 1 B .

JEICHUANMITITORY JGY. 0.3 GO T3 3464 . 2L

IF(ITOP .EQ. 1) GO TO 142
GL Y0 141 .

142 WRITE{3,143) NEUEN
142 ECRMATI{22H NO _CCUNTS SCR NEUEN =,%3)

- CHAN(l) = 1.
WISMINENEM) = 3

144 J = MOD{NESUEN-1,3) ¢ 1 : : _
ITA2 1S THE TI02 CHAAMESL THAY HAS AMY COUMYS. 1 RAMGES FROM

TO 3. IT IS ONLY TO ALLOW THE RESULTS FROM 3 CYCLES ON NEUEN
IO_GE _SIGREN AND THSEN SRINTED AL AT ONCE Y0 CONSERVE PAPERS

" KJ(J) = NEUEN -
DO 345 Y = 3 NCHAMS

COUNTS(I,d) = CHAN(I)
CRITP(T..0) CHAN{I) 22000, /CHAN{ITOP)

CNORM(I9Jd) = CHAN{I}21000./WiSH{NZUEN)
145 CONYINUEC

CPITP IS PROPORTIONAL TO CHAN AND FIXEC SO THAT THE TOP CHANNEL

HAS 000, CNORM IS MINMALEZE0 <0 THAT THE SUKE QOF Atl CHANNELS

IS 1000.
MRITE(2,560) NEUSN.INTEQR. EM.PLRT.SIAD,.STG i =

1 PNEUTL VCHMSYS s PNUTCM ENCMoPHESCMEHCHGE TCH:ITOP.CHAN(XTOP),J
SAQ_ECRMAT{//127H NAUEN ITNTERP EN _PARY S3GP SIGD SIGYOT (CHOICE “IF

5601CTR PNEUTL VCISYS PNUTCIH - ENCH. PH:’cj EHCH
54602 EICi/, 276:.FE10,2.4%5 ?-'3 SaFf230.,2/74 IT0P =.%6.33H CHEANIITODY

5603 =,E12.4,5H J =,13)
108 WNZ. 3 o AND. MEZUEN NT. MENS) GO IO 3150

WRITE(3,146) {{KJI(KIaL = 133)eK = 1,od)

1L4A _EORMAT (12HY I C{MEVYL3(I 3  COUMTS{I,,72:%31H) CPITPAX..IZ.

1461 11H) CNORH(1,,412,1H)))
1INPPS = ITOP + 5

IFLITOPPS «GT. NCHANS) ITOPPS = NCHANS . N
DO 148 1 = 1.,170P08

ENERGY = ENLXP FLOAT(I)/(l.cbu’LVOLTD’LOAT(NCHANS))

147 FGRMAT(14 F8. 2.3(51).512r11 :))
148 _CONYINUE

Kdi = KJ{(1)
Kl = K043

WRITE(3,249) (KyWTSHIK)sK,LOSTIK)pK = KI1yKJIJ) ‘
369 FEORMATI//2(A6H WYSH{,T253HY =,F24,56,7H $10ST(212,3H) =,17))

WRITE(3¢570) (K,UTLST(K),K KJ1yKJJ)
MRITE(3.,57V) (K .TOTA (KK = K17 3,319

570 FORMAT{3(19X,6HHUTLST(,12,3H} =4E14.8))
SIY _EFLOYAT(3( 9% 6HTATALL 12,34} =o514,6))

150 IF(IFPLOT .EQ. 0) GO 7O 160
NQ 2855 I =1 NCHANS

[F{CHAN(I) .GT. O.) GO TO 152
LCHNITY = =9999

GO 70 155

152 CHEN = ALOGLOICHANLT))

LCHN(I) = INT(SIGN{1000.4ABS(CKN) + <5,CHN) )
IE{ICHNAT)Y Wl Ea (=10000)) LCHN{I) = —9569

155 CONTINUE . »
LCHM XS 1000 X (YNGARITUMIBASE 103) OF CHAN)Y

WRITE(1l4,1) NCHANSeNTABS,NENSuIFTCSI'IrPLOT,NUTRNS VOLTS, TIME,
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1 ELOW’EHIGH  EN

‘unyrrrmA,tazl,J;rqur\ 1 = 1.NCHANS)
157 FCRMAT(1615) o

—160-CONTINUE
CALL CLOCKI(TIM3)

e HRITEAZ o SIS 1T I Ly TIM2H TIN3 e
575 FCRMAT(7H TIM1 -.Fla.2.7H TIM2 =,F13.2,7H TIM3 =.F13 2)
S.102

END
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- : $IBFTC LENGTH - )
: : SLOQ T INE LENGTHINTARS, EALIM*EME&&E&ﬁ&R2AlR+£L¢ELMAX¢ELS£4£LL4£EL__
- ' . 1 ) :
A ’ _ nrMFNGIFN FNEKLAOQL;ERGLbonA;RRAIR(&QQL;ELL&QG-Ai
4 . DIMENSICN ELMAX{4)ELSP{4),ELL{600,4)+,EEL(6CO,4) .
) o e FNTABS = FLCAT(NTABS) " S
’ : ELVCLT = 1.60207¢c-12 ’ '
BUOHE = 1148528
) RHDXR = 3.455 i
L . | pPHE = 2 . - * ' -
PXR = 10. : ) '
e DENOM_=._PHESRHOKE _# PKRvﬂHCKR_“
WHE = PHE«RHOHE/DENCM -
LWKR = 1. -~ WHE
PC 3 1 = 1,NTABS
THIS LCOP COMPUTES_TRACK LENGTH VS PARTICLE ENERGY. ANQ_STORES
THE LENGTH IN THE ARRAY EL. THE FORMULAS ARE FRCM WANG, P, 73~
75 (UCRL=107703, WITh SLIGHT. CORRECTICNSa 0 .= 142434 IMPLIES __
PROTCN,TRITCN,CEUTERCN,CEUTERCN, RESPECTIVELY.
£ = ENIIMaFEILOAT(II/ ()  FARELVOI T#ENTARS)Y
ENER(TI) = E
F"QLLLA_.ENLLNAELDAxLL)LFAIABS
RPKR = RPAIR(I)e{1.89 =.25=ALOGLU(E)) - ,36 - "™ .
RPHE = RPAIR{JI)5(a82 % .043¢ALOGLO(E)) i R
J3 INT(FLCAT{I)/3. + .001) . N
12 INT(SL CAT(INZL2, ¢+ 00Q1)
PAR3 = FLCAT(MOC(I,3))/3 : .
RAR2:. = FlFAIlNGC(l;Z))/Z.._” —_
RPAIR3 = RPAIR(J3)} + PAR3%(RPAIR(J3+1) - RPAXR(J3))
RPAIR2 = RPAIRIJI2Y _+ PARZ={RPAIRLIZ2+L) = _RPALIRI(J2))

Fy

ﬁl"lﬁ")

RTKR = 3.4(RPAIR3¢(1.89 — .254ALOGLO(E/3.)) = .36)
RIHE = 3.0RPAIRA0(.82 = .0432Al0GIQLE/3,))
RCKR = 2.»(RPAIR2°(1.89 ~.25¢ALOGLO(E/24)) = L36)

ROHE 2. 88PAL?280 .02 + .043¢AL0OGLO(EL2.))

RTP = 1 / (WHE/RKRPHE + NKR/RPKR) '
_______RII_=_L~LLMH;LRIHE_t_MKR/RTKR)

RTD = 1l /tWHE/RCHE + WKR/RCKR)

E1{f 1)) = RTID/DENCM

EL(I,2) = RTT/DENOM - —.
EL(1,3) = RID/DENOM____ - _

ELII,4) = EL(1,3) '

3 _COCNTINUE |
DC 7 4 = 1,4
FIMAX{Y = FI (NYARS,.H)
ELSP(J) = ELMAX(J)/FNTABS
1 =0
EL(I,J) = 0.
Filt{leJd) = 0.
EEL(I+J) = O,
o 6 1 = 1.9
EL(T,3) = EL{10,J)=FLCATI(])/10.

C El(1,0) EQR I = 1,9 ARE_INTERPOLATEC. FROM EL(10,J) _BECAUSE THE __
C FORMULA GIVES NECATIVE VALUES IN THIS VERY LOW ENERGY REGICN.
A CCNTINUE - rwrnie eme e s e b v ——
7 CCNTINUE

WRITE(3,8)
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e D03 = 1.3
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8 FORMAT(49H1 1 E(MEV) E®E6(ERGS) L-P{CM) L~T{(CM) 'L-DI(CV),10X,
CLIIKL =D LMY Et -0y #EALEDNSY | =T{ i) Fll=T1oFalCRGS Y L=D{CHM) F(1=D)o

82E6(ERGSY)

€ THE DIFFERNECE BETWEEN EL AND ELL IS THAT ELL VALUES VARY .
S LINSARLY EROM L T0 NTABSWRILE EL(1sd)- IS THE .TRACK _LENGTH QF
C THE J~TH PARTICLE OF ENERGY ERG(I), WHERE ERG VARIES LINEARLY
L : cooM ) _TO NTARS EE), YS _TWE BENCORY THAY CORRPESPLOMDS YO 11

C THE ELL-EEL RELATICN IS THE INVERSE OF THE ERG-EL RELATICN. THE

Lo LOCPTC STATEMENT LS COMPUTES ANC PRINTS THESE ARRAYS
DO 15 I = 1,.NTABS .

ELL(E ,J) = ELSP(JI«FLOAT(I)

ITPONV =

9 IF(EL(;TRY,J) .GT. ELL{I,J)) GO TC 10
IEL{ITRY. .GEL. NTABS) GC.T0.12

IF(ELCITRY+15J) .GE. ELL({I,J)) GO TO 11

TIRY = ITRY =+ 3
GC 70 o
10 IELIYRY 1S, 1) GO T0 1 : - :
ITRY = [TRY - 1 R N
: GCIC- 9 : '
11 PART = ({ELL(I,J) = EL(ITRY,J)I/(ELLITRY+1,J) = EL{ITRY,J))
SEL(L,d) = ENLIM¥a{FLOAT{ITRY) 4+ PARTI/LENTABS
© 60 TC 13 . - - _ :
12 9007 = (EIALl, ) = ELLYTOV-3 33 /0E (¥TeY 1) = EL(TTRY=1,.0))

EEL{I,Jd) = ENLIM&(FLOAT({ITRY=~1l) + PART)/FNTABS

EEL(I44) = EEL(I,43)

ALl ) ELL{L,3)
WRITE(3,14) 1, ENER(I).ERG(I),(EL(I,J),J = 193)e (ELLIT,J),EEL(L 4D,y
1 o= 1,31 : o

14 FCRMAT(14,F9.246PF9.3,0P3F9. 4v8Xo3(0PF12.4 6PFl3.4))
IS_CONTINUE

RETURN
END
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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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