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THE DEVELOPMENT OF A MULTIWIRE PROPORTIONAL CHAMBER
IMAGING SYSTEM FOR NEUTRON RADIOGRAPHY

Kenneth Howard Valentine

_ Department.of Physics
Lawrence Berkeley Laboratory and
Department of Nuclear Engineeéring
University of California
Berkeley, California 94720

April 1974

”ABSTRACT

A,mulfiwire proportiénal chamber.was developed*fb? thermal,
epithermal, and fast neutron.radiojraphic»imaging. It empioys electro-
magnetic deléyllines for coofdinatgbreadout.énd,solid layer neutron-to-
charged particié converters. - Thermal neutron detection efficiencies of
nearly 4% and spatial'resolutioné of é mm were_achievéd;‘ Model calcuia-
tions Qere.in good agreement Qith expe;imenf aﬁd indicate that substantial
1mprovements in both the eff1c1ency and resolutlon are p0551ble.

The value of the neutron sensitive mu1t1w1re proportlonal chamber
(MWPC) as a radiographic image detector lies in its_ability to image
single intéractiqns and to supply coordinate info;mation'in a form that
is easi1y digitized fof cémputervstdragé‘ana processing; Sample radiographs
are presented thch demonstrate the MﬁPC's capability for 1ow'doée imaging
and several exaﬁpies of computer processed fédiographs are 'shown.

Initial work was done Qith-a smallb(4.x 4.5 cm active area) x-ray
chambér which.w&svsensitized to ngutfons by the addition of a 3—um¥thickr

layer of natural boron. The (n,0) reaction on 10B supplled the charged

" particles nééessary.for neutron détection; ThlS prototype chamber



~viii- ..

performed:approximately as expedted.so a larger chamber (25 X 25 cm

active area) was designed and built. Enriched'loB converting surfaces

‘y

Qere fabricated for thermal and epithefmal_imaging, and fasf neutrén
imaging was accompliéhed wiﬁh é hydrogenous (polyethylenef recoil proton
.convertef;f_

The system's spatial resélving-powef was determined by Fourier -
transformation of éxperimentaliy'measured liﬁe spread functions which
results in the modulation transfér function. Resolution meaSUrements‘were
made usihg low energy x-rays_(5§9 keV) as Well_aé neutrons. Comparison
of the results obtained fbr the two tjpesvof radiation indicateé the extent

to which the’resolving power is limited by longer range charged particles.
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I. REVIEW.OF NEUTRON .RADIO‘GRAPHIC‘ TECHNIQUES.

By virtee of its eiectrical heutrality,:the neﬁtron eluded
discovery until 1932 when it was identified by'éhadwick £hfough the
application of momentum and energy balances'fo the Be(a,n)C reactien.l
This.same éroperty of neutrality, which had coﬁplicated the neutron's
discovery, was eleo_primafiIQ réeponsibie fer‘the»interest in its.
radiographie applicetiqn. Being neufrel, the néut:on can.interact.&ith
matter in completely different ways from those observed for charged
particles and electromagnetic iadiation. It can pass almost unimpeded

through the atomic electron shells and approach the nucleus with no

‘Coulombic repulsion. Interaction mechanisms of radiographic interest

between neutrons and matter are therefore nuclear in nature whereas those

for charged partieles and electrqmagnetic radiation are basically atomic

" phenomena.

A. History of Neutron Radiography -
The first documented’investigation specifically'aimed at evaluating

the use of neutrons as a radiographic probe dates back almost as far as

_theAneutron's'discbvery. ‘It was initiated in Germany -in 1935 by Kallmann

“and Kuhn. - Although their work was hindered by an extremely low intensity

neutron source (a small discharge tube ion accelerator yielding about

4 x'lO7 neutrons/sec), they were able to collect a great deal of infor-

mation about neutron source characteristics and image detection methods.

‘As a result of this investigation, one publication appeared in 1948 which

iy . ' . X ' . . 2
described some basic detection techniques that are still. in use today.



Coneurrent with the later stages of Kallmann's work was another
1nvest1gat10n of neutron radiography also conducted in Germany by Peter
in 1946. Due to a much hlgher neutron source strength (about o ,

2'X 10.ll neutrons/sec from a discharge tube ion accelerator),'he'was‘able

b

‘to reduce Kallmann's exposurevtime from four hours to about two minutes
and the'neutren radiqgréphs which he published were of reasonable quality.
A period of ebout ten‘years lapsed after Peter's work durin§ which "
time little:more was dene in the area of neUtroh radiography. It has been
suggested by Berger4‘that this dwell time was primerily due to the
applicatioh of availahle sources to the morerpressing needs of neutron
physics experiments. This seems reasonable since the third major study
of neutron radiography was dohedby Thewlis5 and Thewlis and Derbyshire
in 1956, rollowihg the_adveht of-the,neutron ehaih-reactor. They_extracted
their neutren beam from the BEPQ reactor at Harwell, England and produced
the best:neutron rediographsdavailable at that time; Their work. illus-
trated seme:pQSsible uses for neutron radiography in bioloéical.studies,'v . E
linspection of heavy'metels, and in radiographicucohtrastingdproblems
_that could not be easily solved by other'means. One product of their.
investigatien.was'a‘radiographvof a waxed\string taken through two inches
of ‘lead which has become the classic example of the complementary contrast

capability of neutron radlography.

ww

Despite the impetus from the positive:results’obteined-by Thewlis
end Derbyshire, no more notable research was done for another four years—- %
suitable:reactors ahd neutron detection materials were still not‘abundant.

In the period l960—6l, severalvindependent studies were begun at Armour

. L . _ 8
Research Foundation,7 Argonne National Laboratory, Naval Ordnance
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.Laboratory, and Watertown Arsenal.lo‘ The emphasis of the work was

directed toWard‘the develbpﬁent ahd evaluation Qf.imprOVed éources,
coilimation systéms; and imaging detectorsl Aisé,vwork was done on
delineatiﬁg the_liﬁitations and areas of greatest applicability of neutron
radiography.

The intense neutron.beaﬁs provi&ed by reactor neutronvsourcés
greéfly.éidedvin the optimiéation of-neutrqn réaiographié‘parameters"SO-
that by about 1968, the details of néutron.beam coliimétioﬁ and-aetection
Qére’well'qnderstood.’ Expanding technology supplied a multitude of
applications; Eréﬁ the aerdspace industry came requirements'for"non- a
destructive—testiﬁg (NDT) of cbmponents such as nuclear rocket nozzle
test sections, érdnance devices (expldsive bélts),.and jet engine

turbine biades.11 Neutron rédibgraphy was employed in the nuclear
H ’

’industry for NDT inspection. of unirradiated.and irradiated fuel elements,

¢ontrol rods, and in-core thermionic cel_ls.l .Also at this time, interest

revived in portable non-reactor.neutr0n sources which would broaden the

géplication of neutron_radiograéhy and make it é moré flexible NDT
technique.  It is iﬁteresting to note thatvas.pf 1972vthere-were'approxi-
mately ‘a hundred ﬁéutron radiographic facilities in §perafion'around the
world, coﬁpared'to aﬁout fifty‘in 1968 and'fqur in l963. 

" The main elements of neutron radiography are neutron interactions

'in matter (both in the subject and the detector); neutron sources and

beam collimation, and neutron image detectors. ' Each area will be con-

sidered in the remainder of this section.



B. Interactions of Neutrons with Matter

'As mentionedvpfevioﬁsly, neutroné intéra¢t mainly with the nuclei
of materials énd'thére_are Several_cleérlyvdisﬁiﬁguishable mechanisms n
- by'which.th¢ ihte£a§tion can proceed. ‘Among‘fﬁeée,mechanisms are compound
nucléus formation,'potential_or shapé écéftering/‘and difect interaction.

Compound Nucleus Formation. This process involves the reaction

n + ZMA > ZMA+}., Siﬁ;e the.gompound nuqleus,.zMA+l,.mu$t be at ‘xrest in
the center of mass'é§3£em of cooxdinatés, the center of mass kinetic
energies of both the incident neutron ‘and thesta;get nucleus must be
transformed-té-internal energy of the compound nucléus. However(,in mbst
cases, this ié only a small éonttibuti&nrto the totalvexditation energy.

‘Aséuming'fbr the moment. that the nucleus, ZMA+1

r is stable against‘neﬁtron
emissidn; it ﬁolloWé‘that a positive amount‘of éﬁergy must be expended
in.drder to remove ohe neutroh.. This energy ‘is c§lled the neutron binding
energy,_aﬁd when the?réverSe prOCess ofvadding'one neutron to thé nucleus
ZMA occqrs; it is available to-the compound nucleﬁé as éxcitation energy.
The totai excitétién of thé cqmpound.nucleus is fhe sum of the neutron
binding énergyvand thevcenter of mass kinetic energies. Since néut;on
binding eﬁergies téndltovbe in the MeV range, ﬁhé:kinefic_energy of.slow
neutron reactions need notbbe considered_in-the.tOtal excitation.

The excited compound nucleus can decay to a ground state in a

LT

variety:of ways. 'Since the excitation. energy is as least as }argé as the
neutron biﬁding energy, the compound nucleus éxists in an unbpund‘sféte
such that it is poSéible.for é nucleoﬁ or a groué of nucleons fo be emitted.
If a neutron is-emitted with'tﬁe total exéitation energy, thé process is

called compound elastic scattering. If the neutron carries away only a
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fraction of the excitation, the process is called combound inelastic

scattering and the remainder of the.excitation is then dissipated through
either gamma emiséion or beta followed by gamma emission.
If a single neutron is not emitted, the process is called neutron

absorption. One possibility in this case is emission of more than one

neutron, a proton or some other group of nucleons such as an alpha

®

particle followed by gamma or beﬁa plus gammé decay as before. Another
possibili£y>is that the approach to a ground state will_prqceed directly
by:beta or_gamma'emission. ‘Finally,vneutron aﬁsorption iﬁ certain of>the
héavier nuclei can leéd-to fission. -Onée the.éompound nucleus has decéyed
to a'boundVStafe, nﬁcleon emission and fission are nb longer energetically
pogsible.

Potential Scattering. In this process the neutron approaches the

nucleus closely ehough to be deflected_by‘thevshort range nuclear forCés.
No_compound_nucleus is forméd and no excitations occur.

Direct Interaction. This process occurs only with neutrons of

relatively high energy. 1In a direct interactipn,.a nucleon is ejédtea
frém the.huclgus as‘a result of direét collisioﬁ'Withvthevincident
neutron. l

A pqiticular nucleus ﬁén exhibit any:or'all of the three inter-
action mechanisms described above. The_likelihbod or probability of a
pérticular iﬁteraction occurring is,expreésed as a c#oss section which is

24

measured in units of 10 ° cm® called barns. The cross section for a

neutron -interaction can loosely be interpreted as the area which a

neutron must strike in order to cause the interaction. This interpretation

leads to the correct expression for neutron attenuation in extended



materials Consisting of many layérs of atoms. If a neutron beam of

intensity Ib passes through a thickness x of material having an atomic

densify_of N, where each atomic nucleus has a cross section of 0, then

the emerging beam intensity I(x) satisfies :
iy : g

In(I_/I(x))
> J = -
I - Nx

o .. -

I(x)hl'e—NGx

The secoﬁd expressioﬁ is.iﬂdicafive of the way ip which experimental cross
sections a?e'actually obtained. The fact,that‘spme cross sections are
many orders of magnitude larger than’the physibal_sizevof the nucleus
éah only be.explaiﬁea through thevappliCation-éf'quantum—mechénical
conéideraﬁioné.

Neutron cross sections vary as the incident neutron energy varies
aﬁa many nﬁclei éxhibit spectacular inéreases at cerﬁain_energies known as
resoﬁances. .fhese resonances occur both in aﬁsorbtion cfoss sections
and scattering cdes sections. 'Therefore the £otél_cross section, which .
is the sum of.absorption plus scattering, also shows resoﬁénce behavior.
While analytical models éxist’Which'describe ﬁﬁch of the obéerved
cross:sectipn behavior, the? aré extremely comp;exvandvsometimes impossible
to.apply«"However,.by dividing nuclei>into_thrée'groups‘accordingrtg their . . %

atomic weight (light, A < 25;. intermediate, 25 < A < 80; heavy, A > 80),

e

' several generalizations can be made which apply in many cases. 3

. s ‘ :
Light and Some Magic Nuclei. At energies below .about 1 eV, the g LW
total cross section, Gt, often behaves as 0, = C_, + —g-where C., and C

t 1 v 1 2

* . . . .
Certain nuclei possess a "magic" number of protons and/or neutrons which
leads to exceptionally stable configurations due to closure of nucleon shells.'?



.

afe constants and v is the velocity of the neutron. Here C1 accounts for

1 2’

elastic scattering and C, for absorption. If C. is much greater than C

the total cross section will be fairly constant over this energy range
whereas if C2 is the larger, the material will be a socalled 1/v absorber

and the cross section will decrease hyperbolically with increasing neutron

. energy. In the Mev region the total cross section is no longer constant

or 1/v and several broad resonances can occur. Beyond 6 or 8 MeV the
cross section becomes smooth and rolling. .

‘Heavy Nuclei (not Magic). Below 1 eV the total cross section may

be flat or 1/v;' Between 1 eV and 100 eV a series of high narrow resonances

occur. Beyond 100 eV the resonances lose amplitude and group closer
together and past 5 keV the cross section is Smooth.

Intermediate Nuclei._ In this case the total cross section may or

may not be 1/v below 1 eV. The'resonance region lies betwéen_lOO eV and
100 kev and the character of the resonances is intermediate between

that of light and heavy nuclei. Intermediate resonances are higher and

~narrower than for light nuclei but lower and bioader_than for heavy.

nuclei. Figure 1 shéwé the eneréy-dependence'df the qroSs-ééctiOn for a
ligh£ and_twé_heavy nuclides.

The spectrum of enéfgies'encountered in néutron‘physics has been
divided into séve;al convenient groups;v A;though'the.group limits aré»
subjectlto a:certain'amounf'of_Variétidh in the literature, the values
in.fable.l below are t&pical-and will be used in this thesis.

Since a.1a£§e fraction'of'neutroﬁ radidéréphy is performedluSiné
thermal neutfons, the valueg of thermal'neﬁtr@n iﬁferaétioh cross

sections are especially important. Figure 2 shows a plot of the mass
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Table I. Neutron Energy Groups

ca o o less than 0.01 eV
thermal o | 0.01 eV to 0.4 ev
epithermaler epicadmium | _ V R A 0.4 eV td 10 kev
slow . - : - 0 to iObkéV

fast :,'  ' . ‘ . L 10 keV -to 26 MéV
relétiviéfic . - . _ - greater than 20 MeV

attenﬁatipn coefficients of the elements‘fbrAO.QZS eV neutrons and
_'125.keV x—rays'as a funétion ofjthe atomic‘number} 7. 'The mass attenua—
tion coefficient can be diréétly related to the cross section through the
| : _p It : - . o

_ ex.press:Loant —,N (7;). Whl;e the x~-ray mass attenuation coefficient is a
smoothlyvinéreasing'functibn'of'atomic-number} the neutron mass attenua-
tion coefficiént Qaries raﬁdomiy. Under cerfain‘ciréumstanées neutrons
_Can solve‘rédiographic imagiﬁg pfoblemé that wbuld be impossiblé using
x;réys._'For instance,.ﬁeutrons are especially well suited for iméging
hydrogénous materials iﬁbedded in low-% mefals and for providing”contrast

between similar-Z materials like cadmium and indium or boron and beryllium.

c. Rédiog;aphic.Neutron Sources ana Beams
Thére éf§ many known ngclear'reactions Which result in neutron
_emiésion but,COnsiderétiong such as yield, lifetime, noh;neUtron radiation
_1evéls, éost, and avéilability severély_liﬁit.thé nuﬁber which can be
.practicailyvappliea.f Appliéationvof‘the useable reactions resuits in
three major-neutron.source catégories; these being acceférator sources,

isotopic sources, and reactor sources.

N

.22 SO
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~Accelerator sources are based on reactions such as 9Be(d,n)loB,
4 3 7., 7 o3 : .
t(d,n) He, d(d,n) He, Li(p,n). Be, and d(p,n) He. A small linear
adcelerator is used to accelerate the'projectile particleltd a sufficiently
high energy so the cross-section for the reaction involved is large enough
to produce the desired yield. 'The t(d,n) He reaction is widely used because
acceleration voltages as low as 150 kilovolts can produce useable yields
whereas acceleration voltages on the order of millions of volts are
necessary to employ the other reactions. Practical accelerator sources
. - . . L 11 16

of the d-t type can produce neutron yields in excess of 10 neutrons/sec.

Iéotopic[sources are similar to accelerator sources in that ener-
getic radiation is used to induce neutron emission from a suitable target
nucleus. The principal difference is that in an isotopic source thé
energéetic radiation is derived from a radioactive isotope. The two

principalvreactions used in isotopic sources are (0,n) and (Y,n). Typical

examples of the (o,n) variety-afe the Ra-Be source and the Pu-Be source.

Since the.yieldsvfrom these sources are typically 106 to 107 neutrdns/sec

per curie of activity, kilocurie strength spurces are necessary to match

, ' 124 | -
the output of the accelerator source. However, a 1 Sb-Be source of the

(Y,n) variéty is documented with a yield of iolo‘ﬁeutrons/éeé.l7 ‘This
ssurce has‘the;added adVantage ﬁhat dueAto the higher penetratihg pqwef
6frgémma rays, the antimoﬁyband_beryllium need:not’be intimétely_miied
and the néutrbn output can be turned off simplbey physi&ally separating'-
these two héterials{ The Sb'activity.decays_with a half life of 60 days

but can be repleniéhed by neutron irradiation in a reactor. A notable

T . . ' . \ 252 : . s
. exception to the foregoing is the - Cf spontaneous fission source. This

s ‘e - 9 o -
material has a specific activity of about 3 X 10~ neutrons/sec-mg and a

half-life of 2.2 years. °
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Neutron chain reacto;s émployipg ﬁhe'neu#ron induced fission of
such_fiséile maﬁeriais asaﬁranium,vplutdnium{ or ﬁhoriuﬁ are, and will
. probably édntinde to be, the most inteﬁse séuréés of neutrons. Their
maip disad?antagé is immobilify which requires that all work be performed b
at the reacto£ESité. | ‘

The néutroﬁs'réieasedvin the nuclear reéctions 6n which‘most
neutron soufces are based have energies typically in the hundred keVv
tofMeV range. Althéugh severai'investigations have beeh made usihé

neutrons in this energy range«,'lg'20

the results were not as speétacular

as those obtained with thermal neﬁtrons._ Many materials.exhibitvsimilar :
» attenuation characteristics for high energy neutrons and the generally
low interaction cross secfions make detectioﬁ difficult. Thus for most
appli&ationéﬂit is necessary fo‘reduéé their energy or moderate.them;
This moderation procéss is usually accomplished by surrounding the source
with a 1aye£ of hydrogenous materia1. -The initial source neutron energy
.is fhen lowered by successive elastic interactions with the hydrdgeﬁ i
nuélei. Thermal reactors already have large amb@nts‘of moderatiné
material iﬁcorporatea in theif:design;fso in this case,:no furthef
moderationiis necésSary,

Regérdless of the type of néutron:source used, by the time the

T

neutrons_are moderated to thermal enefgies their angular distribution

is nearly isétropic. ‘The extracted beam must ﬁhefefore be passed through
a collimétor>in ordexr to limit the angular spread of neutrons in fhe beam.
Magnetic or electrostatic focuSing techniques éré»useless for tﬁis*purpose
due to thé‘ﬁeutron's electrical neutrality, so_coilimatién must be

achieved by complete removal of the unwanted angular cdmponents. Tighter
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beamvcollimafion can be gained only A£-the expense of reduéed beam
intensity."?igure 3 shows thé.tWO mést widely'uéed ﬁoilimator designs.

fhevmﬁltichénnel collimator ih:many cases consists of a bundle
of.paralléi stainless steel tubés which aré'sdmétimes coated with cadmium.
Although this tyée of collimétor was used almost exclusively in thé early
1960's, fhe divergént collimator is perhéps the easier of the two to.
fabricate ana is receiving mére widespread attentidn tddayf

The fwd coilimation'sjstems afe similaf with respect to the degree
of collimation, beam intensity, and,fiéid size. If the intensity and
aﬁgular distribution of the neﬁtron_flﬁx at the collimatdr'ent:ance is
the s;me fo# each type of célliﬁator, then the beam ihtensity'at the

image plane will in each case be proportional to d2/L2 and the beam

~ divergence as seen by a point in the image plane is in each case

' . . d . o ' ' - -
approximately equal tonf radians. In addition to these similarities,

 the divergent system offers several distinct advantages as pointed out

by Barton»in 1967.21

i; Fér'similar sourcé;moaulator assemblies, the divergent_
_ collimator‘displaces léss'moderator,material which could.result
in slightly higher b'eam inténsivties.'. |
2. _No;collimatér pattern is projected onto the image plane.
3. Field éize can.be increased simp;y'by mdving.away from ‘the
collimator exit. | R
4, Geometric magnification can be.achievéd by separating the

" object and detector:
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D. Neutron Radiographic Image Detectors

Techniques;used to produce neutron radiographic images bear close

resemblance to those used in x~-radiography. The collimated beam of

- radiation is used to ‘illuminate the fadiographic object. The beam's

intensity is then locally modulated as it passes thfoUgh the object

according to local interaction cross sections and areal density. A

"detectox, placed behind the object so as to intercept the emergent

beam, is uéed to obtain an]imégé which revealsrthe inﬁefﬁal structure of
the object;i" | |

Although'neutrons are capablef5f ekposing.photoéraphic emulsions
(by secondary fadiétion followiﬁg neutroh capture on one of the film

constituents or by recoil protons ejected from the gelatin binder and élastic

backing) the processeé involved are not very efficientho. In order to

reduce the neutron exposure required to produce aréhotoéraphic image,
converter screens aré used thch are ﬁa&e of materials'having iargé Cross
sections for neutron interactions that reéult in the emission of moré
ionizing forms of radiationeA Neutron'éonﬁerting screensigre analogous
to'x-ray.intehSifying scfeens_such aé'calcium tungstaté thch convert
high energy x—réylﬁhotons to lower energy 1i§ht'ph6£ons.

Materials commonly used to make therﬁal neuthn converter screens
are gadoliniﬁm;'dysprosium,_indium, boron, and_iithium. As‘canlbe seen
from Fig. 2 each of these métérials has a highvthermal‘néutron-absérption
crosé section. While all materials emit some form of prqmpt radiation
immediately following neutron capture, éoﬁe decay by emission to inter-
mediate‘sfates with measurably long haif 1ives; ’This process is called

neutron activation and results in the formation of radioactive nuclei.
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Figure 4 shows two variations of the photographic neutron .
image detection method. " In thé-direct'méthod the film is held in close
contact with the converter during neutfbn exposqre, and the film1exposuréA =

is due to prémpt radiation from the convérter._-For this method the con-

I

verter screen can be made of 3n§ of the méterials listed in Table iI.

For the transfer method, only @ﬁe convertgr scréen is placed in tﬁe
neutron beam and it must be made of oné of.the ﬁaterialé wﬁich uhdergoes
‘neutron éctivatioﬁ such as ihdium br dyépﬁosium. During neutron éxposure
a radioaqtive~image 6f the §bject is formed on the convefter screen. Affer
neutron exposure, the létent-iédioacfivé image on the converter is trans-
‘forméd to-a'lateni phqtographicaimage-on filﬁ by placing the converter
and film in_cioée contact and allowing the activity to decay for severél
‘half-lives. Since the aetivity of the converferlis_only_a function of the
neutron fluencev(othervécfivafion cross—-sections are relatively small),
the transfer exposure is a powérful method forvgbtéininévneutron-radio—
graphs of objects which.aré.themselves radioactive, suchAas irradiated
nuclear fuels. ‘It also pro&iaes gdod_immunity to non-neutron radiation
_coméonents_in the beam.

The :angeS'of thegfaaiétioné eﬁitted from the ﬁetallic coﬁyerting
maté;ialsAtypically lie betweeﬁ-one aﬁd ten miis'and this is the order of - '
resolution obtainable from metailic and ﬁetailic oxide systems. In ﬁhe
.case of cédmium the princibal-photographic effeét is due to gamma rather
tﬁan‘beta emission, and éadmium provides,the perest resoiution of the
.metalllicrc_onv.erter,s.24 | |

ConVérting'layérs of ba;on of'lithium fluoride (pure lithiﬁﬁ is

too reactive to form a stable converting layer) can, in principle, provide
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_ Table II. (continued)

®pata are primarily from Ref. 13 and Ref. 22.

b70 keV internal conversion electrons accompany the p;ompt gamma emission- from gadolinium, see Ref. 23.

—61-
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extrémelngdod re§olution‘since the fanges of thé'alpha particles‘emitted
following neutrén capture aré on the qrdef of microns. However, the
reéulting:thibkness of the converting layer which is effective in
releasing alph; pa#ticles td théAphotographic émuision is so thinvthat
thé efficiéncyjqf these matérials does hoﬁ-compare favorably with the
metallicléonveféé?é.' ToAincrease the effigienéy or speed 6f boron and
lithium systeﬁé;chése materialsbare commonly mi#ed wiih a‘scintillétor
such as éinc'sﬁléhide and suépeﬁded in a.plastic or glasé matrix. The
reaction.iﬁvolved.iS'then'(ﬁ, o, light). .Since.fhese composite .converter

materials are designed fo'be*at least semi-transparent to the emitted

light, the thickness of such a converter can be increased enough to yield

speeds. as much as fifty times greater than for metallic systems.zs-'26

Lithiumrfiuoride can also be aﬁpiiedwtovthe transfer techniqueA
_tﬂroﬁgh thé_use,of its ﬁhermoiumihescent properties. While most of.the.
~e1ectrons_1ibe£ated Ey passage of the.neutron—capture alpha particle
-recombine immédiétely after passage of the alpha; some are trapped at
defect lééations'in the‘crystgl iattice{ Upon excitation of the lattice,
either by heat or ulfrasound, the trapped electrons are“feleased and
light is'emitfed as they recémbine. 'in use,‘a thiﬁ éheet of either single
or ﬁulticrystalline GLiE,is placed invfhé beam td deteét the image. After
expoéure; thechnvértér is photographed during héating.27

| In combination with the phosphor, ZnS(Ag), OLiF has élso béén
used as the'basis,of a‘néutfén'télévisién sttem which provides dynamic
ﬁapapility.. Light emitted by the 6LiF—ZﬁS(Ag) neutron—cénverter is

collected and focused onto an electron emitting photo-surface by an

optical'lens. A multistage electron multiplier amplifies the signal and

e

>
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a phosphor’screen‘convefts the amplified signaljback to a visual
. 6 e .
image.

Many of the thermal neutron converting materials are still
useful in the epithermal range. Boron, dysprosium, and gadolinium are
all 1/v absorbers, so their. epithermal performance is eésentially the
same ‘as their thermal performaﬁce.eXCept for reduced efficiency due to
the decreased neutron absorption cross section. Other materials with

absorption resonances in‘the 1 to 1000 eV tange aré also useful con-

verters, particularly when used with a monochromatic neutron beam at

~the principal resonance energy. Through theé use of epithermal neutrons,

advantage can sometimes be taken of epithermal resonances in one of
the test object matérials to provide higher contrast than would be
obtainable using thermal neutrons. 8 Table IIT lists several epithermal

resonance detectors and their principal resonance energies.:

*
 Table III

. Principal -

Isotope Resonance Energy (E) o (E) F t1/2
}151n B - 1.46 ev 290 b 0.10 ev 54 min
Y 4.9 S 30000 0.23 © 2.7 day
186, © 18.8° . 14000 -~ 0.8 24 day.
aats PR 73.5 1175 2.0~ 40 hour

55 . : _ _ ’ R o
“mn~ . 337 2000 40 ~ 2.56 hour

Data from Ref. 4, p. 49.:
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Thé_effecfiveness ofvthermal and.epithefﬁal converting ﬁaterials
vfalls off tq'unécceptably low leve1s‘for fast néutrons due to the
generally loﬁ'fasf hegtron interaction cross sections. However, the
neutron scatte?iné cross seCtion of hydrogen decrééses iess'rapidly, and Q
scintillétors with high hydrogeq conﬁent sﬁch as p—terphenyl, anthracene,
" or stilbene.aré?ébmmonly used as fast néﬁtron.converters in the direcf_A
method.20 .Fast ﬂéutron radidéréphy is.most useful for the imaging éf
thick Specimens whennext;emely high resoiﬁtioﬁ is not required.

Various othér devices and teéhniques,have been explored for
neutron rédiqgtaphib imaging; Amopg-tﬁése are a neﬁtron sensitive spark
chamber,29 mechanical‘SCanniné using.a Singlé»small deteétor;30 and
fiber optic light guidesf3l Although some.of.these devices posséSS
properties'ﬁhich make them éxtrémély gttractiVe for ceriéin special é
applications,_thé'bplk of present day heutron'rédiography is perfofmed : |
using neutron.cénvefters in conjunction with eithgr fiim of‘image

intensifiers.

- E. Purpose of Present Research
The purpdée of the researéh deScfibed;ih this thesis was to

deVélop and evaluate a neutron radibgraphic'imaging system based on a

-

multiwire.pr0portion§l.dhamber'with délay.line readouts which would be
useful for thérmai, epitherﬁél and fast neutroh imaging. Multiwire
proporéional‘chambers-(MWPC) are currently used in high energy physiés
for particle trajectory ﬁe;surements;and evenﬁ.triégersg Their ability
not only to detect ionizing radiation but also to localize the iqniZing

event makes them extremely useful for radiographic imaging, and they are
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being adépted fdr a Vafiety:of biomedicél,aépiicafions‘including
x-radiégraphy'and radioisotopé ima§ing,32_ Delay iine rea&out SySﬁems
developed'by Pe;ez—Meﬂaez héve achiéﬁed Eetﬁér.than 1 mm spatial resolution
Wyep applied to é—rgy.mﬁltiwire proportiqnaI chambers.33 |

A neutron-sensitive MWPC could be extremely useful fof neutron
radiogréphic_applications not requiripg gxtremely high resolution such as
beaﬁ alignment,_beam profile ﬁeasuféméqts_or méasurement of reactor
control rdd“bdrnup. Since idnizing.eﬁents are detected individually,
therevis no-threshold on the number of interactions neceSSafy £§-produée
a detectable effect. Thus the'MﬁPC can be used with low intensity

sources and does not suffer, as converter-film systems do, from’

-reciprocity failure.34 The digital nature of the MWPC output makes

absolute quantitative measurements relatively.simple and the necessary
neutron fluences are subject only to the desired countihg;statistics.
The digital capability also provides for either temporary of permanent

data storage which would greatly simplify on-line computer image analysis.
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II. DESCRIPTION OF EXPOSURE FACILITY

The first efforts in this program to develop an MWPC neutron

imaging system were directed toward the construction of a neutron éxposuré'

facility.- The heart of thelfacility.was a Triga Mark III thermal research
reactor licenséd'to operate at a maximum continuous powér-of 1.0 Megawatt
thermal. At this power the maximum neutron flux in the core is about

3

4,4 X 10l (cmz—sec)—'l with a Cd ratio of 3.0

A. Triga Mark III Reactor

The Triga is a pool type reactor and the pooi wall is pénétrated
by eight tubes fof neutron beam‘extraction. four of ‘the tubes run
tangentiallylto.the‘éére and the remaining four are radial tubes directéd
toward the center of the core. Although the Y/n flux ratié tends to be
higher in beams exffacted ﬁrdm a radial port,-thé total.neutron flux is
higher and ﬁhe speétrum_ié somewhat harder than from a tangential port.
Since it was desiréd to haﬁe aé'high a flux as possible and'sincé‘the
beam was to bg used partially.for epicadmium measurements, a radial port
was chosen in spite of the highgr Y-flux}’ The pafticular bort used
for this facility had the added:advantage of opeﬂing'intp a three-foot
cubicle cavity in the reéctdr wall where a,shuttgf could be conveﬁiently

installed.

B. Beam Collimation

The neutron collimator (see Fig. 5) is a variation of the divergent

beam type. Instead of allowingAthe_neutrons to diverge directly from

the source (the front face of the primary lead Y-shield in this case), a

> R
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ﬁpinhole" type collimator is.uséd to mpvé the effective source position
furthervdéwn the‘béam tube thu§ increasing.the diveréence angle of the
beam. ihis.allows the diameter of the beam<torincrease four inches | T4
between the.fron£ end of the beém tﬁbé and the'exposure position
résulting in-a useable beam diametef of about 12‘inches._ |

vAll shielaiég'ahd collimation pieces were built into 1/8—inéh—thick
aluminum cése; sbfﬁhey coula‘easily.be slid.into position in the aluminum
‘beam tube. . The fifst‘four-inéh;thick section ofvleadlis the primary
Y-shield. Following this v-shield aﬁe two séctiéns of borated paraffin
containing a conical through-ﬁole. These collimators provide pre-
collimation of the thermal beam coméonent and are mainly responsible
for collimation of the epitherﬁal component. After the paraffih cbmeé a-
sectiqn of IhﬁCd;Pb alloy (2.2:0P52£130‘by weight resﬁectively) ﬁhich
providesvthe fiﬁal collimationbby reducing the beam diameter froﬁ 1.00 inch
to 0.50 iﬂcheé. -Sinée ihdium'ié é convenienﬁ;t;ansfer material with a
lafge absdrption_résonance at‘l;S eV, it was desired to have the indium
reséhance éortion of the'béam'reasonably well'coliimated for epicadmium
tfahsfer imaéing.' The cadmium, or coursé; works on the_thermal portion
of the SQectrﬁm gnd thevléad attenuates'thébcépturé-Y's; " Four mére
inches of 1eaa-are lécated af the beam tube step td attenuate the Yis

which stream down the gap between the collimator and shield cases and

R

thé beam ﬁube wall. The 1éad’is faced on both sides with annular pieces
of d.OZOQinbh—thigk éqdmium sheet to remove any'é§ray thermal néutrohs | |
which might be present. The effective>source éize of 0.50-inch~diameter

in cémﬁinafion wiﬁh anvefféCtivé SOu;ce—to;defécﬁQ; distance of 100 inches
limits tﬁe angular divergence as seen by a'point in the detector plane to

d/L-*’0.00S radians or about 0.3°.
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Neutrcn fluxes.at the exposﬁre positionvwere measured using
B-v coinCidende—counting of gold foils;'.Threetsets of foils (a set
consists of one baré.féil and one encapsulated‘ih 0.020—inch-thick'Cd)
were located at different radial positions in the beam. The foil
irradiatioﬁ was- 30 minutes loné at a reactor pdwet of 1.0 Megawatt whiéh_
reSulted in a maximum foil activity of about 0.1 uCi. The results of these
méasuremettébare plotted in_Fig. 6. The curves are the genefal beam
profiles indicated by latef measuremnents withjthe MWEC and by optical
densitbmeter sbanstof film images of'thé beam takén with a gadolinium
converter. They havé been normalized to the gold foil calibration
points. The outermost portiqns'of the curves are dqtted'becausetné
separate epithermal film data was taken in this region. 'However, by
attributing the Gd-film response in the outermost regions to the epi-
ithermal flux, the resultihg shapes are'éompatible with the éxpetted.
dégrée of ¢ollimation for the two spectral components. For an ideai
pinhéle collimator made of a material which is lQO%Iabsorbing to the
radiatiohs involved, the flux shape at the exposﬁre positioﬁ would simpiY‘
be a projection of the fltx'digtribution preéent at the real source plane.
However, thé flux shapes presented ih Fig. 6 have folded ?nto them the‘
effects dué'to the'finite cross sections of the collimation materials

and the finite aperture size.

C. Shutter
ih order to conttol exposure tiﬁes and to allow experiments to bé
changed-withoﬁt scramming tﬁe reactor, a shutter‘was designed which'ctﬁld
be positidnéa in frétt of tﬁe beam port exit. It is 10 X 10 inches.téuare

v




Fig. 6. Reactor beam flux profiles (thermal and epithermal) .
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and consists of four inches of borated polyethylene for neutron attenua-
tion followed by two inches of lead for core-y aﬁd capture-y attenuation.
The attenuators are coﬂtained by a steel frame mounted on wheels which
run on inclined steel tracks across the front of the beam port. Fail-safe
operation is thus obtained, for if the controlling mechanism should fail,
the shutter autqmatically returns to the closed position.

In the closed position, the shutter was effective in reducing
the thermal neutron flux reaching the detector by at least a factor of
2000. The count rate due to the epithermal flux was reduced by a factor
of about 40 (measured with a boron-sensitized MWPC) and fhe count rate .

due to the decay-y spectrum was reduced by about -a factor of 250.

D. Experiment Holder and Shielding

Two 3 X 3 X 4 foot concrete shielding blocks were positioned in
front of the beam port with the bottom block adjacent to the reactor
wall and the top block set back eight inches to form a space in which
the experiments could be placed. The space was ciosed on the left and
top, as shown in Fig. 7, by an "L" shaped sheet-metal can filled with
borated paraffin, the samé material used in the collimators.

The experiment holder was fitted with four rollers which ran on
steel tracks across the top of the exposure space. The left half of the
holder is used for mounting the experiment or sample and the right half
of the holder was enclosed with sheet-metal and filled with more borated
paraffin. When the holder is rolled into the exposure épace, the experi-
ment is positioned in front of the beam and the shielding is completed.
Microswitch interlocks were employed to scram the reactor if an attempt

was made to roll the holder out of beam position while the shutter was open.



Fig. 7. Exposure facility.
experiment holder.
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The 10 X 10 inch MWPC is shown mounted in
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E. Commercial Image Detector

An‘image detector completes tﬁe neutron radiographic facility.
The first type of detector used was a 14 X 17 inch commercial vacuum
cassette purchased from Research Chemical (Fig. 8a). The converting
surface was a 25 um-thick-coating of gadolinium oxide flame-sprayed
onto an aluminum substrate. In use, the cassette is first loaded with
a sheet of x-ray film and then attached to a vacduum pump and evacuated.
Atmospheric pressure holds the thin aluminum cover, the film and the
converting surface in close contact. The loaded cassette is then placed
in the experiment holder, along with the object to be radiographed, for
exposure.

Figure 8b shows a thermal neutron radiograph of an électric
hand drill taken with the vacuum cassette. Kodak Type M x-ray filﬁ was
used and the exposure required a total neutron fluence of about lbg/cmz.
Figure 8c is an x-radiograph of the same hand drill taken at a KVP of 100.
The complimentary nature of thermal neutron and x-radiography shows up
nicely here. While the x-radiograph emphasizes metallic parts, the
neutron-radiograph emphasizes hydrogenous areas. For instance, the
x-radiograph clearly shows the gears in the gearcase and the copper
conductors in the wires. On the other hand, the neutron radiograph shows

the grease in the gearcase and the rubber insulation covering the copper

conductors. Note also the nylon screw in the chuck.

Aside from being an interesting study from the radiographic stand-
point, Fig. 8b also demonstrates that the beam céllimation is tight
enough to easily resolve distances much smaller than a mm (note the screw

threads). Because a mm or two is the order of resolution expected from
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Fig. 8. (a) Gadolinia vacuum cassette for neutron radiographic imaging,
(b) thermal neutron radiograph of electric hand drill taken with vacuum
cassette, (c) x-radiograph of hand drill.
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the MWPC neutron imaging system to be_described) image degrading effects

due to imperfect beam collimation couid’be_ignored;
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III.. DESCRIPTION OF MWPC IMAGING SYSTEM

A. Multiwire Progortiqnal’cﬁaﬁber

Cohcep;ually,uthe MWPC can be‘thqught of as aﬁ ar##y of‘single_
wire proébrtional counters,placed side—By-éide with the circular cathodes
broken in'the-plane of the anode wirés and f§lded back to form plane
qathodes'(see Fié. 9). Althodgh this process alters the electric field
cohfigurétioﬁ.éomewhaf, the pfoéess of perQrtional multiplicatidn is
sfill basicaily the same as'in the single wire counters. Multiplication
can occur on individual anéde wifes:and by AC dec§up1iﬁg'the'wiresg the
perpenaiculaf;coordinaté éf an ionizing.event can be determined by |

detecting on which wire or wires pulses occurred.’

1. Electron Drift and Multiplication

Let'us_foliQw the séquénce.bf événts leading to the deféétién‘and
lo¢alization of a 5.9 kev phéton (55Fe séurce) by'the MWPC. depicted in
?ig. 9c/5witﬁ an anode radius,*ro, of 6.3 Jm; é wire spacing, s, of 1;5 mm;
and a planevspacing,;L, of 3‘mm (geometric parémeters for 10 X 10 inch MWPC) .
Assuﬁing.thatbone of the cathodes is thiﬁ‘enough to éct'as a window,.the
photon can gef into the gas filled sensitive volume of the chamber where
it‘undergoes~photoe1ectric conversiqﬁ on a.gas molecule, for instance,
on argon. Sinée.the ranges-df.the 2.7 keV photoeléctyon and the 88%
probabié é.?.kev Auger electron are much less than a mm, the kinetic energy
will ysually be dgposited so@ewhere in a sphere of this radius and centered
on the éonvef%ionvpoint; Aﬁ average énergy_qf aboﬁt 25‘eV ié required to
create an'ionQelgctfon pair in mbst proportionél counter gases so about

240 pairs will be created by the 5.9 kev photon.
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.Fig. 9. Conceptual dlagram of MWPC and graphlc definition of MWPC
geometrlc parameters
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Under the influence of the electric fiela, the pairs will sepafate
Withrtheielectrons:drifting,feward the positively charged anodes and the
ions toward the nearest cathde; The eleetric_quential'and field dis-
tfibutidns_in en“MW?C have been celculated by Erskine35 fer the rathex
general cases.of'wires of finite:thickness, dispiaeements of single
wires end{local variations in wire diameéer. However, for the approxi-
mation that the wiresva;e infinitely thih (a good appfoXimation for the
case considered here), a solution of Laplace's equetion, V2W = 0) yields

for the complex potential,

W(z) = 24 [—-—-——"‘i.z'L) -

61‘(ﬂ2/s.p) |
1n : (1)

Gl[ﬂ(z + 2iL)/s,pj

Qhere P e_exp(-4L/e), Gl(u,p) =.2p%(Sin(u) - pzsin(3u) + p6ein(5u) = eee)

-and z is the complex coordinate, x + iy. PFor the case, L > s, the followihg

expression is a good approximation for the real potential, V(x,y) = Re[W(z)].36

V(x,y) ~ q{énL/s --iﬁ[4§in2 (mx/s) + 4sinh2 (ry/s)1} . (2)

The constant, g, is the charge per unit. length on a wire and can be

L : ‘ - e o 2 2
determined by requiring that the actual wire surface defined by x +y = r,

be an equipotential surface at the applied vdltage, Vo. This requirement
yields

v
O

q” 2[{TL/s - lﬁ(ZTTro/é)] - 3

The electric field components are obtained by taking the negative gradient

of V(x,y) which gives
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B (x,y) = - 3% = ———lasinlam/s) L we
' slsin™ (Mx/s) + sinh™ {My/s)]

and

éi . ngsinh(2my/s)
oy , 2 L2
slsin” (mx/s) + sinh” (Ty/s)]

il
]

vEy(#:y)‘ . (4b)

‘Figure 10 shows the generél nature of the field lines and the equi-

.potentials for the geometry under consideration. .Two important features

are- the following:

1. Close to the wire where x < s and y < s, the total electric

field strength, E = VEx2'+ Ey2 , is given by

- SN - )

V%2 + y2

irfespectiVe 6f the azimuthal angle. This rapid, 1l/r increase
of the field close to thé_wire is the same condition encountered
‘with singlevwire”proportiohai counters.
2. From Egs. (4a) and (4b) it can be shown that
‘VEQ(O'Y) = 2mqcoth(my/s) /s : " (6a)
and
Ey(s/2,yf = 2thanh(ﬁy/s)/s . o . (6b)
The fractional variation ‘in the'y—qdmponent of electric field
'at constant y is then

BOW ~B8/29)  coth(ny/s) - tanh(ny/s)
_%[Ey(o,y) + Ey(s/Zyy)] Li{coth(ny/s) + tanh(my/s)]
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For y‘;>s, the fraétionéi variation is less than 1% ahd tﬁe
_ratio,.ﬁy/E#, is greéter“than'ZSd.
Thus thevfigld in an MWfC varieé as 1/r near thé wiresvand_is hgarly
uniform for y > s.
‘ion drift velocities in‘an'electric field are pfoportional‘to
the electric field strength making it-pOSSiblé to define an ioﬁ mobiiity,

- -+
5 )
U, such that vdrlft
gives a few representative values for ion mobilities in seVeral different

.gases. Thé‘units of mobility_afe (mm—Hg)(cm/sec)(volt/cm)_l.

Table IV
.  Cas - uf _ ' _u+
Air -~ 1350 . 1070
argon " 1290 - 1040
vadrogen‘ C 6500_: . 4300
Nitrogen 1m0 | 0
- co 720 »l. | 600

S2

‘Thg dependence of eléctron drift velocity on elgciric field_is,ndt so
simple, as aemonstrated by Fig. 1lla, WHiph_shows.electron dfift Qelocity
as a funéti6h~o£.E/p for pure aréon, pufe methané, and a mixture of 90%
argon and 10% méthahe (a very ?ommén‘mixture for proportional counters).
The more CQmplicatedvfunctionél dependence on electric field in this caéé
is due to the larger variety of enefgylexchaﬁgevmechanisms'av%iléble to

the electron.

x - ' ' )
Mobility values from Ref. 38, p. 73..

> o ' , n
= UE/p, where p is the pressure of the gas. Table IV
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Fig. 11. Electron properties.in counting gases.
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‘El=loss to elastic

impacts,; EE=excitation of electronic levels leading to light emission and metastable states,

I=ionization by direct impact (Ref. 40). (c) Ionization cross sections for noble gases (Ref. 41).

f e ¥

‘fOb—'



r&

-41-

’Figﬁre_llb_shows tﬁe relativé_impdrfancé*@f the various exchange‘
mechanisms aé a function of ﬁ/p in'pufévérgop. ;The presence of methane
in the argonAprovides;an additional mechaniém for enérgy.exchange by
excitation éf‘low énergy vibrétional and rotationél levels not present
in pure monatomic ar'gon.37 This low—enérgy-lpsé.mechanism lowers the

electron temperature to a point where high energy. loss interactions with

argon become improbable and thus the drift velocity is increased.

Another beneficial effect derived from this mechanism is the large cross
section for absorption of photons released following electronic exci- -

tation. These photons are essential to the operation of a Geéiger tube

~ since they are responsible for propagating the discharge down the léngth .

of the anode. However; they would be very troublesome if left unchecked

in a proportional system.

Retufninngnée again to the MWPC of Fig. 9, it is instructive to

estimaté the electric field strengths atbseveral.points in the chamber

. to get aﬁ idea of the electron énd ion drift velocities. Using the values

for Vs ro' s and L of 2.2 kV,-6.3 um, 1.5 mm and 3 mm respectively,

Eq. (3) yields 0.123 nanocoulomb/cm for the charge per unit wire ‘length.

_Inserting'this_q—valuevihto Eq. (5) yields

E(r) .= 221/r volts/cm . |, o ' (8a)
very near the wire, and Eq--(6a) or (6b)-giVes'abvalue of 4640 volté/cm
in the uniform field region. At STP, the corresponding E/p values are

E(r) = 0.281/r (volts/cm) (mm-Hg) - - (8b)

and 6.10 (VOlts/cm)(mm—Hg)_l. :
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Assﬁming that the photoelectric conversion occurs in the

" uniform fieid region, the ions will .drift toward a cathode at about

0.006 cm/Usec and the electrons will drift toward the anode plane at -

about-'4 cm/|sec. So it takes at most abdut 60 nsec for the electrons to

drift to a point where the field begins to vary as 1/r. As the field

X

®

increases, the electrons are able to accumulate more and more energy

between collisions. Figure llc shows that the ionization cross section '

for argon rises ‘rapidly for electron energies,inithe 20-30 eV range; and

eventually,

the mean-free-path for ionization becomes sufficiently short

that this process can compete favorably with the other energy loss

mechanisms. -

Once an electron is released by ionization, it is just as

effective as the original secondaries in causing further ionization,

and thus -an
the wire.
The

process has

-assumptions

(1)
(2)

electron avalanche is initiated which grows until it reaches

problem of electron gain - in a:proportiqnal mﬁltiplicétion

been treated‘by Rbsé and Koi‘ff.42 By making the simplifying f
that | -

phbtoelectiié eﬁiSsion at the caﬁhode.is negligible

recombination and electron attachment to neutrals are

; négligible

- (3)

fluctuations in energy loss and in specific ionization are

negligible

they obtained L - o . .

A:= exp )2 vV /s - ln(2ﬂro/s)i[(vo/vt) - 1 ! ' (9)
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. where the parameters of this discussion havé been inserted when

appropriate. ‘A'is the electron gain;‘a;ié the rate of increase of the

. S . . . - 2 ° . .
ionization cross section with energy (cm™/volt) and Nm.ls the molecular

density (cm ). 'Vt is the threshold voltage for electron multiplication; -

for anode voltages less than V_, the chamber operates as an ionization

t

chamber.  Equation (9) is plotted in Fig. 12 usihg the value for a in

' 17 2 , e s ' ,
cm./volt and Ve = 800 volts '(estimated value for

10 X 10 inch chamber).

An intermediate result in Rose and Korff's derivation shows

that

.I ‘ ) . ‘

where r is the>ériticél'radiﬁs_at whicﬁﬁionization begihs.-‘It has = .
already been‘shown that thebfield near the wire is proportional to q/f
of‘Vo/r. Eqﬁationl(io)_is simply a statement of_fhe fact fhat‘ionization
is possible beYbnd some critical value of the electric field. With

o t

" r =6.3um, V. = 800 volts, and V= 2.2 kv, Eq. (10) gives a value of.

'17.3 um forvrc. Thus, the avalanéhe is confined to a very'émall radial

distance from the wire. Charpak has obéerved»that the avalanche surrounds

. ‘o . 4 . -
the wire for. reasonably large ampllflcatlon'factors-3 and the lateral

extent due to a single secondarY‘is probably about the same as the  avalanche

diameter.

Although Fig. 12 indicates that the'electton gain can be increased

" indeéfinitely simply by raising the high voltage, this is not the’case.

When the charge of the ion sheath becomes a significant fraction of'ﬁhe

charge on the wire, the local electric field is diminished and the gain
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Fig. 12. MWPC electron gain as a function of anode voltage.
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begins to saturéte. A 10% effect should be noticeable corresponding to

.about 0;0123 nanocoulomb/cm or 7.70 X 106 ions/mm for the'préviously

calculated g of 0.123 nanocoulomb/cm. Since the electrons from:the
5.9 keV photon will certainly show signs of saturation at ‘
A =7.70 x 10°/2.4 x 102 = 3.2 x 10*. For smaller amounts of initial

ionization or when the initial ionization 'is distributed over a larger

'distance, this value will be higher.44

2. Formation of Induced Pulses

A common belief is that the anode pulse arises from collection

of the évalanche electrons. However, due to the close proximity of the

avalanche'to the wire and the fact that over half of the electrons are

~formed in the last mean-free-path, the work required to collect the

‘electrons is very small compared to the work expended in drifting the .

ions all the way baék to the cathodes. In"fact, the majdr_qontribution.
to pulse formation in a proportional chéﬁber is Ape to ion drift whiéh
indﬁces hegafive.charge on the avalénché an9d¢, and positivg charge on
£he-cathodeé,and neighboring anodes. .

If thé'simplifying assumption is made that all ions are formed

at the wire surface SO’the anode charge is inducediby expansion of the

resulting cylindrical sheath, a simple expression can be derived for the
anode current as a-function of time. By definition, the ion drift

velocity is -

t
v .o =% - yE/p = 2uq/rp + 2 gdt'/p >
drift 4t a .

: | .

1

. 2
r, /{ + 4uq#/pro =r

]

£ (t) (11)
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where t '=.ér ?/4uq and r(t) is'the fadius of the‘sheath'for times small
enough that the ions are. Stlll in the 1/r fleld reglon. ‘Examinaticn of
the fleld llnes and equlpotentlals in Fig. 10 ghows the fleld to be
approx1mately'rad1al for r <.0.2 s. So Eq. . (11) should be valid forr

t <:t (0. 04 s /r 2 - l)'Q’l.é Usec. Since the_pulse coupling networks
that are commonly -used have time constants on the order of several
hundred nsec, this covers the time interval of interest. o

There will be N = 240A ions in the sheath, and an amount of

energy, aw =-NeE(r)dr, must be expended to move the sheath from r to r + dr.

This energy is derived from the high .voltage which supplies a charge, dQ,

‘to the anodes at a potential, Vo’ Thus,

- NeE (r)dr and a _ = i(¢) = NeE(x) dr

Voo = at T TV at
.0
so
| NeEz(r) - Neu 4 2 Neg 1 v .
i) = =rb -2k At Q2
P 0. Por (t) o ' o :
for t <:t (0 04 s /r ._- 1). 1In accordance with the assumption that the

avalanche surrounds thevwire;>half of the'ions will drift to eacn:cathcdel
While the sum of all positive inauced*currents nust be.equal in'
magnitnde to the negative anode current~qu. (;2)), the ratic of positive
induced cathode current to positive induced current on neighboring'anodes
is a function of e/L; -Very rcughly, this rationis_about 1 forvtypical
s/L values45 (0.27to 0:.5), and is directlyvrelated to e/L. Approximately
then, 25% cf the éositive.induced current goee'tc each nearest neighbor

anode and 25% to each'cathode.t-The anode’and cathode currents are ekactly

¢
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- formed at z = z will produce an avalanche at z = z, and the resulting
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correlated in time because they are both due to the same charge dis-
placemenfi

Negleeting diffusioﬁ, the electric: field. lines of Fig. 10 are
ihejtrajecfories-foi ion end electren arift. Thus, detection ofva current
on the anode.located at x = O signifies thet the ienizihg event occurred
in the interval ~s/2 <§x=<AS/2.-’Hence tﬁe spetiai reselueion which can

be obtained by detecting individual anode pulses is s/2 or half the Wire

_spacing. Avalanches can occur anywhereialong'the length of an anode

wire (z-direction) and since 221§Lzl'= 0 everywhere in the chambef,'ion--
S , dz - -

electron drift occurs along lines of constant z. Thus an electron

ions will be_collected at the cathode at z_='zo. If a cathode is

diVided into thin strips running‘in the z?direction, the z—coofdieete

of an iOnizing'event ean be obtained by the‘detectien of induced.currents
on individﬁél‘strips.

In principle, currents will be induced on every one of the strips,

but the largest current will occur on the strip (or strips) which lies

directly beneath-the_avalanche'(See Appendix A). By reading out ail the‘

cathode strips simultaneously, the z—Coordinate_can be determined by inter-

polation for the maximum puise height, and so, to a firstiapproximation,‘

spatial resélutioﬁ'in'the z—directioh»is.ihdependent of the width chosen‘
ferrthe cethode_strips. |

In practice, wires are usualiy used in place of flat cathode
strips (for frahsparency”foileﬁ energyvrediatioh)..thile this will
produce major alterations in the field cohfigﬁration near the cathodes,
the field'in fﬁe region of ion drift gefmane'to fast pulse'fermatieﬁ wiii

. . _ '
be essentially the- same.



-48-

B. Detection and Amplification of MWPC Output Pulses

Although tﬁe.anode_andAcathode.cﬁrrents'cén be.integrated and
détected Qith charge—sensitive amplifiers} theflbng ioh-cqllection time
(50—150~ﬂ$ec in a typicél chamber) feqﬁires thatithe inteération-time
of the amplifier bé rather'longvin‘order to coilect a significant
fraétion gf;thebtétal charge. Because of the resultiﬁg wide pulses,
'repetitiOn:rates mﬁst be kepfurelativély low to~évoid pulse addition
effects. -for fast pulse applidations,:advanﬁége is taken of the fast
rise—time of the anode and éathode cufrents by Coupling these signals
to'voltage.amélifiers through a differentiatihg_hetwork.

Equation'(l2) implies that the anoderCathode currents rise
infinitely fast (i(O;) = O;-i(0+) = ﬁeq/Voto) beqaﬁSe of thé assumption '
. that all ions begin drifting from the_wiré surfacé.at t = 0. Actually,:
the current will rise duriné'the time that thebavélanche grows, -which,
for a singié'iﬁitiating electfbp, is on the order of nanoseconds.. If
the initial-ionization is spreéd over a finité distance (as in the track
of a charged paiticle 6r‘simply due to electron«diffﬁsion during driff)
then the cufreqt Will rise more or iess 1inearly.until all the electrons
have driftediﬁo the anode; ’Thuslthe risé?time can be as long as several
hundred nseé,dépénding'oﬁ the thickness of the chamber and thebnatﬁre of
the_radiation;b |

A typical network for coupling an anode wirevto a voltage
amplifier ié shown in Fig. 13. C_ is the-stray anode éapacity to ground.
WﬁenAtﬁé aﬁodes afe.AC deqoupied frém'gach other, Cé is the sum of the
capacitive coupling to the cathoaes plus the'capécitive q&uﬁling to

nearest-neighbor anodes. The_cathodé-coupling is simply ql/Vo.where L
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is the length of the wire. _Thexcapaéity'betweenrtwo parallel wires of !
radius r_ and separated by a'distance,,s).is 7 72. 46 and the b
o . ’ : ~1 -

_ . : ‘ ‘ 4cosh (s/2ro)
anode to nearest-neighbor capacity will be of this order. Using the

-

. chamber pérameters'discussed in_the previouS'éection and a wire length K i
. . . .

N 4cosh-1(s/2r6)
capacity on the order of 1 pF is assumed for end-effects where the wires

of 25 cm, qz/vo_; 1.4 pF and = 1.3 pF.  If an additional
are fastened to the dielectric frames,'Cg will be_about 4 pF per Wire.

o _ - 2 ' _ o aer
If all thg anédes are tied together, then qg = s(q@/yo + Cend-effect) ‘350 pF
 for a 25 by 25 cm sQuare chamber. The impedance of the high voltage
'1imiting resistor, RL,'is large enough that it can be ignored for analytical
purposes. .Cc couplés the signal to_the amplifier which has an input

resistance and capacitance of Rin and'Ciﬁ respectively., The differential :

eqﬁation for the voltage at the amplifier input is

. T . A » - . ) .
FreeT Rt o an
2 2 g :
ARinccc v o
where T, = Cc " Cg-and‘T2_= Ty +'Rincin' Subst;tutlng for i(t) from

Eq. (12) and solving yields

(et )/T, A
v'(t) = T exp[-(t .+ to)/T2] Cexp(£)dg . (14)
‘o7g 2 : ' & o
’ .t /T
- o' 2

If the ions‘are not all formed simﬁltanedusly.but as a function of time,
R(t), then R(t)dt ions will begin drifting from the anode between t and » ’

t + dt and the voltage is given by the_convolutibn of R(t) énd'v'(t) or
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t . : _
vi(t) = | R(EVV' (£ - £Y)ae' - . o ' ‘ _(15)
0 o -

A simple and not too unrealistic form for R(t) is.
N/T for 0 St T
R(£) = ’ L | o (16)
0 for t > T . ' (

Substituting Eq. (14) and Eq. (16) into Eq. (15) gives

Lt .. o (£ - t' + £)/T,
vie) =v_ | expl-(t -t o+ to)/T2]d;i | fxp‘g)dg | =V E(Y)
Q._ : S to/r2
‘ NeqTl . _ | _
where_Vh é,i;?;f;; . The function, f(t), is displayed in Fig. l4a for
various vaqusgof Té with<té =»0.72 nsec'and T = SQ nsec. The puises are

seen to rise linearly for a time, T, and the tails can be made much -

shorter than a usec by proper choice of circuit time constants or by a

second differentiation following émplification.c An important feature of

the-MWPC'is thaf the presence of one. pulse on an aﬂode.wiré'does;not
pfeclude the_possibility‘of another.évalanéhe forming at some-oﬁher
position on the’same‘wire._ Detection of the two pulses requires only
that,they be se§afatedvby the ;esolvin§>time of fhe eleétronics._ Thus
the MWPC‘does not suffer from the long deéd-time:inherent in épark
éhambers and.Geigef fubes. |

For the experimental set of circuit cbmpohent values Cg = 5 pF,

C = 100 pF, R, = 1.5 kQ and C, = 25 pF, and taking N as 10’
c - in- _ -7 Tin - : -

(17)
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(correspoﬁdiné to. a gain of.4 X 104,fof_a-5.9 keVJSSFe x—réy), fz = 46 nsec
and Vm.= 2.6_@9. Fiéuxe_l4alshows that»thelmaximum-puise'height Will-pe
~about 6.2 mV. When the anbdes.are bussed tbgethgrfSQ.that Cg = 350 pF,
then T2‘= 150 nseé and Vm'= 0.20.mV. In tﬁié case,'Fig..14a indicgtes a
pulse height'of'about 0.62 mvV. Thus, a rather severe penalty in peak
pul;e amplitudevmust be péid when'ghe common anode configuration'is used
to suppl§ a pulse which éignifies the Qccurrence_of'an event anyWhére iﬁ
the chamﬁer.. Figure 14b shows the_apbroxiﬁate pulse shapes thaﬁ_can be

expected at the output of an amplifier whose transfer characteristic has

been modeled as a . simple exponential rise-time, T_, of 80 nsec, so

A
. o exp(—t/TA). t _
. = : ) X - . ' gt -
Vout () (DC voltage gain) — V(F )exp (-t /TA)dt
. o ,
’,5 (DC voltage ‘gaj._n) x :‘.Vmg (t) ' - ‘. (18) -
For the case of common anodes with T, = 150 nsec and Vm = 0.20 mv,

Fig. 14b indicaﬁes an,0utput pulse amélitude of about 46 mV from a 100X
‘.':lmpljv._fc'ier_° A factor which has not been included in‘thisvresulf is the
effect Qf.fhe fraction of positive chérée which is induéed on neighboring
‘anodes. in‘the commion mode, this charge algebraically subtracts from the’
negative:inducédvcharég resulting in lower pulse ampiitudesf If it is
assumed thatvabout.hélf oflthe-positivé'chaige:is induéed on the anode
plaﬁe, thén tﬁe values indiéatéd by Fig. 14b should be’haived. The
resuiting'value-of 23 mv is in good aérgément with ﬁhe éxperimentally
obﬁained‘valﬁe of 20 mV._-Rfedicted and observed pulse shapes were also in

good agréement.
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The‘éctual'valués ¢hosén for the coupling circuit components
dépend to.a‘iarge éXteﬁtfon aPplication.:'Fo?~imaging systems employing .
delay line readout, pulse timing is of"fﬁe uﬁﬁost importanée so the
design criterién is to dbtain larée pﬁlses for high signal-to-noise
‘ratio and,£o minimize rise and fall—timeé for acéurate triggérinQ of
electrqnic cbmpénenté. 'As in many désign problems, these two requirements
", are not compléééhtary and the final deéign muét.be a»compfomise,‘:The
component Valﬁésiused in tﬁe sample calculation were the-experimeﬁtal
values; thlé‘the 20 mV pulse obtained from the interaction of'a‘55Fe o %
X-ray waé beiéw the expérimental detecéiop threéhold, the pulse émplitudes
produced by the more ioniziﬁg lOB(n,OL) a—éarticles saturated the amplifiers
at similarlmwfc electron géin.. |

Equétion l3bapplies'equally we1l to capaéitive ;afhode signal
cpupling. In this case, the HV supély.and limiting resistor is replaced
by a groﬁndiﬁg resistor whdse‘valﬁe is high enougﬁ (typically 106—200 kQ)
that it can.be.ignored. If the cathode wir?'spécing and'wire'radius are
similar £o.thg ahode spécing and.radius; then Cg should Ee of thé same
prder. Of.COurse, Qm wiil be féducéd by SOme factor depending on the: ;

.chamber gedmetry as discusSed in the previous section and in Appendix A. » i

C. Coordinate Readout Methods

' To:lOCalize_an ionizing event ‘in the MWPC, some method of pulse
detection must be,employed.whiéh can associate the pulse with a spatial _ ;
positién'in fhe_chamber. The most straightforward way:to determine the

coordinate perpendibﬁlar to:tﬁé anodeS-ié to use an amplifier on every

anode and record pulses from each amplifier. Since negative pulses are
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‘the order of 3 mm over a distance of 11 cm.
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induced only on the avalanche anode and positive pulses are induced on all

other' anodes, it is relatively easy to determine on which anode the

»avalanché occurred (note that an inclined track whose projection on the

anbdé plane spans m@re than ohé wire sPécihg will result in'avalanches'
on.more»thanfone.wire); By panéaking two chambers with their anodes
mutually‘pefpeﬁdiéular, both coordinates can bé’@btaine&, While‘this
mefhod ié.satisfactdry‘for-the'détection of miniﬁum ioﬁizingbradiation,
it is useiesé'for the detection of low energy x—fays ér any‘other.
radiation that would not deposit energy in both chambers. In general,
it is neceséary to obtain both coordinafeé ffom'fhe same chamber.
To.determine‘the eveﬁt position along the léngth.of the ahode

wife, anode current division has been used. For this method the anodes

are made of a resistive material (20-pum-didameter tungsten wire has a

“fesistance of 180 {i/m so the amount ¢f current flowing to each end of

the’wire is a function of the avalanche. position. Denoting left and\

Vd

right by L and R,'the disténcéS‘of the avalanche from the ends of a wire of

length & are-

A low impedance amplifier is used at each end of the wire and the

accuracy of fhe'localization'is-éxtremely sensitive to amplifier gain
variations. Foeth, Hammerstrom and Rubbia report spatial resolutions on
47

Other methods have been develbped‘whidh employ the positive
induced cathode pulSés., However, the cathode readout is more difficult

for several reasons. The induced cathode charge distribution can extend
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over distances of'several.cm;(depéhding-on-chamber geomefry) and all
‘cathode pulées are positive. 1In addition,1cathode pulse amplitudes tend
to be much smaller than'anode pulsesbdue tq-the shaller induced charge.
Fischer andelCh45'used cathode strips of such a width (5 cm) that one
strip reéeived:nearly the total induqed>cha¥ge,wheh-the—avalanche was
centered er; the strié. - By adjusting_the th;eshbla of‘their reéording
electronics, they were able to limit sensitivity to onevstrip per
event with oﬁly modérate losses in efficiency. However, the spatial
resolution thainable‘with such wide strips is ﬁbt sufficient for many
applicationé. Charpak48 has_éxtended_this<idea by grouping cathode
wires (1 mm spacing). into alternate strips of.foﬁr; -Using a fast
divider to obtain the ratio of pulse heights on two édjaqent Strips,;
_ he has achiéved»poéition accuracies of 0.15 to O.20'mm.”

ngéral methods have béen develdped which simplify the coordinate '
readout considerably by transforming position differénceé,to timevdif-
ferénces. The transformation is accompliéhed through'the use of passive
electronics only, so a mipimum of active signél érocessing is necessary-.
"to.cémplete the readout. Borkowski and Kopp accomplish the position-fo~time
ébnvérsion by using a resistive material (Nichrome or qﬁartz fiber).fof
fﬁe eathdaelwires. UThis'diétrigutedzreéistance,_in cdmbi#ation with
sfray capaditance, fofms a distributed RC line. With proper RC termina-
ﬁidﬁs at each.end of the continuous-cathode windingj positién inf&rmation
is dbtained_ffdm the éulse riSeFtime.,_Using'thié readout. scheme in a 20
by 20 cﬁ sénsitive érea chémbe;; Borkowski and Kopp49 have achieved a 1 mm
spatial résolution fof x-rays in the 5_to,30.keV énergy range. They

report a position-to-time conversion ratio of about 5 nsec/mm.
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Another method of acchplishing positi§n—to—time éonversion is
through the use of distributed LC electromagnetic delay lines. Early work
. R 50 . . : ' .
in this area by Perez-Mendez et al. with small commercial delay lines

shbwed the scheme to be-workabie, and spatial resolutidns'of 0.15 mm

were obtained. For_ use with an MWPC, the wires are brought out of the .’

éhamber and coupled (capacitiQely, induétively, or directly) to consecutive
points on the delay line. The arrival time of the puisé at one end.of
the line can be éompared wiﬁh_the proﬁpt'anédg.pulse or with the ariival
time at the ¢£hef‘end of the line.

Pereé—Mendez has developed a design és?ecially well—suitea'for the
51

MWPC "~ with a_rectangular cross section which provides a relatively

large flat surface for capacitive signal coupling. The wires of the MWPC

are soldered to conducting strips etched on a PC board Which, in turn,
are coupled to the delay line by simple‘pressure contact. The position-to-

time conversion ratio'is adjustable through the parameters of distributed

_ inductance and capacitance per unit length.v Typicai values which have

been used to date lie in the 5-20 nsec/mm range. Wwith the use of fast,

low noise amplifiers and timing discriminators capable of 1 nsec time

resoiution, the fasteét lines can be employed whilé maintaining spatial -
resolution in the fractional mm range.

Thé choice of readoutvsystem émploye&’On‘the MWPC depends to a
large ex;ent‘on the'applicatioh.: Parficle physics soﬁetimes requires the
capability for'resolvin§ multitack (simultaneous) events._vIn general,

the amplifier—per4wire'methdd with parallel readout is most suitable for

this purpose. However, for most imaging applications, coincidences are
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accidental and éan be detectea and rejeqted so that position-to-time
readout systéﬁs'whicﬁ'require four amplifiers at most offer a great
réduCtion in‘cost aﬁd.complexity. Neither the'position—to—time'readout
‘method nor the‘amplifier-per-wifé methodifqlljjexplgits the_extremely'
high rate capabilityvof the MWPC. In the formef case,.thébsignal‘
.proéeSSiné times are.in'the_uéec range for chambers with éractical
dimensions (> 10 cm square) and in the latter case, data storagevtimes'
are the limiting factor.

A disfinqt advantage‘of the déléy iine féadoﬁt.method is its’
inherent ability fé-interpolaté between signal goupling points for the
maximum pulse héight; Signalé are typicaliy coupled to‘the line at 1 or
2 mm intervais'(co;;espondihé'to 5 or 10 nsec of relativé‘delay fér a
5'nseé/mm>position—tb—time'éonvéfsion‘ratio); Sihce the pulses are
typically Sevefal hundred nsec wide, the addition'in the delay iine of'_-
coupled pulsés:froﬁ édjacenﬁ wires resultsbin a single puise whose
centroid corresponds closeiy.to the center of ionization of the detectéd

event.

- D. Electronic‘siéhal:Prbéessing
A bloék diagrém ofian MﬁPC with delay line_readout and its
ass@ciated signal—procéséihg'eléctronics is‘shown iﬁ.Fig; 15." Basic
circuitry is draﬁn Qith solid lines énd'auxiliary systems are dotted.
The time relationships bétweeh the Pulses:involvea in,the’lécaiization.of
an:ionizing>e§ent are shown in Fig. 16._“The sequence of events is as

follows:
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l;"During ion drift, a negative pulse is induced on the anode
plane and -coupled into the_amplifier,'>Simhltaheeus positive pulses are
ihducedven wires of each cathode plane and cehpled into_the delay lines:
at points,corresponding to the x—yicoordinates-of the avalanehe.

2.1 The prompt anode pulse is single channel analyzed (SCA). If
it»lies.ih the;acceptance windew, it is'zero;eressed and a fast tlmihgv

pulse is generated. The outputs.of the x and y -timing discriminators are

'then gated on for a preset tlme (approx1mately equal to the total delay

tlme of the delay lines). The timing pulse (START) initiates the ramp
on both tlme—to—amplltude-cohverters (TAC)'ahd simultaneously disables
their inputste they cannot be-restarted.

3;. in this example,‘the pulee frqm the x delay‘lihe arrives
firSt. It is zere-crossed and'the timing pulée (x;STOP? terminates the
ramp oﬁ'the x-TAC.- The veltage at the TAC output‘ls now proportional to
the x-eeordinate of the'avalanehe.

4, The'y'delay line pulse arrives and is zero/crossed. The
resultlng timing pulse (y-STOP) terminates the ramp on the y—TAC.

5. The arrival of the 1ater STOP" pulse is detected by the PILE-UP
REJECTOR -and the preset t1me sequence, At through At is initiated._
For CRT dlsplay, At is the time requlred for the beam deflection to )
stablllze, for PHAvstorage lt is set equal to zero. The.validate
pulee, generated durihé Atz( either intehsifies the z-axis of the CRT
to,imagehthe event or enables the PHA for storage. At3 is the time
allowed for the z-axis of the CRT to‘deintensify before the beam(ish

returned to the origin. During At4, a reset pulse is generated which

~discharges the TAC's and enables their inputs. If a second timingvstart
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appears Befére.the later stop, the validate circuit is disabled and the
TAC?s ére'feset'affer fhe‘delay lines have cléaredf

An édditional feature built into the éILE—UP"REJ’ECTOR was an area
selecférg ‘It_limits.the systém_senSitivity‘to any rectangular area in
the.éhambér by»iphibiting the validate pulée foi éyehts which occur
outside ﬁhé feétanglé. 'The réctangle-is defined'by éomparing the x and'y
time delays"(Atx ahd Aty) with'variable_delay,‘vafiable'width gate pulses
which aré triggéred ﬁy the timing start (Fig. 17a); - If
At < Atx_§ At , '+ Atxl2 and Aty1 < Aty’< Atyl }‘A'tyz', the event is
validated; This feéture was»particularly;useful for measuring local
detectiop efficiency and for making quantitative attenuation measurements
of sémples that did not completeéely cdvér the chamber.

| ,A fiducia1 mark generator was designeavwhich supplies a timing

'staft difectly.to the;TAC's énd.a set of shaped (to simulate MWPC pulses),
'syhchroniéed»puises,to the e#tremé outside wires of eaéh cathode plane
(Fig. l7b); Pulse processing fesu1ts'in a setiof x-y TACioutput pulses
with a vélidate Which_cdrrespond to the four corner pointé‘éf the sensitive
chamber area.‘,These simulated corﬁer events-proved.to-be ah invaluable
aide for systém alignment.

For on-line photographic dispiay'of thé memory éonfents,fa‘
digital photogfaphic diéplay unit was designed and interfacéd to the 4096
chahnel memory. It is basiqally a six-bit binary ééuﬁtef coupled to a
six¥bit D/A-convertér. The counter is triggefed by a signal from the
memory unit which occﬁré at the beginning of a memory scaﬁ cycle, and the
D/A output is fed back fo the coﬁtour level control (Fig. 17¢). By

recording the membry—unit CRT image on Polaroid»film during 64 successive

Poyley
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core scans, the numerical contents of the memory are converted to a 64

gray-shade photdgraph|with‘the-lighter gray shades corresponding to larger_

numbers of stored events. Variable gain (Avé) and bias (Vb) were provided

so émall numériﬁél differenceS'could_be expanded oVex the full 64 shade
gray scale.

Aside from simple baékgrouhd sﬁbtractioﬁ (using the subtréct
mOde on méﬁbry uhit)'the data were not accessiblé for arithmetic
manipulationQ FQi:Qﬁanfitative‘measurements and computer~image-proces—:
sing, fhe-meﬁory coﬁtents were punched ohto paper tape and converted
to'IﬁM cardslsovthey could be analyzed off-line on a CDC 7600.

The'advanfaée ofvcollécting Polafoid film.iﬁagés_from the CRT as
the events.are‘processed iévthe continuous spatiai-reSolﬁtion which is
-obtained by avbiding the digitiéation.,vof course, forISufficiently large

memory, this is not a problem. .

E. Neutron Sensitization of MWPC

1. Boron Layer for Thermal and Epithermal Energies

Avthermal neutron is.even léss likely to interact_in a thin.
léyef of .counter Qas than in a photographic film; So:iﬁ Order to detect
tﬁermai.néutrons in the MWPC with'réasoﬁable éfficiency, it_is necessary‘
to emp1oy a coriversion reaétian which occurs' with high probability and -
whose reacﬁioﬁ prodﬁcts are_éapéble of céusing-significantvionization_in
the gas volume of the chambér. Candidéte materiéis are the same ones
used to enhance the’photographic_effect of thgrmal neutrons (Tabie.Ilj,

but the final choice is subject to slightly different criteria
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Gadolinium'has proven to be one of the best photographic con-

‘verters due to the short range, 70 keV conversion electron which follows

neutron capture. However, when a thick (¥ 1 cm) detecting gas volume

is substituted for the photographic detecting surface (fast emulsion

‘coatings are typically in the 25 um range) the residual range of the
- radiation in the detector must also be considered. For instance, while

. . : . . 5
‘the range of a 70 keV electron is only about 50 Um in a film emulsion, 2

it is over 3 cm in argon at STP. Thus,  ionization due to the Gd con-
version electron would be distributed as far as 3 cm from the point of

neutron interaction. For othef materials listed in Table II which emit

‘more energetic B—particles,ithe ionization extends even farther from
the conversion point. Pressurization of the MWPC with a higher-2 gas

- such as xenon has been effectively employed for x-ray imaging in the

50—100 keV region and COuld'also be applied to-the case of neutron imaging.
However, the use of-neﬁtron:éonversion feactiohs which rgsult in the
emission of low-energy o-particles offer several distinct advantages over
the (n,B) converters; |

The higher specific ionization provided by a-partiqles makes them

 most suitable for MWPC iﬁaging applications. Not only are the ranges

shorter but'thevtotal-energyzdépositioné are much higher. :In a pro-.
portional_system} the large enérgy deposition_makes the'a—particle easily
distinguishablé from less ionizing particles SO that pulse height dis-
c:imination can be used to:ébtain imﬁuﬁity from non-neutron radiations.
The'(n,a) cpnvertihg material can be intfoduced into'thelMWPC eithér as

solid layers located in the outer cathode regions or homogeneously

- incorporated into the.fillihg gas as in. the standard BF3 neutron counter.

\J
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For the wofk reported'here( solid convertingAlayérs bf 92% enriched
10B-were used. Thié élloWed-ﬁqre latiﬁudé ih'thevchoicebof filling gas
and also provided a geometric focusing effect inhérent.in solid layer
conver£¢rs.

Figufe 18a shows'the physicél location of the coﬁ&érting surface
with respect to the active volume of the MWPC. The range of the 1.5 MeV
.d—particle resulting from neutfon-capture by'lOB is‘abouti4 Hm in boron 

(RB) anq.abbut 1 cm in argon»(af STP), so thg ;anerting layer tﬁickness
is shown gréatly exaggerated for illustrative purposes. Neutron con-
version is shownioccurring‘at two different.deﬁths in thebconverting
léyér'witﬁ the correspoﬁding loci of_residuél fange track end-points in
the gas. .fhe‘a—particles are emitted‘isotropiéally from the conversion
point and beyond a critical angle, 6 =>cos_l(d/RB), they"aré stopped
entirely in the converting.layer, "Thus, as the conversion depth
increéses, the a—pérﬁicles'are'"focuéed" into sﬁaller solid angles of
emission‘about the chveiﬁer.ﬁérmalﬁ .

Wheh an a-pérticiéidoeg emerge into thesgés volume, thelelectrons
from its traéﬁvare>drifted alohg fieid 1in¢s towaﬁd the'énode wi;es S0
‘that its effecti§e range, from the spatial}localization standpdint, is
'thé‘length of the track's projection.on the anode pléhe.-~Iﬂ the event .

- that the effegtive track length spans more thaﬁ one anode wire spacing,

' avalanchgs will be iﬂitiafed on sevefai.of the ahode wires and the total
1ehgthlof_the avalanches alﬁné the anodes will be equal to the length

of the effective trackbcomponent in tﬁé anode diréction. The delay lines'
‘ability to-interpoiate fdf_pulse~centroids results in the-a¥particle being

localized at thg center of ionization°0f ‘the track, or approximately at

ST
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the track ﬁidpoint. of course;:when 6n1y one anode sustains an avalanche,
the o-particle mustAbe 1OCa1ized atrthe éqode position.

Figure 18b Shows tﬁe'entire famiiy of residual fange curves for
ada ﬁm thick béfon convertiné layer: These'curves were generatéd by
aiviaing the'édnvertiné layér into 25 eqﬁal fhiCkness zdnes and theh
_conéidering‘a—emission ﬁo be from.the'centér 6f each zone. - fhé'geometry
hére is the same as in'Fig. 18ar the ﬁeutfonltrajectory:coincides with
the ordinate and the abscissa lies in;the plane of the converting layer.
Due té the éxtremely shorf rangé of'tﬁe'a4parti§le in boron, a-emission
appears to‘bé from the origin. The numbers which appear on alternate
curves are_thé perqént of tOtal alpha yield arising from fhe correéponding
'zqne, and the fadii of the two cOncentric ciréularbsegmeh;s are eqﬁal
.to the ranges;of a 0.1 and a 1,0 MeV_afparticle. Since shorter residuai
‘ranges reéﬁlt in smaller energy .depositions, such ¢ircular seghents
correspond'to energY‘thresholds that can be'ée£ on the SCA. The»‘
a—particleélwhich then contribute to image formation are those‘iying on
Jéortions>of fangeAcurves included betwéen the segmen;s;  Thus, pﬁlse
?eight discriminatidn can be used fo'gnhancé the focﬁsing effectfby
selecting the shorter range O-particles which.depositvtheir energy close
to‘the convérSion poiht. Improving‘thé épatial;resolution in this
ménner, hdwever,vfeéults in lower neutrén detection efficiency.

Séyeral other qualitgtive features of converﬁing layer performance
can be inferred from Fig. 18b. The effecﬁ of chamber thickness is to |
rhofizonfally flatten loci whe%e they interseptlthe far side of the
’chamber; forvconvertihg layers which are iess than an-d-range éhick,

the inner loci would be missing, and if the converting layer is coated

B U
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between 1 and 10 MeV). Since n-p scattering is approximately isotropic
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with a thin 1eyer'of non—conVefting material sﬁch as aluminum, outer

loci would-be miesiﬁg. Also, since a_4,um thickness of 1OIBAis only about
20% absorbing to thermal neutfons, the conversion process is eseentially
identical for neutrons which are inciéent‘throughvthe chambervvolume.
Thus, addition of a.second converting 1eyer et a symmetric position

on the-othef eiae of‘the chamber will couble tﬁe u—parcicle yield per .-

nectron. | . | ‘ o

' . ., 10 3 ' .
The (n,d) reaction in =~ B can be used for neutron conversion into

the epithermal rénge,‘but at reduced efficiency due to the lower epithermal

cross sections. In the MeV region, boron is not 'a very useful converting ‘ :

material, but now the neutron energy is high enough to employ a slightiy

different approach.

2. Polyethylene Layer for Fast Neutrons V . . ’ ;

By replacing the boron converting layer with a layer of hydrogenous
material (polyethylene), the incident neutron eneréy can be transferred

to hydrogen nuclei through the h—p scattering cross section (10 to 1 barns

in the CM system,_recoil protoﬂs are ejected from the converter only in

the forward direction,.so only one converting iayer can be effective

in yielding protons co the actiye chamber volume. Locue_plots of proton ‘ é
track endpoints are shown ih Figs. i9a and 19b for incident neutron

energies cf 1.0 and 4.0 MeV. In.theSe figures, the radii of the two
xeference:circles are equal to the rahges:of a 0.27and a 0.7 MeV

proton in argon. The previous discussion regarding localization of
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a-particlés from a boron convefter alSo.applies to locaiizatiOn of the
recoil protons. The principél difference betwéen the two conversion
processes isfthat the initiél?recoil‘proton-energy is a fun§tion both of
incident neutron enérgy and of'séattering'anglé, Wheréas the initial
dfparticié energy is a cbnstant aepeﬁding only on the Q-value of the
exothermic (n,a) feacfion.

The.forward‘peaked naﬁure of the reéoii proton distribution is
evident iniFig. 1%9a and comparison with.Fig. 19 shows that the proton
ranges inéféase»rapidly with increasing heut:on energy. Fortunately“
thevfinite tﬁickness of a,préctical chamber'efféctivelf terminates the
tracks so that most protons are not lécalized more thaﬂ half a chamber

‘thickness away from their point of origin.
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IV. HARDWARE AND CONSTRUCTION

'A.Y'Prototype Chambér Design

The»protqtypé chamber.(fig.b2b) was originally built as an . x-ray
imaging'chamber'but its ;onsﬁrﬁction éermitted eas§ adaptation'for neutron
imaging.x It consisted basicaliy of three electrical planes with an |
active area of'4i0 by 4.5 cm.. The top'plane'was.made_gp of 23 125—um;
digmeter gold-coated molybdenﬁm wire%fspééed>twojmm apart. TheAéenter'
éi;;é also containgd 23 wires spaced two. mm apart. The,cénter 17 wires
were of ZOQUm-diametér gold-coated tungsten and the.outside threé wires
on_éithér’sidelbf thé chamber were graduated in diameter_with the extreme
outside wires having a diameter of 250 um;.”Tﬁe gradual incfease in wire
diameter toward thg edées of the pla#e'lowérs‘the eleétric fieldbat.these
wire surfaces. This counteracts the effeét of.the edge discontinuity
‘which woulad resﬁlt ih'higher fields on the outside wires. The bottom -
_p%ahe was a solid aluini"nur’n‘plate'with‘a'0.70--mg/cm2 coafing of natural
'borén and a 150 A»overCOétiﬁgbof aluminum. The two support frames were
made of Nema G—lO:fibérglass epoxy and a third fraﬁe of tﬁé same’
maferial‘covered with thin mylér sérVéd as.a window. The wires.df each
piane were fastenéd_at both énds by solaexing.to printeé cifcuit boards;

The'deiay line coupling étrip boards wefe sepéra;é from the
éhamber. Wirés were used‘to coﬁneét each wire of a plane to a couplihg 
strip. Since the'deiay lines were 10 inchés loné'and the active area of
the chamber wés less than two inches wide( it was possible to obtain
coordinate fanout so that 1 mm at the-chambervcorresponded to about 4 mm
at the delay line. This effectivelyIinéréaseslthe spatiai resolution of

.

‘the electronic readout system..
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MYLAR WINDOW
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ISOLATION RESISTOR

T\COUPLING STRIP PC BOARD
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§\AIPLATE -DELAY LINE

XBL 742-349

Fig. ?0. ‘Exploded diagram of the prototype chémber. Coupling of cathode
slgnals to the y-coordinate delay line was accomplished in the same
manner as shown for the anode signals. ' '
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B. 10 X 10 Incthhamber#Design

.Whilebdaté was being éollectéd wiﬁh the brototype dhambe?,
construction was begﬁn on a larger. chamber. Aan active érea of ib'x 10"
was chosen fbr the new.chamber to utilize the available beam area more’
efficiently-and to . provide a rédiographié surface large enough to
accommodaﬁé'a‘widerlvariéty éf test objects.v This chamber was desiéﬁed_.
for easy interchange and adjustment'bf the converting s&rfaces and
differs ffom the prototype chamber not only in size bﬁt also:in.the

-addition of a_third wire piane.  The additional wire plane, rather
1théh the convérter §1ate, sérvés as the secohd‘cathode plane; Byﬂ
arranginé thé wires of the éééohd éathode_plane perpendicular to the
wires of the first, x-y coordinate inférmatién_can be reéd in a symmetrical
>manner ffom the cathodes which éllows,fhe anoaes'to beubhssed‘tOgether
tolsupply:the-sta#t signal. Also, when desired, symmetrical drift
" spaces caﬁ:be éstablished.iﬁ both outer.cathode volumés.

| As in the case of ﬁhe smaller érototypé»chamber,.the_dielectric
frames which separate thevﬁire planes_ére made Qf‘Néma_G;lo gléés epoxy.
In all there.are.four Nema G-loﬂframes;- Thé two centfai frames are each
3 mﬁ thick'aﬁd proyidé thé_acfual iﬂterplanér spacing ﬁhiievthe 6uﬁer
fiameé éfé each lOmevthiqk énd.proﬁide‘structural.rigidityVduring'
assémbly."The outside frames also serve as ﬁounting surfaces for the -
coupliné étrip”PC boards and the converter'platés.. The.four—frame
subéésembly ié’sandwiéhed between two‘l/4" thick steel plates and four
corner thtouqﬁ bolts clamp the unit tégéther. A1l Néma G-10 and steel
plate Surfaces were surface ground to insure #hefuniformity ofvthickness

that is necessary for maintaining uniform plane spacings, and an elastic
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silicone adhesive was used to make thé interplanar bonds. With the
addition of front and back converter plates and side platés; almost

complete electrical isélatibn>is obtained for the wire planes and

- delay lines. This is important since the delay lines, in particular,

tend to be suéceptible to the pickup of high frequency noise. Figure 21

'shows the general layout of the chamber and the relationship of its

parts.

The 10.mmfthick Nema G-10 frémeé were first sawed and then.
milled to shape. Reliefs were milled into fhése frames to accept the
coﬁpling sﬁrip PC boards which were epoxied'into plécé. Additionél
reliefs were milled between the PC board reliefs and the chamber cutout
to‘accept a bead of‘epoxy used to fasteﬁ the wires in‘place te%porarily
whiie théy-wére being éoldered to the PCAbdaras.- After similar pfgparation
of the 3 mm thiék’frames,.a 1 mm wide by 1 mm deepvslot was milledlinto
the;periméter.of the chamber cutout of éach frame. Theée slots are
intended not only to décrease surface igakage currents By extendiné the
leakage path, but also to minimize the perturbing effect of the edge with
respect to edge—sparkin§.53 After all ﬁachining was compieted and the
CirCuit boards héd been epoxied'in their réliefs; all machined edgeé
which would be expésed to the gas volumé:were coated with epoxy and then
Sanded'smOOth.

The wire planes were wound on anvautomatic winding machine which

accurately spaces and pretensions the wires. To cover a 10" wide active
< - e X tha o

-area, a wire array is wound with a width of at least 11". When the

winding is complete, the frame is positioned beneath the wires and

elevated until“the frame and wires are just touching. ‘Epoxy is then
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Fig. 21. Exploded diaéram of the 10 X 10 inch neutron-sensitive MWPC.
Part of the x-coordinate delay line has been omltted to show. the
signal coupllng StrlpS.
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. o o C.. Neutron;Convertefs

Aluminum ho;ders.ﬁere érepared td éarry the neutiqn converting
layers. Their purpoée was not only to provide“a flat-basevfor the
sensitive layer but alép to provide a reference Sutface'fof accurate
positioning of the layers in.ﬁhe chamber.':The—éctual substrate was a
10 X 10 inch‘sqﬁare;of 6.063-inch—thick flat aluminum sheet-stock. A
stiffening fréﬁé was machiﬁed'from solid alﬁmihgm stock'énd the two pieces
wéretjoined-together eithef with époxyjbr by electron—beam weldiﬁg.
Heliarciwelaing was élso triedvbut the'larger amount of heat waréed'the
-finél assembly. .A flat gaéket surface was maéhinéd onto the‘fraﬁe so the
holder could be sealed to tﬁe.éhamberbwith a sqﬁare, neoprene gasket.

The distanée bet;een the coﬁverting layer and.the céﬁhode was adjpsfed'
by adding PVC shims to the gasket.

Boron converter coatings.were‘depositéd in‘a vacuum using an
electronAbéém source heater. Ohe natural‘borqh coating and two 92%
enriched 10B_coatings weie deposited in this manﬁef, and in éach case an
attempt was made toVOVercoat_the borén'Wifh é.thinflayér of:aluminumt
(1000-2000 A). Hﬁwever, withinﬁsevefal‘days following completion of thé

deposition, the overcoat peeled . from both enriched converters carrying

.away a sighificant-fréction of'the boron coating;. The reason for the peeling .

 is ndt ciéarly'understbod but:ié bossibly due to the adsorption of water
vépor on the partial.coating<which occurfed whén the vacuum system was
1et.up to atmosphere.foi.recharging the_source cruéible{54 The finél
coating‘thicknefses obtainea'fbr‘thévenrichéd convertefs were thereforé

less than the desired value of 1 mg/cm2 (about'4_pm at théoretical density).



-77-

- poured into:thé relief groovesfbrovided for it, and its high viécosity
allows it to crown'abqve the surface of the frame and embrace the wires;
"After the epoxy sets, the wifes are‘splaered toxtﬁe PC boards at both
" ends. Althd&gh there is a_strong teﬁdéncy for the wires to_be deflected
to'qne side or the other dufing soldering, the eﬁoxy maintains the wire
spacing'QVer the active_area. Of the extré Wires extending paét the
.aCtiQe area, about five are retained on éach'sidé and the rest are cut
out. These wires provide an effective solution.tb the fringe field
pfoblem by maintéining the‘electric field (and.hence the proportional
mﬁltipliqatioh).ieasonably constant riéht up to. the edge of the active.
area. Bothbcathode plénes Qeré wound with 37‘um gold—coatéd molybdenum
wire tensioned at 100{grams with a spécing of 1 mﬁ. Tﬁe;cathodes Qere
tefminated in pairs through a 200 kQ resistor to a commoh bus. Originally
the anode'élane wasralso wound ét a spacing of l‘mm:usiﬁg.12.5 Hm gold-
- coated tﬁﬁésten wire tensioned at 25 grams. However, the proportional
gaih whiéh was ostaiﬁéd at the onset of spark breakdown was less than
desired, sé thé anode pléﬁe_waé rewdﬁnd at a spacing of'i.s mm.. After
reassembly‘the breakdown voitage was found totbe almost“the same as
before, bﬁt as indicated by Eq..(9) in Sec. III the increased electric
fieid stréﬁgthlafound.the Qires provided thé additional necessary gain.
Thé delay lines were mounted on tﬁe coupling.strips with 12.5 ym
mylar inlbetween for insulation. Foém rubber strips were compresséd into
the spéce between the delay line and ﬁﬁe steel plate‘to hold the delay
‘line firﬁly against the cqupliﬁg stripé for good capacitive coupling of
the cathdde signals.' Undér‘good coupling conditions; signal éttenﬁation
.in the delay lines is abouﬁ 3 dB/ft.. All gas and electrical conneééions

from the chamber were terminated at couplers fastened to the sideplates.
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The purpose ef the aluminum ovefdoet was to provide an electrically
eqnducting cbating:ovetethe relativel&tinsﬁléting'boroﬁ layer; eéfly work
with the prototype chamber hed-indicated that there might be problems
aseociated with surface cherée bqildup onfuncoeted converters. However,
in the large chember, the converting surface does not function as a
cathede'and ne,problems were eneountered_with thetuncoatedleonVerters.

In a double eonverter'SYStem, the tolerances can be relaxed in
‘ fabricating the_downstream coﬁ&erter..'While the thickness of the upstream
layer should be uniform and no thicket:than an O-particle range (so.the
neutfen flux reaehieg the second converter is not unnecessarily attenuated),
neither totaliattenUation nor uniformity are considetations for the
ddwnstreamilayef; At a-cdnsidefable eaviﬁés'in expense, a'simple‘and
eqﬁaliy satisfectorybcenverting layer waslmadevb? covering an entire
aluminum stbstrate with doubie—sided, piessure—eensitive tape and then
dusting 92%.ee£iched loB powdet'onto'the resuiting adhesive surface.
The.thickﬁeSS’of the boron 1eyer obtained in'this manner veried between
3'end'4 mg/cmz. | |
o A eﬁeet of 0.063-inch;thick, 0;92 g/cm3 poiyethylene was ﬁsed
as the fast neutron converter. It was'attaehed te the aluminum holder

. With'double—éided) preSSure—senSitive-tape.

D.. Description of Electronic Equipment

1. DelaX'Lines
The rectangﬁlar cross section delay lines used for coordinate

readout function identieally to the more common'cylindrical delay lines

encountered in delayed sweep oscilloscopes or linear pulse amplifiers.
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Figure 22a shows the basic construction of the 1ine, It consists of a
éingle layer helical éoi1 w6und over a plastic eofe to which conducting
strips havé-been éttached. ‘The:lineIis,chafacterizéd by an inductance
per unitvlength, L+ due to the coil ana'a.capécitance per unit length,
Co' due to capacitive.céupling'between the coil_and‘the‘giounded con-
ducting stfips. o - v‘\>

Consideration_bf Fig. 22b shows that

Lo o _ 1 I v
i = I(z)‘-_I(z + dz) — I~ (I f §E'dz)»_ - 5;—62 = Codz TS
and»
L S v v k)
vy, = viz) ~ V(z +-d?) = V-— (v f §E'dz) = - §E-dg —_Lodz-5E .

Cancelling the differenﬁial length, dz, from both sides of Egs. (19a) and

(19b) yields the ideal transmission liné equations,

3L _ B v
52-_.fco ot
and '
v a1
3z = Lo 3¢ :

If Eq. (20a) is differentiated with respect to time and Eg. (20b) with
. | T ) _ _ et " \
g : - . 0 ' -
respect to distance, the second order partial, 5;5%-, can be eliminated

and the result is

=LC-—-——-—

_ 32v 32v
922 90 5.2

(19a)

(19b)

(20a)

(20b) -

(21)

€
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4 Compensating Stnps {Same material as ground strips)

5 Terminating Resistor
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. Delay line characteristics.

‘(a) MWPC delay line construction,

(b) circuit model of ideal transmission linre, (c¢) output waveforms
for uncompensated and compensated delay lines.
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By direcf substitufion_it can.bé'sﬁown that any;fuhction 6f fhe'form,
v(z,t) = V(t + EL),vis a sblutidn of Eq; (21)>wh§re vo = 1//5;6; . Thus
° . .

the ideal tfansmissioh'lineﬂcan'propagate a waéeform of any shape in
eitﬁér direction with-no distortidn} for if an‘observer wére'to travel
§own thé iine starting at (t,z) = (to'zd) with the.phase Qelocity, A
such thét z = zo-i vo(t - to)f héiwould,see_ﬁqi¢ﬁan§é in the voltage. An

equation similar to Eq. (21) can be derived for the‘cﬁrrentfso'the

Z

solutions for the current are also of the form I(z,t) = I(t * ).
‘ - _ : o
Letting x =t £ fL and substituting the solutions for V and I into Egq. (20b)
o o ' :
yields '
Qv s
1 av dr dx ' [e)
- ——— = - —_— = = f —
v_dx Lo dx dar - . VoLo v C
o - o
dx - .
, e - e V ~ /Lo =
Integration with respect to x yields - o Zo, where constants of
N o : ;

integration.have been iénored since it‘is the AC characteristic impedanqe
whicﬁ is desired. |

Aé_might be éxpected, the performanqe pf physical delayllines
departs from'that of the ideal transmissioﬁ line.v io some degree, all
conductors.(éxéeptiné supéréohductors) are resisti?é and dielectrics tend
to be lossy. Both'ofkfheéé power‘losé mgchanisms are f:équency dependent -
(résistive ékin effecf)'SO thatvgreater losses are incurred by the higher
frequency éompoﬁentsiof é waveform‘reSulting in amplitude distortion of
the wave. While'thése losses cannot be eliminated, they can be minimized.
by proper choice Qf construétion materials. Perez-Mendez reports values
.for'attenuation én the order ofyl dB/ﬂSéc_at 3 Mstl'ésiwith the attenuation

increasing rapidly,beyond‘SfMHz..
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In-addition to amplitude distérfion, anothér distortion meqhanisﬁ
shows'ub when the wavelength of ﬁhe excifatiohviﬁ the'lihe becomes
compafablé td the cross sectionai diménsions of,thé.iine.f This phénomenon
is known asfphaée.distortion apd‘is'due to unequal phase velocities for 
different frequency comporients. The prihcipal cause of phase dis;
tortidn is the diminishing §a1u¢ of'distributed-inauctancg'at higherv
frequencie;.(shortér wavelengths’. Thié'effect arises in extended

inauctorsybecause as the wavelength shortens, individual turns of the

coil are flux-linked to other turns in which the current can be as much

as 180° out of phase. Reinfbrbement of the flux through mutual inductive

coupling of consecutive turns is therefore diminished and the distributed

. » 7 ] . . . g :
inductance drops. A derivation due to Blewett and Rubel 6 shows that

L(A) =32LoIl(2ﬂa/K)Kl(2ﬂa/X) o ' . - (22)

where A is the wavélength;.é is‘the rédius of a‘éi;dular coil, Il and Kl
arevmodified'BeSSel_fﬁnctionslof.the firét and second kinds respectively,
énd'Lo is the 1ow frequency vaiﬁe of the éistributed inductance which was
used in fhe derivation of the ideal caseg‘_For é rectangular line with a
thickness, T, and é widfh, W; it is probably best to uée a.mean value for
a ébtained_by'equating_cross seétionallareas, i.e.,,ﬂa2 = TW.

Anofher cause of phasevdistortion is due to'the éapécitiﬁe coﬁpling
between tufns'of-a close~wound coil. Althoﬁgh the magnitude of this
capacity ‘is éonstént, no coupling occurs at. long Wavelengthsvbecausé

. ' o ' _av
adjacent turns experience approximately the same Er However when the

wavelength becomes sufficiently short that_%%—varies significantly.from
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one ‘turn to the next,_capacitiveiy coupled currents begin to flow between
| . 57 S o L
the turns. Lewis - has shown that the effect can be modeled as an increase

in the distributed capacitance, .

c,
cw) = — . : . (23)
1~-v /\)o : : : '

‘ whéré_v is‘the freqﬁeﬂcy of the excitaﬁion‘and CO is the iow.frequency‘
value of.thé-distribpted capacitance. -vo‘islthe tesonant frequency of_a
circuit cdﬂsisting‘of the effective iﬁductancé of one'turn'in parallel
with the capaciténce_between.two adjécent_turné. |

In'terms.of thé induc£ance and_capaéitance'given by Egs. (22) and

.

(23), the phase veiocity becomes

.2_2.'1
1 -v /VO

o \/ 21, (@ma/NK, (2ra/h)

(24)

Since A is a function of v (XV = v), Egq. (24) is not an explicit ekpressionv

for v; but itlcan be‘stated that both thé numerator and the denominator 6f
the radical decreasé_with incfeasing frequency so that té a dégrée, the
effectsvbf deéreasing inductance énd incféasing capacitance are self-
'compensating.'-Inlgeneral, the ihductaﬁce decreases faster than the
capacitanceﬁincfeéses'resﬁlting in highér phase velocities for higher
frequencies. |

Several methéds are avéilable fbr iﬁpro&ing'the éhase compensatioh

of the line;50'58 The method émployed for the lines used in this research
. : ‘ ) : \

was the floatihg patch technigue which effectively prdvides an additional,

S S ——
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frequency‘depénaént; sﬁunt_¢épacity'tq‘groqnd. The floating patches

are the diagona1 qOﬁducting'strips shéﬁh in Eig. 22a. ‘The térm, floating,
refers tbithe fact thét the Strips afe not’élecfricaily conﬁected ﬁo any
othéfvpart of ﬁhe delay'lineQ Qualitativély, thé;r function canrbe inter-
preted‘inxthevfollowiﬁg manner.

For long Wavélength_excitations, the patches are capacitively

- coupled to turns all of which experience the same V(t). HoWever,'when the

wavelength becﬁmes Sho;t comparea to the longitudinal extent of a sérip,
it.is coupled to turns of all phéses and'it then acts as though it Weré
gfouhded.* ,Frbm the functional dependence of phase velocity on frequency
and waveléngth (Eq. (24)), it is clear that ﬂo simple téchnique can achieve
pérféct phasé compénsation so the stripé are_tailored-to provide optimum:
cqmpensation‘over a bandwidth which is wide enough to adequately”feproduce
the'desired.ﬁa§eform. Compensation of a line 5eyond the frequenqy at
which ampiitude distortion 5ecomes sigﬁificant is,a wasted effort anyway.
Figure 22c¢ shows the output résponge of a recfanguiar cross section delay.
1ine.(wi£h and without(floatihg.patCh compensatiop) for a 50 nsec risetime
step functiqn input‘which was_capacitivély coupled:to the line. Thié
particular line had é characteristic impedénce of7620  and a coﬁpensatéd
phaée velééity of.éQ cm/useé.-

Aii of thé aqtive.siénal brocessing electronics were specially-
desighed for an MWP¢ imaging system."Thié iﬁ;iﬁdes the.amplifiers; thé
tiﬁing SCcA and timing discriminators, the pileup rejector and area

seiector; and the TAC's. In the following, a brief account of each

*

For a complete.discussion df floating patch phase compensation, see Ref. 59.
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'component will be given along with the performaﬁce characteristics of .
the'System as a whole (see Appendix B for cichitlschematics and logic

diagrams).

2. fAmplifiers'

Theaamplifiérs were built around the'Fairchild BA733 IC voltage
- amplifier. lThe differentiél inputs of the UA733 pfévidevfor simple-
inversion of the negative anodevsignél andvthe_putput is fgd'to aldiscrete,
two-transistor line-driver Qith 50 cépability. ?hebfeedback loop of
the IC was adjusted to proVidé a voltage gain of‘abbut 100. The overall
‘risetine of the aﬁplifier is abOut 80 nsec and 20 mV input pulses could
be linearly amplified with no noticeable-distortion;‘ RMS'noise at the
output. with grounded input'is éboutbz to 3 mV'apa the fotal input capacity,

including MWPC connections, is about 20 to 35 pF.

3. . Timing SCA

The timing SCA and“timihg di9criminatorsb(identiéal to former
éxcépt for‘sCA.capability) are thé most:criticalﬂcbmpohents_in-the system
sinee the resolution ﬁltimately;depends on their gbility to assign a
" - definite time of occurrence to the output éulses from the MWPC. .For
the work described.here; zero-éross (péakfdeteeting) discriminators_were
used which are baséd éﬁ the prinéiple.that the occufrence-time of tﬁe
béak is common to a family of pu15es,‘regardleés of their amplitude.‘
Zero~cross discriminatofs are commonly gséd andvconsist basicallyvof a
signal differentiator,';n amplifier,.and,a_germaniﬁm tuhnei diode detector.

After differentiation and amplification of a positive input pulse, the
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positive portion of»the reéﬁlting bipolar current pﬁlse is used to set ﬁhe
diode which is:theﬁ reset as the positive—to—négéfive transition crosses
zero (set.énd reset refer_to.positionsvoﬁ_the funhel diode charéctéristic
cﬁrve to éither éide.of thé nggative resistance région). By proper diode:
biasing, the leading edge bf the voltége pulse which occurs on resetting
the tunnel diode can be madé'td coincide_closely‘with the peak of the
inpgt pulse;

While the principle of zero-croés_detecfion is a sound one,
several faétors ténd to make practical pgrformanée lésS'than'idealj finite
differentiation time—gonstants, finite amplifier gain in conjunction with
a finite current differential to inifiapé set and réset, and amplifier
noise, to name a few. However, ‘the units which were ﬁsed performed
adequately with avmaximum timing error kslew) of about 5 nsec over a
dynamic range of 20 (50 to 1000 mV). Timing inaccuraciés associated

with amplifier noise (jitter) were largest near the 50 mV detection

threshold (*2.5 nsec) but dropped below *1 nsec for pulse amplitudes above

250 mV. The output ofbthe'disctiminators is a fast NIM-level pulse

(-700 mV;i2 nsec risetime) created by MECL-II componénts.

4. Pileup Rejector and Area Selector

The primary function of the piledp rejector is to detect and reject
events which occur in a time interval which is short enough that stop-

pulses from both events could be in the deléy line simultaneously. It

also serves as a cycle clock by keeping track of the arrival times of the

timing pulses and then supplying'appropriate control pulses. However,

neither of these fundtions affects the spatial accuracy with which an
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event is localized, so cheaper, TTL logic (10 to 20 nsec_risétime) was -
uséd_to_generate the time gates and contrOIQ. TTL logic was also used

in the area selector.

: The heart of thé fime—to—amplitude.coﬁvertér is a switchéd
current soqrce which 1inéarly»charges'a;3900 pF ‘silver-mica capacitor.
The switching is céntroiled by MECL—IILlogic. A high’iﬁput_impedance

amplifier (> 1 M) is used to sense the voltage on the capacitor so as

not to materially change the voltage during‘the display time.

6. Performance Characteristiés

The tiﬁinéfaccuracy of the assembigd system is shown in Fig. 23.
In (a), conétant amplitﬁde, SOOvmV pulses from the:fiduéial_mark generator
were coupled’into the delay lines and the résulting x-TAC output was col-
lected in’a PHA. ‘Tﬁo 20;4 nsec iengths of cable were thgn added between
the x-STOP timing discriminatbr and the %-TAC to produce the second and
third peaké. -TheVEWHM of-the péaks is éeén to be less than 2 channels
= 1.3 ASeé; ihis_correquqd§ to,a position accuracy of 0.2 mm for the
delaf 1iné.positidn%td—time_cbnversion‘ratio of 6.8 nséc/mm. .In (b), a
continuous spectruﬁ of randdm anode pulées»(ofto'7ob ﬁV from interaction
of Pu-Be sourcé neutrons in the chambef at a‘rate.of 104/sec) Was teed
into the START timing SCAband x-STOP timing discriminator. An 80 nsec
leﬁgfh of'cablé was used to'délay the pulses into the x~STOP timing
~discriminator to bias the x-TAC, and the SCA was set to accept pulses with

‘amplitudes between 70 and 250 mV (common settings for radiographic work) .
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23. Electronic timing accuracy. (a) Constant amplitude, 500 mV pulses.
(b) Low energy portion of alpha-particle spectrum.
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As in (a),-tﬁe x~TAC oufput'waé.collected.in‘a PHA.and a 20.4 nsec length
of cable_waé added bétﬁeen the timing}discriminato¥ aﬁd‘TAC tq proéuce
the separate peaks. Thé FWHM Qf the.peéks in.this case ié‘ébout 2.8 nsec
or 0.4 mm. Inqiusioﬁ.bf larger amplitude éuiées.in the SCA acceptance

window does not change. the shépe.of the peaks to- any great extent because

the increased'slew,is compensated by the decreased average jitter.

i
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v. EXPERIMENTALvMEASUREﬁENTS
While viéual iﬁspection:of tesﬁ-images ?rovided_much.insigﬁt con-
cerning the relative qualitative perférﬁaﬁCe of the system, quantitative
resolution and>éfficiency data.was needed in order to make_meaniﬁgfpl
comparisons with other radiographic iméging‘systems and with results

obtained from computer simulation programs.

A. Discussion of Measurements

o » |
The detection efficiency of an MWPC imaging system is of special

interest. Since the amount of photographic effect which can be obtained

from the interaction.of'a single neutron is essentially unlimited, there

is no lower limit on the neutrén fluences which are necessafy to produce -
visgal images; Thus‘it is.péssible tolproduce imageg of a ﬁighly 
statistical'néture apd the required fluenée depends'only on the detection
efficiendy aﬁd the desired image;statistics. .in,the.case of more con-
ventional ipage reéorders employihg convertiné screens and film, the
finite photoérabhic speed Qenefally requires so ﬁany neutron interactibns
to form a useful iﬁagé tﬁat statistidal'considerations can be ignored;

A variety of methods has been ﬁsed to spécify the resolving
power of imaging systems.60 Many methods are based on measurements of
the sthapéd response curve that is obtaiped when. the sysﬁem is used éo_
image a knife edge. Two such ﬁethods are demOnstraﬁeq in fig. 24, 1In
Mbrganlg‘method,g} the unsharpness is takén‘to.be the distancevbetWeen the
intersecﬁioné of the projectéd maximum élope with minimum.and maximum
méan density'iines.. For Klééens' method,62 a line is projected through

the 0.16 and 0.84 density increase points,ahd'the>unsharpness'is taken as
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Fig. 24. Mor_gan's and Klasens' methods for specifying resolving power.
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thejdistance.between'the intersections of thié line witﬁAminimum and
maximum mean density lines. Regardless of the exact details §f the

. method used, thebsinéie unsharpnéss figure thus obtained can_be_used

to sﬁcceséfuily compare systems only when the knife-edge image responsé
ciirves have similar shapes. der the‘comparison of systémé with basically
different resbonse characteristics or.for,the description éf‘a system
whose response characteristicsléan be substantially altered through
varigble parameters, a more comélete description of the resolving
capability is necessary.

Tﬁe deulation»traﬁsfef.function (MTE) offers sﬁch a complete
description of resolution, and is an e#act analog to theltemporal frequency
responserf ah.eiecfronic system. At a given spatial frequency the value
of the MTF (contrast ratio)'is the ffaction of sinusoidal_modulation
whiéh is transferfed.from the system's input to its output.§3 For'imaginé
.systems:the input is generally referred to as the object funétion and the
output as the iﬁage function. For optical-imaging systemé it ié not too
difficult tq produce the-spatial‘sinusoidal variations iﬁ'light intensity
for the object funqtidn. For instanqe, a focused beam of light transmitted
through a photogréphic plate which COﬁtéihed the'sihusoidally‘vafying image
would suffice.  However, for more penetrating raaiations such as hiéh energy
X-rays of,péutrons, sucﬁ péntrolled‘vériations aré more'difficult to
proauCe. For lbw energy x—fays or therﬁélvneutrons, masks. can be made
which_will‘modulate ﬁhe‘radiatioﬁ beam in a square‘Wave fashion. The
Fpurier sine or cosine séries éf'bofh the:objeCt function and the resulting
image funqtiOn can then be obtained'and the contrastnratio can be calcﬁlated
fof the funda@ental frequency»or for any odd harmopic. For better

accuracy, a separate mask can be prepared for each frequency to
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be measured.\ Alternatively, an image ofiaAknife—édQe or a slit qén be
obtained in;lieu of fhe sinﬁsoidal image; _Sincevboth thé step function
and the idealiZed.Dirac—deltavfunction cqntéin all frequeﬁcies, continuous
Fourier analytical techniqueé can be uged'to deduce the MTF from their ' é
.imaées (see Appendixic).

Aside_from providing much more informatioﬁ’than a single uﬁsharpness
'figﬁre, MTF's have the added'édvantage that they are commutative. That is,
the MTF for ah‘imaging systeﬁ is just thé product of the MTF's fbr eéch
componeﬁt'of fhé sy$teﬁ. Thus; for an'imagingfsystém consisting of N
cbmponents and at any spatial frequency, Vv,

MTFéyétem(v) = —{r-MTFk(Q) S o ,“ - (25)

. ‘=l X .
In practice,.MTE'svcaﬁ be aésigned to the image‘detector;_electroﬁié‘
components (if any)( the beam éollimation, and eveﬁ~to characteristics
of the radiographic‘gubject.' This propefty of MTF's i§ e¥treme1y useful
since in some cases it.allows com?onent MTF's which are difficult to
measure directlyifo be calculaﬁéd from more‘easily thainéd dafa.

While the present fénge.;f biological applicationé of neutron
radiogrgpﬁy‘isvrather limited,_this area is still=§f potential interest.
Thé human body‘contains 10 percent by weight hydrogen( and'the total neutron
cross section due to hydrogen;is severél.orders of magnitude layger than 5
that of the next most ébundént eiement{64 -Thus“a’néutron radiograph ofla
- biological sample is essentially a map Qf the sample's hydrogen dis-
tribution. Althqugh considerable-reséarch has 5een done'dver the past

. . . , . . N , 65
several years to investigate diagnostic applications for neutron radiography,
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I ém not familiar with any in vivo clinical usage. However, successful
employment of neutron radiograéhy to-determine the adequacy of bone margins
in a surgi¢a11y removed . tumorous jaw:béﬁe has been reported.66 The high
sensitivity of £he MWPC imaging system cdu;d permit quéntitative in vitro
..diagnostics and increase the feasibility of igiyizg expefiméntation; To
fhis end, the total neutron cross section of an organic compound kLucite
C18H2907) was.measﬁred at thermal, epicaamium, and‘fast neutron eﬁérgies.
Iucite Was4ch§s¢n for the measurement‘becauSe its hydrogen content (8 percent
by Qeighti is.éimilar to tissue and it qén be easily machiﬁed to the
desired shape.

| Neutron attenuation through thé boron converters for the 10 X 10 inch
éhaﬁber wasbalsormeasured. As mentionéd in Sec. IV-B, attempts to overcoat
the'loB'COnjerteré were unsuccessful and when the aluminum bvercoat'flakéd
off:'an unknoWn amount of IOB was carfied a&ay with.it. ‘For compa;isonv
with computer éalculations, it was necessary tO'know ﬁow chh‘boron
remained. Sinée the microscopic neutron cross section éf 10B is well

known, .a measurement of the thermal neutron attenuation of the converter .

coating provided'this information.

B. -‘Prototype Chamber Measurements (Efficiency and Resolution)

Quantitative measurements'takenAwith the prototype chamber were .
confined to preliminary efficiency and resolution measurements. -Since the
.sensitive area:of the chamber;was not.clearly defined becauée of the.
'graduated edge wires, a 0;020—inch—thick sheet of‘cadmium with a‘0.500—ihch—
diaméter hole in it was placea over the chamber so that only a small central

portion of the chamber was illuminated by the neutron flux. By measuring
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counting ragés with and withoﬁt.another,sﬁeet'of,0;020-iﬁ¢h—thick cadmium
plaéed over the hole, the thermal neptrdn_detecfion~efficiency was
estabiished; ‘ |
| ‘For ¥esoluti§n measuféments,.four plates cdnsistiné of pérallel
‘arrays of cadﬁium strips wefe prepared to modﬁlété'the neutron béam in a
square-wa%é fashionf. These plates were fébriéated by gluing~0.026—inch-
thick caé%xuﬁ £9 Q?iéS—iﬁch—thick aluminum backiﬁgsfénd then milling
precision slots thiough the cadmium at éqﬁal intefvals so the cadmium
strips Qere the samé‘width as the slots. :The féur spatial periods thus
obtained were 10, ‘6, 4, and 2'mm, Théjsystem's responée'to each plate
was collected in a PHA, Since the sensitivity of the chambef was not
constant over its sensitive a;ea; the éystém rgséonse to neutron beam
oﬁly was also cqllecéed in_the_PHA so the plate data could be normalized
by chgnneléby-éhannel_diQision.-_The feductioh_of éuch data to yield
‘resolutién inférmation is‘discﬁssed in detail later.

The maximum_detectiqh efficienéy which ﬁés obtained_was 6.34% and
the.results of thebresdlution méasurements are.shoWn in Fié.'32 for com-
parison with the results obtained from the lafgef MWPC.

SeQeral images of stencil 1ette¥s cut in 0.020-inch~thick cadmium
and 0.016-inch-thick lead aré shown in'Fig. 25, The images on the leftv
were taken with a 55f‘é‘x-ray,s'ource Aﬁd those’ on the right with the thermai
neutron beam; In additidn té'demonstrating the transbafency of lead to'l
thermal neutrons, Fig. 25 also demonstrates the difference in event locali-
zation along the two coordinate directioﬁs. D;e to thé geometric fanout
which wéslbbtained.ﬁefween tﬁe’chamber:aﬁdbthe‘delay lines,‘ininidual

anode wires are easily discernible in the images. The gap near the bottom
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XBB-7110-5206

Fig. 25. 55Fe x-ray (left) and thermal neutron (right) radiographs
‘of 5/8-inch-high stencil letters.
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of the images is due to a broken anode wire. ‘The more diffuse nature of
the line structure in the neutron images is due to' the longer-range.
a-particles which can initiate avalanches on more than one anode. When

this happens, the event Can;bevlocalized_at a position between wires.

C. 10 X 10 Inch Chamber Measurements

1. Boron Coating Areal Density Measurement

Since the thicknesses of the boroﬁ coatings on.the converting ’
surfaces were'on therrder of 4 Um (0,0002 inch); méchaniéal measurements
were not éttempted; However,‘thié thickness of natural boron will attenuate
a thermal héutrQn beam by<ab6u£ 5%, and 92% enriched 10, provideé about
26% attenuation. This effect is large enough to‘éermit a simple measure-
ment of the neutron éttenuation. The coating thickness can‘then be .
related to the fractional attenuation through the macroscopic cross
éection for the (n,0) reactioﬁ. |

The boron thickness of the powdered;boron convertéi was already
determined by weighing.sampleélduring.preparétién so it was installed
in the chaﬁﬁer as. a back—conver#ef and the chamber was used as the
‘neutron detector. Each céﬁvertef was then positioned in the thermal
neutron beam so only about half of thé éctive chamber aieé was shadowed.
by the boron coatiqg. This.procédure.provided‘a.sizable area of zero

'attenuatidn:to which the atten#atéd arég'could be hormalized. The area
-seieétor was used to limit chamber response to a six—inch;wide strip
across its center to eliﬁinate effects dﬁe to attenuation In the tﬁick
aluminum converter framé. The data were,collectedvin a PHA. As with all

»

quantitativelméasurements, data were also collected with no attenuator

Y
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in the beam for normalization purposes. After channe1¥by-channel normali-
zation, data were added to increase statistics before the attenuation
ratios were calculated. The results of these‘measuremgnts are presented .

in Table V below.

~ Table V
: Fractional s 2
Material " Transmission ThlckneT;)(mg/cm )
' (FT)
92% B 0.834 % 07003 _ 0.86 + 0.02
10 o | o |
92% B o 0.951 £ 0.004 - 0.24 £ 0.02
gt ~ 0.966 * 0.004 0.83 * 0.09

Thicknéss values were obtained from the relation, T = g; 1n(§%j;

using‘values.for.the macroscopic cross section (Zé) of 0..042.mg/cm2 for-
| . E | 2 o 10, |
natural boron and 0.211 mg/cm for 92% enriched ™~ B.
The naturaltboron converter was measured as a test of the method_.
since its surface was still intact and test foil weight measurements.made '

during depésition ihdiéated that its thickness_should be about 1.0 mg/cmz.’

'In spite ofvhaving the proper boron thickness, the detection efficiency

of this converter was only a third to a half as large as efficiencies

obtained from thinner natural boron layers, A loss factor this large is

‘probably due to' an error in the aluminum overcoat thickness resulting

in significant o-particle absorption. Due to the pbor performance'of this
converter, the data presented in the next section for natural boron is

for the same converter used in the prototype chamber.
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2. . Neutron Detection-Efficiéhcf

The the?malvheutron detection efficiéhéyvof the system was
bbtained by count rate measurement over a festricted area'bf the chémber
whére the thermal neutron flux was kndwn to be fairly constant. .Area )
delineaﬁion was achieved through the use of the area selector on the
.pileup rejectorL Couhf rates Qére measﬁred'with and without 0.020-inch-
thick cadmiuﬁ in the beam and the thermal detectidn efficiehcy was based -
on.the difference bétween these two cqunf'rateg.

Sinée 10B is very nearly a perfect 1/v absorbér weli intovthe
epithermal neﬁtronvenergy regime, epithermal detection‘efficiencies can

be scaled apbrbximately‘from the thermal.efficiency using the relation

n(E ) = /0.025/E, N (26)

thermal
where En‘is the incident neﬁtron’energy in.eV's.' Fér our particular
thermal reactor beam the cadmium ratio based on gold foil measurements
was 6.3 whereas the cadmium fatio as determined by the chamber was about
v 20.'.This difference is probably due to ﬁhe large absorptibn resonance
of gold at 5 gV and the presence of a siéﬁificantznuﬁber of 5 eV neu;rons
in tﬂe beamn,

Fast neutron detection efficiency measurements using a 1.5 mm-thick

- : S . . 7
sheet of polyethylene as a converter were made using the 2 X 10 -neutron/sec

Pu-Be source. With the source located a known distance from the center of
the 10 X lO_inch converter, the fraction of the total neutron yield which
was intercepted by the chamber could be calculated. Count rate measure-

ments were made first with the source in front of the chamber (so the recoil

[P —
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proton; are ejected into ﬁhe active volume) and £hen with the source

at a symmefrical positipn'in'baqk of'the'chamber, By taking the dif-
ference betwéen the front and_béck couptiﬁgArateg; background and source-
gahma effects were eliminated. |

For the case of ideallf flat converter coatings.of very uniform
thickness, the neutroh—to—charged-partié1e conversion proceés can be
modeled analftically. The resuiting expressions yield.fhe deteétioh
efficienciés.that cénlbe expected from sﬁch\layefed convertéfs. In thé
following'derivation it ié assumed that the néutron beam is normally
incident on the layer (see Fig; 26 for geometry).

The fféctibn Qf.incident neutrons per unit area which undergo.
conversion reactipns in material lying betﬁeen.X'éﬁavx_+ dx is
Zéexp{—zt(fo)]dx whete.ZC is the<macroscopicICr§$s section for the con-
version rééction;and Zt is the tot;l macros¢0pic'atténﬁation Cross se&tion.
The cﬁarged particles will be emitted from dx with.SOme angulat dis-
tribution,vf(e), s0 the number of charged particles emittéd from dx at x
into @8 at é éer incident neutron is

an = I_exp[-Z_(T-x)1£(6)axd® - . - (27)

The charged‘particles represented by Eé. (27)‘mpst trével a distanée,
x/cos(6) to reach‘the cénvertéf—gas intéfface at which'point theif
residﬁal ranée.is R(Ei) - x/cos(8), where ﬁ(E) is the'pafticle ranée'as a
funétién of energy and Ei is'the initiél'energy of the chafgéd particle.
Since thé_partiéles must deposit a minimum threshold energy, Et' ih the_

gés in order to be detected, their effective range for detection is
. ‘ \ . . :
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Re = R(Ei) - R(Et).'-The total number of charged particies emitted into

the gas volume with an energy greater.than‘E is obtained by integration

t
over the Variables,‘x and 06, .
/2 .x* , , ‘
4o _decexp[—Zt(T~x)]f(6) N : ‘ (28)

0 0

where x* is the lesser of Reéos(e) ana T.. For exothermic conversion
reactions involVing thermal or epithermal neutrons,'ﬁemory.of the incident
"neutron energf is lost and the'charged.particles'are emitted isotropically
at a'constaht energy, Ei’ with the corresponding.constant'ranée, R(Ei).

Substitution of £(8) = %sin(8) into Eq. (27) and integration yield

Zéexp(—Z T) o 1 ot .
= *y - . - =
n.— o {[exp(ZtT )-11(1 + ZtRe) R exp (L T ) S ¢73))

where T* is the lesser of T and Re' ‘For enriched boron, I, is very nearly

t

equal to Zé so. the efficiency becomes

o v 1 T
Ng = hexp(-L 1) {lexp( TN+ v -

L *

Uy exp(Z T} (30)
where the-f subscript.0n n denofes the efficiency_for a front-converter
(oneVWhich is intgrpésed'betWeén fhé beam énd the gas volume). However,
when charged particle'émiésion is isofropic, a back converter (qne pléced
on the ddwnstream sidé.of the gés volﬁme)jcan also emit parficles into the

gas volume. Changingbthe exponential in Eq. (28) to exp(—ZCx) and inte-

grating yields
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1
L R R
ce e

n, =% {0 exp (-2 1101

Note that the backfcénverter efficiency given by Eq; (31) is the
number of detectable charged particlesfper incident neutron on the back~

converter. However, when a front-converter of thickness, T is also

£
used, thg'flux,reaching the back-converter will'ﬁe attenuated by the
‘factor, exp(4Zch)T Thu57 fbr a double'éonverter systeﬁ( the detection
efficiency is | |

Ney,

The Q—vaiue of thé (n,0) reaction ig 10B is about 2.8 MeV.

About 92% of the reactions are aCcompéﬁied by . a Y;ray with aﬁ energy of
approximately 0.5 MeV. The remaining 2,3 MeV divides‘bétween the
a~particle and the lithiﬁm recoil nucleus according to conservation of
momentum with aboﬁt i.5 MeV going to the a-particle ahd 0.8 MeV to the
Li-récoil. In the éther'S%fof the reactiqns,;no Y;raybis eﬁitted
regulting in siightly longer range particles. .For analjtical purposes,
tﬁe longer raﬁges of this group are iénored.

Since the d—pérticle and the Li—recoii are colihéar, either one
or the other is emitted toward tﬁe conVerter;gasvinterface and the total
detection efficiency due to both kinds of particles is‘Simply the sum 6f
" the detection effiéiéncies for each, or

n

' o, Li ' ' :
g =N ¥ 0, - _. (33a)

-T*=? .*" Ty
+ ——-exp(-ZcT )} . (31)

= Ng +.exp(—Zch)nb L. N ' _ - (32)
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and
a o A '
N, =T+ . , o . (33b)

In Table VI.is a comparison of the detection efficienciés measured in the
sinéle back-converter mode for the.various boron éonverte¥s along.with

" values calculated from Eq. (31)_for different detéction_thresholds. The
experimental detection threshold is estimated to be aboﬁf 100 keV and
alpha—fange data was oﬁtained from Ref.‘67. Siﬁce the range indicated

for a 1.5.MéV a-particle was rather high (1.03 mg/cmz)_coﬁpared to.bther
values found in ﬁhe literature, the calculations were repeated by linearly
scaling Ref.:67 data to yieid a value .of 0.81‘mg/cm2 at 1.5 MeV.68' In

all cases, the Li-recoil ranges were obtained by scaling the a-particle

ranges according to

Mi Zé ' =
R (/M) = TR @) (34)

Values usedvfo;‘Zc in naturgl boron aﬁd 92% enriéhed 10B were 0.042 cm2/mg
» and 0.211 cmz/mg respec#ivély (at 0.025 eV).

Comparison of experimental anode pulse height spectra with spectra
predicted'én the baéis of daté'obtained'frdm Ref. 67 indicafed that the
a—pérticlé ranges in argon were tod long. Cohsidering‘this in addition to
the 1owervrange values qﬁoted in the literature, it is iikely that the
_vaiues calculated for Rd(l.S) = 0,81 mé/cm2 are the more realistic. Even
so, the experiﬁental detection efficiencies are low by aboﬁt'a faétpr of

two. While some of the loss can be attributed to errors in the experimental
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Table VI
0% powder 105 104 phat
© 1.03 mg/cm? 1 0.86 0.24 0.70
) 5.06 4.94 2.18 0.96
0.0 Li i.e8 1.68 1.57 0.34 "
¥ Li 6.74 6.62 3.75 1.30
: a 4.45 4.44 2.14 0.89
0.05. O Li - 1.29 1.29 1.28 0.26
+ Li 5.74 5.73 3.42 1.15
. . : 4 ‘ '
: a 4,19 4.19 2.12 0.85. Calculated
0.10 Li . 1.07 1.07 1.07 0.22 R (1.5)=1.03 mg/cm
' + Li 5.26 5.26 3.19 1.07 :
a 3.82 - .3.82 2.08 0.79
0.20 Li- -~ 0.87 - 0.87 0.87 0.17
+ Li 4.69 4.69 2.95 0.96
S o 2.98 2.98 1.97 0.61
0.50 Li 0.39  0.39 0.39 '0.08
+ Li 3.37 3.37 2.36 0.69
o 4.04 4.04 2.11 0.83 )
0.0 Li 1.32 1.32 1.32 0.27
+ Li 5.36 5.36 3.43 1.10
S 3.55 3.55 2.05 '0.73
0.05 Li -1.01 1.01 1.01 0.20
+ Li- 4.56 4.56 3.06 0.93
- a 3.33 3.33 . 2.03 0.69 Calculated
0.10 Li 0.84 0.84 0.84 0.17 ~ R (1.5)=0.81 mg/cm
+ Li 4.17 4.17 2.87 0.86 - = .
a - 3.04 3.04 1.98 0.62
0.20 Li 0.68 0.68 0.68 0.14
+ Li 3.72 3.72 2.66 0.76 °
a 1 2.36 2.36 1.83 0.47
0.50 Li 0.31 0.31 0.31 0.06
+ Li 2.67 2.67 2.14 0.53
0.10 2.27 2.07 1.12 0.38 Experimental

. + Li
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threshold; iﬁpérfeét eﬁergy resblution, éﬁd erfors in the-determiﬁation~
of the coating thickness, considération;of the data in Tabie VI shows
that these grtors Qould ha&e to Be unreasonabl&llérge to account for the
 entire loss. It is more 1iké1y that the major part of the 1oss is due

to irregulérities_invthe coatiﬁg thickness to be discussed in part D.
.Howevér, the éouble converter efficiencies galculated from Eé. (32) usiné

experimental values for nf and 1, were in good agreement with the experi-

b
mental double éonverter efficiency. The‘méximum efficiéncy obtained
using a powdgred-loB-back cénverter and a 0.86 mg/cm2 froﬁt converter
was‘3.76%; |

Tﬁé qualitétive behévior of the detection efficiency as the
incident neutfon‘énérgy is vé:ied is shown in Fig.'27.‘ The curves were
obtained from Egs. (30), (31), and (32) using ié(ﬁ) = \/ 9;%22 Zc(0.025)
where E is tﬁe neutron energy iﬁ ev. .Anvoptimum thickness fér thermal
energy was'assuméd for thé‘fron£¥converter‘and phe back-converter was
assumed to be of at leaét optimum thickness. Note that for Cold.neﬁfrons
with energies bglow 10_3 ev, thé'sinéié back—converter’is most efficient.
Thié.is due toVselféshieldinQ in the»front—convefter and shielding of
the.back cbnve:ter.in-a double converter system which increases at lowér
enefgies. Forﬂenergiés gféatefvfhan 0.05 eV, the efficiency scalés as
l/>v>'and Ng ~ ny ~ !mfb_' |

Fast.heutronfdetection efficiencies for hydrdgenousvrecoil__
profon'con§erters can élso be obtained>frqm Eg. (28). 1In this case, the CM
angular distribution,of scattered protons is %sin(QCM). >Transforming to

laboratory coordinatés yields f(6) = sin(206). 1In addition, the initial

- - ) - 2,
proton energy is a function of the scattering angle, Ei = Encos (9) where
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Eﬁ is the incident neutron energy. With f(8) = sin(26) énd‘

R, = R(Encos €0)) - R(Et), Eq. (28) bécomes

, m x* ‘ 1 x*
n=1{ do decéxp[—Zt(T-x)]sin(26) = ZZcexp(42tT)’/fudud[—exp(ztx)dx (35)
0”7 o L J oo 0
where the transformation Y = cos (0) has been applied and x* is the lesser

of Re(u)u7and T. Equation (35) can be integrated analytically with respect

to x resulting in

vzzcexp(—itT)  1 - . .
n = 3 udufexp (2 x*)-11 . : o (38)
t L _
0

In general, fhe‘integration_with respect,té I is not analytic unless an
analytic. model ié‘assumea for R(E).

,The.efficiency given'by‘Eq..(36) is‘the number of protons per
.incident neutron which are ejécted from the converter with an enéfgy
greater than Et by first COlliSiénSs While pro;ons cén bé ejected from
the converter as a result of second, third, and highef order*col;isions,
the correétion to Eq. (36) is small. -An expression similar to Eq. (36)
‘was derivedvfor the second collision efficiency énd'évaluated numerically
for sevefal_values of En in the 1 to 20 MeV range with T-='R(En) for
polyefhylene. As mightAbe expécted, the résults‘indicated that
nz}g [l-exp‘—ZtT)]n Whefe.n‘and n2 are the first and second‘éollision
efficienciés respectively and;l—éxp(thT) is the probability that the
first collision occurs. For‘polyethylene, this probability is less than

*
- 5%.

— . | : B
Data for Zc and Zt taken from Ref. 13 and proton range data taken from Ref. 69.
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Figure 28 shows the:deéection_efficiéncy that can be expected_frqm
a 1.5 mm thickup01Yethylene:conVefting 1a§e£ as a function>§f néutron
eﬁergy. . The curvesvlabeled LLDlé 0 and LLD'=v1 MeV were_obtainedvby
numerical integration of Eq. (36) and.thébremaining cutvés were obtained

from a more detailed simulation program which treats the proton energy

depositionfin'thevgas. The term LLD refers to a lower level discriminator

setting and is to be identified'with Et

in the foregoing. An infinitely
)thick chamber ié oné'in’whidh the gas volumeiis thick enough to stop
the most eﬁergetic proton.’vIn éractice it couid be reaiiéed with a highly
pressurized filling'of.a denée gas such'aé xeﬁoﬁ of.isobutane.- Tﬁe initial
rise of the curves is due to increasing proton rangé and the'fall is due
" to decreasihg scattering cross section.
If fhe inciaent neutrons are not monoenergetic, thé efficiency
can still be obtained from Eq..(36). Deﬁoting the_neutrdn’energy specfyum
wifﬂ the nérmalized;flux distribution;>¢(En), thé éffiqiency becomes
e - .
= [ nE)eE)E . o (37)
0

nspectium
Equation (37) was numerically éﬁaluatéd for a fu—Be source spectrUm70
resulting'in;a'value»of‘O.IO%; ~ The expefimeﬁtally~obtained value was
aléo 0.10%. The qud agreement_between these two numbers supports the
non-uniform iayer argumént-to account for low thermal efficiency‘since:

the polyethylene-surface was visibly smoother'than the boron surfaces.

e e e e e e e
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3.' ﬁesolution'

The fifstjresolutioﬁ measureménts'of this s&stem were made.using
a SSFe X-ray source which emits a 5;9 kev x—ray; Electrons released by
photoelectric.conversion 6f ﬁhé x-raYS'iﬁ the'chamber filling gas have

very shdrt_rahgesvin the gas (< 1 mm) and will localize very near the

. ) I ) ' g ) 5
conversion point. Therefore the system resolution, as measured with 5Fe

x-rays, is not degraded by the effect of 1éngér range particles which tend

to localize at some distance ffom their point of origin. Denoting the

5Fe_MTF‘by‘MTF' and assigning MTF to the (n,0) conversion and

55 (n,(x)

localization process, the total neutron MTF is given by

‘ MTF v)

(V) or MIF (V) = —total

MT —rorar
(n,q) (n,a) | MTFSS(v)

v) = MTFSS(v)'x MTF (38)

Ftotal
where advantage has been taken of the commutative property of MTF's. It
(V) since it is this function

(n,q)

which_is'caICulated by the computer simulation program.

is necessary to isolate the function MTF

For the firs£:at£empt at measufing the_SSFe MTF, masks were made
which modulatéd the x—fay intensity in ; square wéve fashion. Full size
(10 X" 10 inch) phbtégraphi§ bar péttefns-wére'first prepared with the
width of thé,spaces between the parallel bars exactly equal to the width
of the bars. ' Four patterns were made with spatial periods (width of

bar plus space) of 20:mm, 10 mm, 4 mm, and 2 mm whiéh provide the
fundamentél s§atial frequenéieé of 0.05, 0.10, 0.25, ana 0.50 cycles/mm
respectively.‘ These bar patterns were then transferred to 3.3 mil thick

capton with a l-oz copper cladding using'the same process employed in the

etching of PC boards. After the bar patterns were etched into the
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'

cladding to form the masks, more copper was electtopléted onto the bars’

“so the maskS'éould>also be used with the more energetic 22 kev x-ray of

10.9Cd. A total cdpper thickness of 5 mils was desiredbbut uniformity

of thickness and edge straightness Were_difficult to maintain during the
electroplating and consequently the finished . copper thicknésé»varied from

2.4 mils for the thinnest mask to 4.5 mils for the thickest. Also, the

width of the bars tended to increase slightly ‘during the electroplating.

The corrections for asymmetrical masks and effects due to transmission

~through the copper or absorption in the capton are developed in Appendix C.

In uée, the masks were attaqhea'to an'aluminum frame which was.
méuntéd on the chamber in such a way fhat'the ba:s of the mask could be
accurately'aligned.perpendicﬁlaily to.the'anode wires.by means of a screw -
adjustment. This orientation Qés chosen so_éhe‘hask imagés cquld_be
obtained by ﬁHA réadout of>the cathodes which run perpendicularly to the
anodes, thus avqiding'the effecfs assqciated with anode spééing as dis-
éusSed in Sec. III; The aluminum frame pésitioned-the mask 2.0 cm away
from the plane(of'the anode wires and ﬁhé-sourée was positioned 20;0.cm
upstream’of the mask. This geometry reduced the effects of finite source
size and géometric magnification. The frbht of the chambef was fittgd
with a O;OQi—inch;thick aluminﬁm—flashed‘mylar'window to allow access
of the 5.9 kev théys into the active chamber véiume. |

.Initial measuréments using these masks were made wiﬁh a chambér
filling of 7% methane in argop'but the'ma#imum obtainable éain of the

chamber (cdrrespdnding to the highest anode voltage that did not initiate

spark bfeakdoWﬁ; about 2300 V) barely raised the 55Fe photopeak abqve the

detection threshold. . Nanoamplifiers with a gain of 5 were inserted between
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. the amplifieré aﬁd thé.timing‘diécrimihétors but this solution dia'not_
effect the signal-to-noise ratio in any beneficial way. Anode pulse
heightﬁdiécfimination was used £§(in61ude'only.£glses df tﬁé photopeak
andvdata Qas'collected‘fof’eaéh of the four spatial fre@uenéies. Data
was also collecﬁéd wifh no attenuatdr.in front of the chamber so Iocalv
chamber gain. and effibiency variations -could be normalized out through
channel-by—chénnel divisioh of the bar éatfern_data. Iaéntical measure-

ments were made using the 109

Cd’ source in order fo_observg the éffecf
of the longer'range2109Cd pﬁotéelectrqnsg_ |
Analysis of the resolution data described above was'disappdinting;

Better perfgrmance was expécted‘from the‘system'énd the.péor resolution was
attributed'to'the low signal;to-ﬁoise ratiof In order to increase the gain
of ‘the chambe;, a mixtufe of 23.52% isobutane, 4% methylal and 0.48% freon
leBl (CF#Br) by ‘weight in argon was subétituted for the argon-methane
mixturé.llThis gés has extremely good,spafk suppression propertie; and
allows muéh\higher voltages tovbe applied to the anodes. It also increases
thevspace charge limit on electron gain‘tﬁ;ough partial space charge
éancellatioh by :low mobility, negative freon ions.7l‘ However, increased
gaih is obtained at thé expenée of decreased prpportionality dué to
electroh”capture on the eleétrohegétive freon. Using this gas mixture,
thevchamber-éain was easily inqreased bY’é factor_éf four by raising the
anode volta§e to 3000‘V wifh no indication of spark breakdown.

| In-éddition to chanéing the filliﬁg gas to increaée the gain of
the chamber, it was decided to try a different technique for performihg

the resolution measurements. The bar pattern masks Were'extremely useful
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in that the im§§e modulatién at‘éach_freéuency was difectiy observable.
.Also, the'ﬁeasﬁremeﬁts,wére integrél_in thevseﬁse that tpe‘response_from
the enti:e,chamber was recorded.' However, use_of the bagﬂpattern masks
required aiséparate measu;ementkfor each mask, aﬁd’data-analysis yielded
pot the,MfF_cﬁrve, but on1y discfete pdints 1yingion the curve. On the
othgr hand, ail frequepcies are preSent'with equal amplitudé in the Dirac
delta funééion SO a sihgle measuremenf‘Of'the_sYstem's.reéponSe'to a
'delta-function'radiation'sourde_contains>all the information nécessary
to compute the entire MTF curve. in practicé'it is impossible toicon-i
struct a true delta function source buf’it is simple tofcorrect'fdr a
finite'widthvline éource‘(see Aépendix Cc). Thé reéponse of a system to
a line source_exgitafion>is aéprdpriatély'calied ﬁhe 1ine.spread function
(LSE)72 and the MTF is simply the Fourier traﬂsform;of.the LSF with
corrections for finite line width. |

A 55F(ie-x.-ray line souréé-was fabricated'Byvmillihg.a 3/16-inch-wide
'slét in a piécé of 1;05-inch—thick Lucite and fixing four O;OOS-inchfthick
- brass plates‘wiﬁh cleanly sheared edges to both sides of the slot so as to
form two parallel 0.010-inch-wide slits separatéd'by the thickness of the
Lucite. With the SSFevx-ray §burce 1ocated.over one of the slits, a iiﬁe
of 5.9 kev k-réyé.is_brojected ffom the_other slit.‘ Geometric effects{
tend to inérease.the width,qf the béah a§ fhe distance.frbm,the source fs
increased and the actual intersection of the beam with a finite thickness
detector isislightlyvtrépezoidéi in naturé.

An identical constfucti0n>was used to fabricate a 109Cd line source
excéét that 0;020;inch—thi¢k;1ead was substituted for thé brass and the

sides of the Luéite_block weré'also covered with lead.
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To ﬁaximize the daté collection rates énd’minimize spreading of
the beam, the line sources weré locate& as close és éossible to the chamber
(toudhing,thé mylar winddw’. They were’fhen accurately aligned perpen- ::
dicuiarl& to}the anodes and thelline source iéages were collected .in aerA.
Also;‘at this time, LSF's’wére obtained undef-the'same conditions as the
bar mask data;. | R

Compafiséh,of,the x;ray line soﬁrCe data with the 5ar mask data
obtained1under the_samé coﬁditions shbwed gOéd agreement. Since slits are
easier to‘make thén periddic bar patterns'and slit méésurements yield more
informatibn than bar patterﬁ measurements, the line source method was
chosen'qu'meaéuring the neutfbn resolution. Two pieces of cleanly
sheared 0Qd20—inch-thick cadmiﬁm werébclamped to a 1/16-inch-thick éluminum
plate and the gap Was accurately set with a feeler gauge. The aluminum
plate was then fastened to therchémber in stch a way that the angular
alignmenf_cbﬁld.be set wifh a screw adjustment. ReSolutipn measuréments
were made iﬁ ﬁhé beam port eXpoéure faciiify With the_cadmiﬁm slit aligned
perpendicularly to the énodés.‘

Fast ﬂeutroﬁ reSolution»measurements using the édlfethylehe con—
verter c&nsiéted of obtaining the image of the edge of -a 2-inch-thick block
of Lucite using an uﬁmoderated<Pu-BeAsource. As with all other resolution
measureménts;vthe edée of fhé:Lucite was aligned perpendicularly ﬁo the'r
ahodés and the cylindrically‘shaped source Qas placed with‘its axis normal
fq the plane of the chamber aﬁd.its front face about 140lcm from the ahode
plane. |

Thé LSF*s obtained for the 55Fe and lo9Cd.lin.e sources using the -

isobutane mixture are shown in Fig. 29. Background has been subtracted
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and both peaks have been notmalized to a maximum height of 10. The longer

range of the 109

Cd.photoelectron is seen to increase the”half—widfhlof
the LSF by app?oximatelylz mm near the basé;_ The extrapolated range of a
22 keV electrbn_ié about 0.’9vmg/cm2 wﬁiéhAisls mm iﬁ argoﬁ at STP.*
IConéidering the'prbbabilistic manner in_which electran‘léée‘energy and
tﬁe fact that'the chamber localizes the e&ent'at its center of ionizatiop,
':the observed. effect is about right.

The data preseﬁted in Fig. 29 were used as input for a Fourier
transforming prégram to calculate the MTF's shown in Fig. 30. The MTF's
obtainéd with the érgonrmethane mixthre at iower gain are also shown.
Higher contrast ratios Were obtaihed for both sources usiﬁg the argon- -
isobutane mixture. Thq contrast ratio values obtained from the bar masks
data using finite,Foﬁrier tfansférms are seen to be in good agreement
with the LSF transforﬁs'obtaihed under the saﬁé experimentél conaitions.~

Figure 31 éhéws a thetmal neutron LSF qbtained with a 1.00 mm wide
Cd slit in the réacto; beam. -The enefgy discriminator levels of the sca
were adjusted to inclnde only those aépérticles which deposited between
0.27'Mev (LLD)'ahd O.6lvMeV (ﬁLD)vin:the sensitive volume of the chambei.
The splid curve of Fig. 32 isithé MTF corréspoﬁding'to Fig.-31'and’
repfesents abéut the best-resclution which waS'obt;inéd Witﬁ this imaging
system. MTF'svfor other SCA settings are also‘pfésenfed. For the dot-.
dashed curve, LLD was lowered to the detection threshold {about 120 kev

for the chamber gain'whidh‘waS-employed during data taking). In principle,

" . o
The electron range in argon was obtained from aluminum range data using
- g ’ L2 L .

the approximation that the range in g/cm is independent of the atomic

number of the absorber (Ref. 38, p. 18).
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thé inclusion‘of low energy, short‘rénge:d-particles should improve'thé
resolution of the‘system but the efféct is séen“to be jﬁst'the opposite
due to thé‘dééreasea'aécuéaci with which.LoQ amplitude pulses are processed.
The dashed Cﬁrve is the system's response”when the SCA is séf to include
only the a—pafticles which deposit more than 0.61 MeV in tﬁe chamber. The
degradatian of resolution due to the 16nger fanges'is evident.

ThefoA conversion rétib.was choseﬁ small enough_(abbut
0.1 mm/channel) #hat the statistical nature‘oﬁ tﬁe experiﬁental‘LSF'é
had very iittle effect on the. MTF qalculétions. Several‘experimentél LSF's
were értifiqialiy smoothed (e.g;) by readihg_points from a fitted>curve
as ih Fié. 31) and the fesulting MTF'é'differed insignificantly from thoée
calculated from thé data>invthe region of'intérest. This is to be~expec£ed
since for_spétial periods that are large compared to the converéion ratip,
the MTF caicﬁlation itself is a data averaging‘roﬁtine, |

The choice'qf glit width, 2a, depgnds on the maximum spatial
frequency to which the ‘MTF caléulation'is“£o be extendede. The correction
factor'for.siit.widéh.has its fifst éinguiarity at v = 1/2a and in
general, cqntrast_ratio values calculated’fromvStatistical LSF's are
unreiiable near the éingularity. On the ofher,hand, unnecessafil? thin
slits aré nét désirable Sgcéﬁse;theyvléad to low data collection.rates and
10W'signal-£o-ﬁbise ratids;; Th¢ transférmation of séveral_thermalvneﬁtron

LSF's collected with a slit width of 0.35 mm showed that thé MTF either

tailed off to zero in -the vicinity of 1 cycle/mm or was very slightly
oscillatory about zero with amplitudes of 0.03 or less. Thus a 1.00 mm
wide slit was chosen to improve the statistics in the frequency-range of

interest. k
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AftérAcorrecting the-faSt neutfon resolufion.measurement for
source-sizé, the 10-90% knife;edge_resolution (distance between 10% and..
90% of‘thevdensity change across the image of the édge)'was found to be
about‘4 mm. Dﬁe to:the rélativély iong fénges of the more eﬁergetic recoil
protons (0 to 10 MeV for a Pu-Be soufde) the reéolution was‘expectéd to
be on the order of haif the active chamber thickness, so this value seems

reasonable.

4. Lucite Attenuation Measurements

For thé thermal-néutron Lucite attehuation meaéurements, a fest‘_.
plate was prepared'whicﬁ consisted of pafallel,'%—inch-wiae bars of
various Lucite thicknesses.. The Lucite stfips were separated by %-inch-wide
gaps in which Qefe inserted %finch—wide_strips of 0.020-inch-thick cadmium
to reducé the numberlgf neutrons reachihg-the chémber which carriédvno
attenuation.information. ﬁith an antiscatter grid”* mounted betweén the
chamber and the‘tést'plaﬁe1 thermal neutron images of the test plétes'
were cbllected in the éHA. After nbrmélization, the attenuation ratios
were_;alculated and the data least-square fitted to a simﬁle expohential'
fﬁnétion of.tﬁe form ¥ = Cexp(;x/l)+(1-c) which“allows>for‘a coﬁstant
background. As can bé.seen in Fig. 33, the antiscatter grid is véry
.effective in eliminéting the Scattered-fhermal neutrons. 'Image reversal,
as froﬁ Fig. 33a to 33b, was cbtained by rotating £h§ test plate 180°
with respect to the chamber_fo insure that.the measured responses were

. symmetrical. -

o . - .
The antiscatter grid consisted of a 12~inch-diameter piece of 1l-inch-thick
3 mm hexagonal celled honeycomb which had been dipped in a gadolinia-loaded

_paint.
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At'epiCédmium,energies the(abSorption‘équs section of gédolinium
falls off rapidly and the antiscatter grid becomes‘ineffective.v For this
reason, epicadmium attehuation measureménts_weré done ﬁsihg'only one

Lucite thickness at a time to simplify.the process of séparating'the
response due to tﬁe direétly transmitted_beém from the t&tal response.
Fof epicadmium imaging using_a 1/v type.deteétor, neutrons scattered.off
hydrogenous material caﬁ be éspecialiy troublesome sincé they are
 detected more efficiently than the difectly'transmitted beam which
coﬁtains the image information.

Eastineutron attenuatioﬁ measﬁremenps with a polyethylene con-
Verte; were also done one strip at é'time using #he Pu-Be fast neutron
soﬁrce. |

The-experimental data points, the curves obtained from least
square fits of .the function, v é'Cexp(—#/ki+(lfC), and the fitting
patametef; A, are displayed in Fig. 34. For;the cases of thermal and
fast neutron-atfenuation):the Afvalueé aré in good agreement with ;xPected
collision—mean;free pafh’values fof ﬁﬁe averaée—energy neutron in each

€0.62M1.0%.24 C1gM29%7

spectrum. _By_ﬁsing the stoichiometric formula,
for Lucite and'subtracting the weighted'microscopic cross sections of
carbon and'ox&éen, the effective hydrogeﬁ scattering crbss.sectioh was
found to‘be 53 bafns for thé thermal spécfrum énd 1.6 barﬁs for the Pu-Be
spectrum. When account is taken of the fact that the hydfdgen is partially
bound ét thermal energies, the energy corrESponding to the 53 barn cross
section is'0.625 ev.* The energy corresponding'fo the fast 1.6 bgrn cross
séctioﬁ is about 5 Mev.l3 - - ' L -

Hydrogen binding was accounted for by using the effective hydrogen scat-

tering cross sections in organic compoundé (Ref. 14, p. 567).
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Fof;the epipadmiuﬁ féactor spéctrum;'tﬁé éffective hydrqgeh scat-
tering crﬁés sedtién indicated by the singlé exponenti;l:fitvwas;found
to be 17.5 barné. Thié is an»uhlikely valﬁé since the corresponding
neutron enérgy is about 25 keV. Td.take'better'acgount bf_the Y;background
.(over 50%'invthis case) the epicadmium aata was refitted u$ing the functién,
? =‘Cexp(—x/Xn)+(l-C)eXP(-¥/Ky)r wheréixn and XY are the attenuafion mean-
free-paths in chite_for‘neutxons and Y;rays respectively. The resulting.
value of Xh =id.654 cm yields an effective hydroggn scattering ¢ross
'section of 22:6 barns and a.corfesponding,neutrbn"energy in the neighborhood

of 1 eV. The value obtained for A was 13.3 cm which corresponds to a

, Y
Y-energy of about 1.1 MeV. ‘The A-values obtained from application of
the double‘expohential fitting function to thermal and fast data were

-

within 1% of those quoted in Fig. 34.

D. Performance Analysis Methods for Resolution and Comparison

- With Experimentél Results .

The fortfan éomputer program which was written to simqlaté the
‘;(ﬁ,qﬁ éonversion and 1ocalizétion process isAbasically an extensionvof
Eé. (27) which was dn = Z;exp[—2£(T—g)]f(6)dxde Where dan ié the number-of
charged parﬁicles pgr incident;neutrén which is emitted from dx at x

inﬁo de at 6. TFor digital‘computatidn;'Eq.'(27) becomes
Anij = Zcexp[—Zt(T—xi)]f&Gj)AxiAej.' .o o N (39)

However, instead of simply summing over i and j for the total detection
efficiency, the'history of each Anij-is considered from its origin at some
depth in the converting layer, X4 to the point at which it stops in or

leaves the active volume of the chamber.
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The program treats eneigy deposition in the converting material,
in a layef of nohconverting mqferial (if one is present; e:g., an aluminum
pvercoat),_and finally in the £illing gas. Rahge—energy data is supplied in.
tableé for,fhe:materiais and particles involved. Finite differencing
of x and 0 is done in a linear fashion (A#i = Axk for any 1i,k; Aej = Aek

for-any‘j,k) With Xy defining the layer_of'conVerter nearest the active
volume énd Gl-definingY£he angular zoﬁé cl§sest to the converter ﬁormal.
'The.calculation begins at (i,j) = (1,1) and proceeds as.oﬁflined below.
1. 'Anij is computed écéord;ng-to Eq. (39) above;
2. - The energy loss suffered by the charged parﬁicles as they
Vpass'through,the cénverting layer and the noncdnverting layer
(if prééent) is computed and subtracted from the initiél,
particle énérgy.” For boron converters, both tbe o-particle
" and the'ﬁi;récoil are detectable‘ana each is.treated separately.
3. .The pérticle range in the gasvcorrespphding to the rémaining
.kinetic eﬁergy at the gés interface is;compﬁtéd and .the center
of ionization of‘the track in the active volume.is~f6und.
4L If the energy deposition.in the gas.lies between_LLD and ULD
‘(set ét thg beginﬁing Qf.the.problem), Anij'is binned according
to energy to form the energy sbeétrum; The diétancélbetween
.the p@int of oriéin‘in the%éonverter and the center of jonization.
-in the gas is then projected onto the anodé plane and Anij
is binned éccording'to this leﬁgth to form a radial profile of
'pérticle localiéatiqn points.
When i and.j have both run their fuil'range, the first part of tﬁe'

calculation is complete, resulting in the energy'spectrumy ne(E), of
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detected pafticles and the radial density profile:of’iocalizatiqn points,
nr(r). The deteqtion efficiency, n;.can be coméu#ed from eithervdistfibution
aé n = ?ne(Ei?AE; =_§n£(rj)2ﬂrjAr5. .In'princéple, the distributiqn; nr(r?,
is a complete indication of system resolution but is extremely difficult
to measurevexpgrimentally, so»n?(r) is used td(éompute siﬁulated responses
tb experimental situatipns such as a knife edge or'slit.l These computed
résponses can then be compared directly.with experimental resuits.

The only fast neutron experimental results were obtainéd with a
Pu-BéISOUrce having a neufron‘energy 5péct;um>extending.frbm 0 to about
10 MeV. 1In this case, the flux was divided intoIWeighted groups representéd
by an energy,'Ei;;ahd a weighting factor, ¢i; such that §¢;4= 1. The
calculation as outlined above‘in steps (1)‘through (4) wésvthen repeated
for each groﬁp, and coﬁtributions from each group to né(E) and nr(r) were
accﬁmulated until the last group was processéd. 

In géneral, results of the program were in good quaiitatiVe agree-
ment with expérimenfal_results. In mény'cases,lreasonable quantitative
agreément was also obtained.. The major factor which is not treated in.
the program is the imperfeqt energy reSOlutién,of the'pﬁysical system.
Such factors as'local vafiatiohs in anode—%ire—diqmeter and spacing or

small variations in the plane.spacing cause the electron gain to vary over

the active éhamber area. The FWHM of the photopeakvof 55Fe was measured

to be approximately 20% and the energy“résolution for charged particles

should be approximately the same (assuming the electron gain is not

saturated). Thus, the simulated energy acceptance window (LLD,UID) is

sharply defined whereas the experimental window includes.some particles

with energy less than LID (and shorter ranges) and some particles with
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energy greater than ULﬁ.(and.longer-fangés). 'In addition, the program ,
does not suffer from detection threéhéld'effects'SO that coméuted optimum
performance c¢characteristics are on the optimisﬁic side.
Figure 35a'Shows‘computéd eﬁergy spe¢tra‘for a 0.24 and a 0.86 mg/cin2
Op conVé;ting layer assuming.the maximum o~particle rangé in boron to be
1.03 mg)cﬁ?; The curves were obtained by-spfeading each element of the
p?ograq spectrum, ne(Ei), inté a 20% FWHM Gaussién and }ebinning; The
knee in tﬁe‘curve>lébeled Li-recoils corresponds to the.mé#imum Li-recoil
energy and the peak. labeled a;particles is due to the more‘eneréetié»'
a-particleé'which traverse the entire active volume and st§p-in the
opposinglcqnvérter. Both cﬁrveé ha&e been.normalized to thé.same area -
to clearly demonstrate the soffer spectruﬁ which ié obtained from the
thicker converting layer. ‘
The qalculation was repeated assuming thé maximum q-particle

range in boron to be 0.81 mé/cmz. These rgéults-are showh_in Fig. 35b.
The expefimental spectrum of the 0.24Vmg/¢m2fqu cqnverter obtained from
pulse height‘analysis-(approximately 0.01 MeV/chaﬁnel)lis also shown
here sincevthe agreement with'cﬁlcuiaﬁioﬁ seemed to be beéter. The more
rapidxrise'of the experimental spectrﬁm at 1ow.énérgy is.probably aue
mostly to‘core¥gammé contéminétion in-thé.reactor beam. It is intefesting
that the éxperimehtal ;pecﬁrum follows. the spectrum for a thick cqnverter
more closely than the thin converter spectrum. It is possible that
the thickness of the coating could fluctuate over a Qidé-range but étill
average to 0.24 mg/cmz._ In this case, the spectral contribution from thin

areas would be characteristic of thin layers and similarly for the thick

areas. Thejdetected_energy spectrum for such a ‘converter would then be an
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In {(a) the range of a 1.5 MeV G-particle was
of boron and in (b) the range was taken as
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average specfrum, the precié¢ néture 6f which wdﬁld depéna on the details
of the fluctuations. ’Thickness.fluctuations alSé lower fhe detection
efficienCy since converting maferial which is hburied" below the average
_ depth is nécessarily‘léss”efficient in yielding charged particles to the
active volumef‘ This effect has been noted by 6tﬁei investigators and
efficiency loss factoré on the order of'30% have beeﬁ reéorted.68

The‘SCA discriminator éettings were caliﬁxated in MeV according
to Fig. 35b’énd then uséd as inéut parameters in’ the simuiation Eroéram.
In Fig. 36, the MIF for‘(LLD(ULD) = (0.27,0;61):has beén,repeated from -
Fig. 32 after adjustmént according to Eq. (385. bThe p£ogram's response
is shown as the éotted curve. - The prpgfamlprediCted the ocdurrence of
negativeFCOntréstvratios for eﬁergy discriminator settings which réjected
a significant fraction of the shorter rénge particles.' As a test of_thg
theory, fﬁe éystem's.responée‘was measufed»at (LLD;ULD) = (1.35'1.50)'
and is also.shown in Fig. 36v(after adjustment)valong with the computed
reéponse.b'Phésé,inVersions of_this sort were also observed direcfly
using the test blates of'parallel cadmium strips with the prototype
chamber._, | -

A negaﬁive céntfast rgtio at.a-spatial frequency{ Vv, means that
the 5ystém's iﬁage-ofva periodié test patferh of frequency, Vv, will show
the greatest.réspdhse in éreés,of leaét exéifation. .In'terms of images
of real objects.whiéh cover the entiré'spatiél frequency spectrum, it
means that fine details will'nOt-be resolved at all, and gross details
will have‘verérindistinct edges. Needless to say, this type of reéponse

is to be avoided for imaging applications.
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Finélly, the proéram'was used to predict the apprpximate resolution
that could be.expected_from‘the system in the absence‘of a lower le&ei
detection'threshoid (és mentioned pre&ibusly,'?he'low energy portién of
the experimental pulse‘height_séectrum.wgs imméfsed in the core-gamma
spectrum and the low ampiitﬁde pulses were not processed as accuratelf
by the ele;t?onigs); Figurg 37 shows the results obtained for a 0.86 mg/cm2

OB converter‘by including all particles in the acceptaﬁée Qindow

(ULb = 1.50), and'thén only,the.low energy half.of the speectrum (ULD = 0.60).
Comparison of.Figs. 36 and 35_demonstratés the importanée of including the
1§west energy particles in thé acceptanée window..

If a high density filiiﬁg gés and/orx preésurizétion is employed
to shorten the partidle'ranges, the ULD = 0.60 curve of Fig; 37 cah‘still
be used to estimate spatial resolution by écaling'thé abscissa. For |
instanée,'if the ranges are ha;ved, thén abscissa values shéuld be multi-
plied by two. 'fhe éame is ndt Erue of the ULD ="1.50‘ cﬁrvé because this
curve includeslthe effects 6f'éartic1es stdpping in the.opposing converter.
Although tﬁe séatial-résolgﬁipn obtainable.frém the conversién process in
lOB_can be'inéreased'by the ‘use of pressurized, high density géses, the
system'reSOiution iS'étill limited ih one dimension by the anode wire
spacing.

Aisé inéludgd in Fié.'37'are the computed MTF's.for a 1.5 mm~thick
polyethylene proton récbil converter used witﬁ a Pu-Be soufce. Again,
thé-célculatiéh was done fOrJtﬁe total énergy spectrum and the low energy
half of thg speétrum;,-Note ﬁhat while maﬁy of the recoils possessrenergies
in the Mev rangé, ovér'Qé% bf thém deposit.less than 500 keV in the chamber

due to their relatively long ranges. Furthér reductions in the ULD setting

it
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do not effect improvements as great as in the case of the 'OB converter

- due to the reduced correlation between track length and energy deposition.
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~ VI. IMAGING WITH NEUTRON SENSITIVE MWPC

A. Direct CRT Imaging -

The first radiographic images taken with the 10 X 10 inch chamber
were obtained using direct CRT display during the exposure. The scope
camera was loaded with 3000 speed Polaroid film and set on time exposure
so the dots of ligh£ corresponding to individual interactions in the
chamber were accumulated as fhey occurred ‘in the latent film image. This
is an extremely versatile detection technique since the photographic speed
of the system éan be varied over a virtually unlimited range. Through
adjustment of the camera aperature and the CRT beam intensity, the speed
can be increased to the point that single inteiactions produce large(
completely exposed areas, or decreased to the point that repeated inter-
actions are required to cause visible film darkening thus producing
continuous tone radiographs.

Three examples of‘this method are shown in Fig. 38 which also
demonstrates the correspondence between visual image quality and the MTF's
presented in Sec. V. Figure 38a is a 55Fe x-radiograph of two leaves
(the range of suitable subjects for 5.9 keV x-rays is somewhat limited)‘
takén under the same experimental conditions as the 55Fe LSF shown in
Fig. 29. ‘The edge definition is good and the veins are clearly imaged.
The lighter, éircular areas in the lower leaf were dry spots. Figures 38b
and 38c are thermal neutron radiographs of the same electric hand drill.
shown in Fig. 8b which were taken at different SCA energy discriminator
settings. Figufe 38b was taken under the same conditions as the thermal

neutron LSF of Fig. 31 with (LLD,ULD) = (0.27,0.61). Figure 38c was
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XBB-742-869

Fig. 38. (a) 55Fe x-radiograph of leaves, (b) thermal neutron radiograph
of drill using low energy portion of alpha-particle spectrum, (c) thermal
neutron radiograph of drill using higher energy portion of alpha-particle
spectrum.
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takeh with (LLD,ULD) = (0.61,1.20) and shows the degradation in spatial
resolution due to inclusion of longer range particles. The mottled pattern
superposed on the neutron radiographs is the image of the 3-mm-cell
honeycomb antis;atter grid.

The images shown in Fig. 39 were also obtained 5y direct CRT
display. ‘Radiographs (a), (b),_and (c) were taken prior to acquisition
of the antiscatter grid but they still serve to demonstrate the effect
of counting statistics on image quality. Radiograph (d) is repeated
from the previous figure (38b) to show the improved sharpness provided
by the antiscatter grid. The experimental conditions were constant for
this set of radiographs (excepting the antiscatter grid an& the camera
f—stob) with neutron interaction densities of 5, 10, 60, and 40 mm-2 for
(a) through (d) respectively. Image graniness is seen to increase for

2

lower interaction densities, but even at the lowest density of 5 mm ;

the essential features are still present.

B. Image Storage in 4096 Channel Analyzer

l. On-Line Readout

With the 4096 channel memory arranged into a 64 X 64 square matrix
corresponding to the 25 cm square imaging area of the chamber, each element
of the matrix corresponds to a 4 mm square area of the image. As mentioned
earlier, the.knife-edge resoluﬁion obtained with the polyethylene proton
recoil converter was about 4 mm, so that little spatial resolution was
lost by storing fast neutron radiographs as 64 X 64 image matrices. Figure 40

shows an example of such a radiograph.
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Fig. 39. Radiographs of drill taken at different interaction densities.
(a) 5 mm~2, (b) 10 mm~2, (c) 60 mm~2, (d) 40 mm~2.
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Fig. 40. (a) Test object used for fast neutron imaging, (b) and (c) fast
neutron digital radiographs of test object, (d) isometric display of
memory contents.
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Figure 40a is a photograph of the test object which consisted
of two semicircﬁlar shaped pieces of 2-inch-thick polyethylene and a
steél nut, 1-i/8 inches across the flats. Images (b) and (c¢) were ;
obtained using the digital photographic display unit and (d) is an
isometric display of the memory contents (a built-in function of the
memory unit). Figure 40d is rotated 90° CCW with respect to (b) and (c)
and the polyefhyiene attenuator is represented by the depressed area
which is made up of channels with smaller numbers of stored events.
Image (b) is a photographic version of the same information displayed
in (d); that is, the 64 contours were evenly distributed between zero
and the level defining unattenuated areas. It therefore shows essentially
the same information that would be contained in a direct CRT imaée. In
(c); the bias and gain controls were adjusted to restrict the contours |
to attenuation levels containing the image of the steel nut which is
barely visible in (b). The extension of this method to radiographs of
more complicated structures is straightforward. Subject only to the
image statistics, radiographic details lying at any attenuation level i

can be picked out and imaged with up to 100% contrast.

2. Off-Line (7600) Image Processing

For thermal neutrén imaging, a problem was encountered with the
use of the antiscatter grid. The parallel channels of the grid attenuated
the divergent reactor beam more heavily as the distance from the beam. -
axis increased so that levels of constant attenuation were no longer

represented by contours of the stored image matrix. While the problem is
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easily corrected through channel-by-channel normalization of the‘image
" matrix, the correction cannot be performed by a‘simple PHA. This task
was acconiplished by transferring the data to a large computer (CDC 7600)

for arithmetic manipulation.

Two examples of digital thermal neutron radiographs are shown in
Fig. 41. 1In order to take advantage of the better resolution obtained
from the (n,0) conversion process, the image data Qas collected as four
separate 64 X 64 matrices (and four more normalizing matrices). Each
element of the resulting 128 X 128 matrix therefore corresponds to an image
area approximately 2 mm square. After ﬁormalization, the contents of
each matrix element is a number between 0 and 1.0 which represents the
fractional transmission at the corresponding area in the image. Figure
4la was produced by distributing 32 gréy shades evenly between O and 1.0
and (b) was produced by distributing the 32 shades evenly between 0.1 and
0.9. The choice of limits in the latter case results in background
subtraction. and contrast enhancement for small attenuations which makes
the outline of the aluminum case much more eVideﬁt.

After the image data is reduced to a normalized matrix, the visual
display can be tailored to suit the situation. As in Fig. 40c, small dif-
ferences in attenuation can be expanded over the entire range of contrast.
In addition, the arithmetic capability of the computér allows for adjust-
ment of the functional relationship between attenuation énd image contrast.
For example, individual elements of the matrix can be squared, exponentiated}
or logged to accent particular features of the image.

The exposure or interaction densities which are necessary to produce

digital images such as Fig. 4la are subject to a fairly clearcut criterion.
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Fig. 41. Digital, computer processed thermal neutron radiographs of drill.
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Under ideal circumstances, the human eye is capab1e~of recognizing a
minimum luminance contrast of about 1%.73 However, many factors can
reduce the eye's ability to perceive confrast differences and 30 to 50
gray shades are generally sufficient to produce adequate, continuous
tone radiographs. Since each resolution element of a digital radiograph
is imaged with a single shade, it is only necessary that enough counts
be collected from each element to define the proper shade within a
reasonable error. Thus, if N shades are used to image the data and the
standard error is chosen, then a minimum of N2 counts should be collected
in the most exposed resolution element. This results in minimum pro-
babilities of 38% that a resolution element will be imaged with the
proper shade and 87% that it Qill be imaged within one shade of the proper
shade. The statistics of Fig. 4la conform approximately to this criterion.
Since the finite resolution of a detector effectively divides the image
into resolution elements whether or not the image is digitized, the above
coﬁsiderations also apply to undigitized images for informational purposes.
A common application of radiography is the location of small
cavities or foreign inclusions in otherwise homogeneous material. The
measure of a system's abiliﬁy to image such details is known as contrast
sensitivity. For conventional photographic radiography, the contrast
sensitivity depends on the smallest change in specimen thickness that will
produce a deteétable density change on the film which can be shown to be

equal to

GZAXmin B AD‘min
AD = m—————  Oor Ax

min 1n(10) min _ 0.43GY (40
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where I is the attenuation coefficient of the material and G is the slope

of the characteristic curve of the film.74

For a digital radiographic system, the contrast sensitivity is
mainly a function of the counting statistics. The analog of Eg. (40) for
. ‘ o : ANpin

a single channel of a digital system is AN ., = NIAx . OF X _, = St
' min min min NZ
where N is the average number of counts/channel around the inclusion. When

the statistical uncertainty in ANmin is included explicitly, the expression

for Ax . becomes
min

Nminir i ANmin .
Ax . = ; = t — ; i (41)
min NZ NZ /NS

Génerally it is desirable that the magnitude of the statistical error in
the quantity, Axmin' be no larger than the quantity itsélf. Thus, a
practical criterion for choosing N is Axmin 2’;;?; which alternately
serves to establish the minimum thickness change which can be determined
for a given N. According to Eg. (41), Axmin can be made as small as
desired with any desired accuracy by proper choice of N.‘ In practice,
Axmin would be subject to limits set by background (such as the scattered
coméonent of the incident beam).

Figure 42a is a photograph of a test object used with the MWPC to
make a contrast sensitivity measurement. It consists of 50-um-thick mylar
letters on a 0.016-inch-thick aluminum backing. In our reactor beam the
attenuation-ébefficient of mylar was measured to be 2.8 + 0.3 cm—l. Sub-
stitution of this value for X along with typical values for ADmin and G
of 0,015 and 4 respectively74 into Eq. (40) yields Axmin'= 31 um for the

photographic method. Thus the letters would be slightly better than

barely detectable in a film radiograph.
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Fig. 42. (a) Test object used for contrast sensitivity measurement.
(b), (c), and (d) Digital, computer processed thermal neutron
radiographs of test object.
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The three digital radiographs shown in Figs. 42b through 424 were
obtained froﬁ a 64 X 64 normalized image matrix. The standard error for an
individual element was about 3% (approximately the same as the percent
attenuation provided by the mylar). In (5), the matrig was imaged by
distributing 32 gray shades between 0.945 and 1.030. For image (c), the
elements were averaged in groups of four to improve the statistics and
then elements lying below 0.980 were imaged at 100% contrast. In (d), a
normal distribution (centered at 0.970 wifh a 0 of 0.015) was divided into
32 equal area segments which are shown in 32 gray shades with the lightest
shade corresponding to the center of the distribution. Figure 42c is
probably the best demonstration of digital contrast sensitivity since by
simply improving the céunting statistics, the missing resolution elements
can be filled in. Further improvements of the statistics would allow the
size of the resolution element to be decreased and would allow thinner
specimens to be imaged with comparable contrast.

Since the method used to produce the foregoing digital images
involved a time consuming data transfer (from paper tape to IBM cards),
it is not practical for routine radiography, but it still serves to demon-
strate the capability of the MWPC aé a digital imaging device. This
difficulty could be eliminated by the addition of a small on-line computer
to ﬁhe system in which case the visual images would be available for
inspection aimost immediately following the exposure.

for biological applications, or for radiation safety, the radiation
dose to the subject due to the neutron exposure is an important con-
sideration. At the present thermal neutron detection efficiencies that

have been achieved, the dose at the detector is already quite small. For
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the radidgraphs of thé electric drillléhown ining. 39, the dosesvrahgea
from 20 fd'240‘ﬂrem; " For the fast neutron.iadiographs shown in Fig. 40;
the dose wasvabout 230 mrem'correspoﬁdiﬁg to aﬁ‘inféraction density‘of
about 17 mm_z,at a detection efficiency 6f 0.03% (the‘high energy threshold
Wasvreduced to improverresolution). However, because of the relativeiy
large size of'the resolution element and the extreme simpiicity of.the
subject, approkimatély the same,information'could.have_been obtained from
an. exposure of 100 mrem.

As the thiékneés of the subjéct increases and the incident beam
is ﬁore heavily atfenuated, the dose to the subject must be'increaéed to
maintain the diréctly transmitted fluence at the deétector. Table ViI sﬁows
Athe‘dose to Qa;ious‘thicknesses of Lﬁcite-whiéh result in‘a directly
transmitted_fluehce_of 1000 ‘neutrons/mm2 for fhe thermal reacfor spequum,
the épithérmalvreactof spectrum, and the Pu—ﬁe soﬁrce sﬁectfum.v

The futility of attempting to-imége thick organic specimens with
thermal neutrons is evident from Tablé VIIf  Eveh if»thé indicated dose
for é 5 cm thickness:wére acéeptable,nthe high background due to thevSCat-
teﬁed comﬁonenﬁ would make imaéipg of the diregﬁly_transmitted_beam'almost
impossible; ‘Since the ratio_éf the scattered intensity to the di:ectiy‘
transmitted inténsity;incfeases apRrokimately lbgarithmicélly74 with -
subject thickness,;ﬁhe problem is compounded qu-larger thickne;ses.
Thevgreafer-pénetrafion‘provided by epithermal and fast peutrons.regults
in ﬁuch iower doses for ﬁhickér subjeéts at the expense of reduced material
cont;ast. ' ' .' ’ | |

Fér bﬁrposes ofvc6mputing the aose réceived by the subjeét‘in

acquiring an iﬁage with a given interactionvdensity, the efficiency of the
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Table VII®

Dose to subject for directly transmitted

fluence of 1000 neutron's/mm2 (mrem)

Lucite _
Thickness ' :
(cm) Thermal Epithermal - Pu-Be
(A = 0.30 am 1) (A = 0.65 cm 1) (A =5.8cmt
0.0 . 0.104 ~ 0.104 o 4.08
0.1 . 0.145 ©o1.21 - aas
1 -  2.86 - 0.480 4.84
2 . 78.8 . o 2.22 '5.75
5 1.64 x 10° o218 _ 9.61
10 . 2.59 x 10t 4.59 x 10° ' 22.6
' 35 o 15

25 0 1.02 X 10 4.25 x 10 295

* ) . X
Neutron dose data taken from‘Ref. 75.

imagé detectbr,must al#o be;considered,  Fér insfance,ltﬁe detection
efficiencieé achieved Qifh the MWPC foi tﬁermal, epithérmal, and fast
neutron ehgréy Spectga'Were approximately 0.035, 0.0055 {scaled from

0.025 eV to 1 ev as ;/v),_and 0.001 réspeqtively._ FOrba:given interaction
density,.thésé‘efficiénCies‘resu1t inféppfoximatel&lequél thermal and
epithermal dosés»to aILucite”thiqkness of 1.0_cﬁ énd equal’ epithermal and

fast doses tbva‘Lucite thickness of 3.9 cm.
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vII. .CONCLUSiONS.:

The neutronvéeﬁSitive‘MWPC provideé radioéraphic capability"that
isvnot otherwise avéilable in ﬁhe family of more conventional neutron
radiographic image detectors._ Its majorlattributes include extfemé
§ensitivity and iﬁs'ability to provide coordinaté informatién that is
easily digitized for.compﬁter storage and manipu;atipn. "For the radio-

graphic inspection of large objects whére spatial resolution fequirements

- can often be relaxed, the reciprocal.relationship between the size of the

- resolution element and the necessary interactidn density allows the

exposures and source strengths to be reduéed accordinély.

| Therresolving capabilities of the.MWPCvand-two conventional image
detectérs are compared in Fig. 43. NE 421 is a mixture of 6LiF, ZnS) and
a plastic binder (1:2:1'by weight) énd is representative of the class of.
neutron—seﬁsitive scintillators. - Thé MTF for the_MWPCvis repeated from

Fig. 32. . The superior resolutibn of gadolinium makes it irreplaceable for

.extremeiy high resolution'applications. However, the resolving power of

the scintillator is seen to exéeed that obtained from the MWPC by less

than a factor of four. The use of pressurized, higher density fiiling

gases to shorten the'charged particle'track 1engthS'will improve the
resolution'in one dimension,'bﬁt for two-dimensional imaging there is
not much point in.exceeding the resolution set by the anode Wire spacing.
While present congtruqtion techniques make 1 mm anode spacings gréctical,
it becomes indréasingly difficult to,ﬁaintain the necessary tolerances
for finer‘épacihgs;' Thﬁs fhe MWPC resolution indicated in Fié. 43 can

probably be increased by a factor of two without Foo much difficulty.
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The speed oann image détectér_is gehera11y inversely related to
its resolving power so that.high-resélution images are obtained at the
exbensé of higher’neutron'figéﬁceSQ “The exposﬁrés which.afe neceSsary

vto prbduéé a density change-of 1.5 on photographic film are }isted'in
Table VIII. Tﬁe exposure‘listed for the MWPC‘willvimage'ten,shades in‘a

2mm square -according to the_criterioh set forth in Sec. VI-B.

‘  mable VIII®

Exposure

Image Detector (thermal neutrons/cmz)

film

Kodak Type AA

o - 8
25 : 2 X 10 - ; ]
Ga Hm) ) . © _ (x-ray film)
" NE 421 (0.65 mm) 9 x 106 Kodak.Tfl—X fllght
: ‘ sensitive film)
. _ 5.
MWPC . 2 X 10 ——

* ‘ : . :
Exposure data for NE 421 and Gd metal from Ref. 4, p. 62.

Aé in fhe case of the séatiél:resolution, thé speed or detection
effiCienéy'of tﬂe MWPC is also subject to improvement. 'Incﬁeases of 20
to 30% should bevrealiéable with more‘ﬁgifbtm converter coatings; .Also,
the use °f more-sensi£ive.electronics capable of accurately timing low
amplitude'puises would-increase'both the détection efficienéy and the
spatial reSolﬁti¢n.

Much largér ihéfeases inbthe detection efficiency'might be realized
wiﬁh the application of‘layered; honeycomb.converters similar to those

recently‘devéioped fbr-increasing Y-detection efficiency'in the MWPC.76
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In place of fhe lead.y-to—electron éngérterAcoétipg,:the'honeycomb |
would bé coéted with ;9B for slow neut£éﬁ detéction or a ﬁydrogenous
materialifor‘fast neutron detection. The surfacébaréa_for the conversion
reaction -can be incréésed manyfoldlin‘this manner. éonducting strips are
incorporéted in the design of'thé honeycomb sé axial electric fields can
be establisﬁed‘to drift electrons from the célls'into the sehsitive
voihme of‘thevchambér; It is difficult'to érediét to what extent the

. thermal neutron detection efficiency can be inc;eaSéd in this manner but

a value as high as 15 or 20%'does-not_seem-too’unrealiStic.
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Appendix.AQ’ INDUCED CATﬁODE PULSES AND DELAY LINE_INTERPOLA&ION

In the early stages of induced pulse formation the totai chargé
_in the ion sheath ié cbnfinéd‘to a small'volume about the anode wire, and
at a:distént point on ;ne of the cathode planes. the .sheath appears.as a
point charge. From electréstatics77 the induced charge denéity.on an
infinite élane due té a point charge, Q', situated .a distance, L, frqm
the plane is
Q'L _ o

p = v - ——
: 2'rrr3 21T(L2 + x2 + z2)3/2

éoﬁlomb/cm2 o (42)

where r is the distance from the point in'the plane to,the charge (see
Fig. 44). The*induced‘charge density on long sﬁrips can be obtained by -

integrating with fespect to z.

0'Ldz o' - o . '
; = = “— f(x/L) coulomb/cm . (43)
»2ﬂ(L2 +x° 4 z2)3/2v TL(1 + x2/L2) o .

-00

The function f(x/L) is shown in Fig. 45. Note that for distances as
large as 3L away from the avalanche, the charge density has only dropped’

to 10% of its peak value. The charge induced on a long finite width strip
withedgesvat-xl and x, is obtained by-integrating the charge density

across the strip, or

X2
‘Q'(xl,x2) - Q'dx _ _ 9 ;tanfl(xé/L) - tanfl(xl/L)] . (44)

2
TL(l + x /L2) m

Xl‘
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'XBY, Th1-206

Fig. 44. Geometry‘ for calculating the induced cathode charge distribution. o
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Fig. 45. 1Induced cathode charge distribution and addition of pulses in delay line.
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Thekrelative.charges induced on_efrips:of Width_0.8L are shewn
as the histogram suéerposed'on‘f(x/L) iﬁ_Eig. 45.' As long as the radius
of the ion sheath. is small, the point charge assumptlon will be valid.
Thus, the relatlve shape of the charge dlstribution, f(x/L), should
remain constant during fast pulse formation. ‘The time development ofkiﬁduced
cathode pulses must tﬁerefore follow that deiived/forathe induced_anode
pulse (Eq: kll)).

Figufe 457a1eo showe the cathode ﬁulses being coﬁpled intq a
delay lihe. Here it is assumed'that the pulsee are coupled into discrete
points iﬁ-the‘line cerresponding to the centers of‘theacathode strips.
It has fgfther been-aesumed that L =15 mm and the delay line poeition-to-v‘
time conversiep ratio»was‘taken as l?.S_nsec/mm. ‘The situation is depicted
225 nsec'after-the avalanehe and the peaks of the pulses have already
traveled 14 mm down the line. Note that a set of mirror image pulses
would be propagating to the left and eventﬁally will bevdissipatedvin the
vterminatiqn resistoﬁ. The actual ehape'of fhe'pulse in the line ie jﬁst
fhe algebraie Sumvof.the pulsesicoupled from each eathede strip. The
peak of the sﬁm—pulee-ie seen to be_l4'mm down line from theAactual'positiQn
of the‘avalanche, se by‘ueing zero-croes_timing it is possible to'inter-‘
polate between cathede etrips for the real event édsition.'

. vThe ripple of fﬁe sﬁm—bulse'woﬁld ﬁot be preseﬂt on an actual
delay 1line pulse'é#imarily because the pulses_are coupled.into a fihite
width of the delay line ratherbthan.at a poipt.v In aadition, amplitﬁde
distortion weuld'heavily atfenﬁate the.high frequencies'whieh constitute

the ripple.
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Appén&ig‘s.v SCHEMATICYDIAGRAMS_OF'FIDﬁCIAL MARK GEﬁERATOR AND
| 'DIGITAL PHOTOGRAPHIC DISPLAY UNIT
ThiSvéépendix contains thé.SChematics for the two units thch
wefe developeé specifiéally a$‘part of thié projécﬁ, The timing SCA and
timing diSériminators are docﬁménted in 1LBL drawings 22X2l$3-SlA,
22X2223 1-1, and 22*2153.L—1A and the amplifieré aie documented in LBL
» drawihg_22x2l6i—Pl.“
In fhe following diagrams, component numbers Beginﬁing_with.74~

refer to members of the 7400.series of TTL medium speed logic.
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" ALIGNMENT.

Veo RISETIME
wT _ _ : ‘ Q : ]
OSCILLATOR - : : _
: SCHMIDT |~ ' MONO- MONO -
O.4Hz to 100kH2z TRIGGER . ‘STABLE . i " STABLE
‘ NGGER P 74123 | 74123
0
. 5 ' '
. - I 2|
TTL to NIM - c 2
LOGIC
TRANSLATOR
AND .| Two-BiT}.
500 DRIVER - | COUNTER
473
____________ a
U

' 0 . . -
|’ | FIDUCIAL ! . FIDUCIAL: STOPS .
-700 mvV START

(WITH 500 TERMINATIONS "AT MWPC)

XBL 742-350

Fig. 46. Schematic-diagram of fiducial mark 'geh'erator'.
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DETAIL OF COUNTER |
Ve

: SIX-BIT
NO. OF | COUNTER

‘ - SHADES | (see detail),
. , c
. Ot
INPUT SCHMIDT _/_- g
——————] TRIGGER o &
7413 e |

VISUAL ©
INDICATOR

XBL 742-348

Fig.’47. 'Schématic diagram. of digital photOgraphic display unit.
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Appendix C. DETAILS OF MTF CALCULATIONS
Any function, f(x), which is piéCewise.differentiable in the
interval, -%L < x < &L, can be expressed as an infinite sum of sinusoids

. . . . 78 . .
known as an exponential Fourier series, i.e.,-

f(x)- ‘=l15 Z fnexp(‘zlwri\)nx) (45)

] n=—x
where
LL. ‘ .
w2 e _ . : '
fn =T f(x)egp( Zﬂ;vnx)dx . o .» - (46)
-1, : \ .
and v, = v = %7 £ is the amplitide of the nth harmonic. If the function

is symmetric about x = 0, then Eq. (45) and”Eq;'(46) respectively become

f(x) = E:: f cos(2ﬂva)r ~ : o _‘., | (47)
n n .
=0 ' )
%Lf"
£ =2 | fx)cos{zmv x)ax . . . . S (a8
n L : ‘ n o : . .

_'—%L_

For the ésymmeﬁric'square’wave,objecf function shown in Fig. 48a, Eq. (48)

becomes

| ML e - LL
On =T "O(x)cos(2ﬂvnx)dx = E‘ - Tzcos(2nvnx)dx + Tlcos(Zﬂan)dx
' % 5 0 e
>0 = jL(T - T)sin(mv.c) ' R k49)
n nm 2 1 ’ n " ‘
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- Fig. 48. Calculation of MTF's from experimental data using (a) pefibdic bar masks and

(b) a slit line source.



-164~ .-

where T, and T, are the*fractional tranéﬁiSSion’of;the spaces.and'baré
of the mask. Deflnlng the degree of asymmetry as G L - c/L so that

c = L(% - 6),.Eq. (49) becomes

JL%T - )( 1)li(n 1)

(T, cos(nﬁG) for odd n

2
0 = am'Ty -

N _
n 5 ‘1‘1)51n(2 | nmd) =

JL(T _ Tl)(_l)%(n—Z)

Ty 31n(pﬂ6) fo; even,§>0

(50)
'where‘use has beéen made ofﬂthe trigonometric reiation fof the sum of two
angleé; The. masks are:desigﬁed to be symmetrical and § can usually be kept
below 0.1 so that evén harmonic.amplitudés'are-much lower than odd hérmonic '
amplitudes. ' In the'remaindéf of'this deriVation,yh'denofes én odd inteder.
The iﬁage funqtion, I(x), which is the system's resbonse to the input,
O(k)( can be expressed‘as a simiiar series. Applyiﬁg Eqg. (48) to I(x)
yields |

I, =.%- I(x)cos(ZﬂV x)dx - ' ‘ (51)

_liL .

Since the. function, I(x), is obtained from channél-byfchannel normalization
of PHA data resulting in the ordered se£ {Ik}, Eq.. (51) is recast in the form
of a finite sum,
L/Ax o : o

o= Z-EZ: I cos(2ﬂv kAx)Ax ' _ (52)

n L : )
where Ax is the spatial width corresponding to one channel of the PHA and
k =_1'c9rrespdnds_t9 a channel containing either a minimum or a maximum

of the .image function.
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By definition, the value of the MTF at a spatial frequency, V_,
’ . v S , T n
is the ratio of sinusoidal modulation of_frequency, vn’ which is transferred

from the system's input to its output, or .

l/vAx . .
. Z I, cos(2mV_kAx)
. I_(v) ok n :
MTF(\)n)E =‘on oy = nTVAx k=1 — D) . (53)
n o, = ) (=1) T cos (nmd) .

Generaily a‘separate testfplate is prepared for each frequency at which
a measurement is desired so only the first harmonics are involved in the

MIF calculation and.Eq. (53) becomes

1/\)A’>¥

§: I, cos (2mvkAx)
4 k=1 o ‘ o
MTF(\))‘ = == ‘m)Ax T, - Tl)cos,(mS) e (54)

T

In principle, the symmetry of I (x) allCWS’the range of integration in
Eg. (51) to be halved.. However, the statistical nature of the experimentally v
obtained I(x) makes it advantageous to retain the full range, or éven to

extend thé'range to include several complete cycles., In this case, Eq.' (54)

becomes

N/VAx
o E: . quos(Zﬂvax)
' TAx k=1 —
- MIF (V) = N '(T2 - Tl)cos(ﬂﬁ) (55)

where N is the number of complete cycles included in the summation.
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The continuous Fourier transform can also be applied to the

calculation of the MIF. Any function, f(x), which is piecewise dif-
ferentiable in the interval, -© < x < %, and for which the integrél,
|£(x)yax

-00

LS

exists, is représented'by79‘_
" |
£(x) = | £(v)exp(2mivx)av - - ‘ (56)
where
A .
E(v) = | £(x)exp(-2mivk)dx . - (57)
| e |

As in the case for the finite transform,,the'expressions,simplify for

functions which are symmetric about x = 0 to

f(x) = ffv)cbs(Zﬂvx)dv S o | o (58).
and
f(v).= ' f(x)cos(Zﬂvx)dxr . o , L '(59)

Equation (59) is the continuous analog of Eq. (47) with E(v) being the

spatial frequency spectrum of f(k). Note that f(V) is defined for all

i

€
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values 6f V rather than just at the discrete values, vn."Applying'Eq. (59)

to the object and image functions yields

G(v)‘=_ " 0(x)cos (2Tvx)dx . ‘ | ‘ ‘ (60)
and
I = | I(x)cos(2mux)dx . e

-+ The MTF .follows direétly from its definition,

_ I(x)cos(2mVx)dx
MTF(\)) _ ;]-:(\))7= 4’ ;oo ) o ‘. .. 62)
ow) o

0(x)cos(2ﬂvk)dx

—

S;ncé the appliéabilityqu.Eqé (62) is néﬁ restrictéd'to.cyélic functions
with a finite period; patterns used to”modulate‘thé béaﬁ do not have to be
repeated. A particularly simpie case results when a sihgle:narrqwgslit

is used (sée fig. 48b).: For_a‘slit ofvwidth_Za,‘such'that

. - T, for ~aS<xSa
0(x) = {

it follows that
Tl otherwise. ¢ 1 ows
a i | o '. _
= ' ' ' . S (T, - Tl)s1n(2ﬂva)
o(v) = 2| Tzcos(2ﬂvx)dx + _Tlcos(2ﬂvx)dx =—= —

-0 ' a

Note that limit[a(v)] = 2a(‘_I‘2 - Tl) so that for an infinitely narrow
a>0 ' ' o '

slit (delta-source), all freéuencies are present in the object function with

. (63)
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5 = Tl"' For the special case of the narrow slit,

the same ampiitude, 2a (T

the resulting imagé function is called"thé'Line Spread Function (LSF) so

-] - s 4' . o Y
N Ty o
MTF (V) = (T2 - Ti)sin(2ﬂva) _ LSF(x)cos(ZHVx)dx | (64)
»aha;.
limit [MTF (V)] = [_2a(T2 - Ti)]—lr 'LSF(x)dos(QﬂVx)dx. . (65)
a>0 ' -

For slits4thét are nérfOW-compared to thngWHM_of_the LSF, the difference
between Eq. (64) ana:Eq. (655 is sméll ovér the fréquency range of
ihterest.. . B |

‘Since the iSF is.al#é'obtainea from nqrﬁaliéed PHA data; the
apprépriate‘form fqr Eq. (64) is

MIEQ) = T Ysin(zma) ) LSF,coszmkin) (66)
' . k=-k S

where k = 0 corresPonds to the symmetry axis of ‘the LSF and K is large

enough to include the tails of the LSF.
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