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ABSTRACT

'J1Jeneutron flux distribution at various distances from the

biological shielding face of the tangential beampor-t of the '.!'RICAMark-II

3 w.IResear-chReactor has been measur-edby a:::tivaticn technique for

neut.r-Ollradiogr-aphy set up. In order- t.o determine suit.able material for-

shielding of persOllnel and equipJ!E'nts, t.he garma and neutron attenuation

pI"operties of rrultilayered shields, conposed of different materials,

were studied by using a californium-252 source. Califor-nium-252 emits

both gommarays and neutrons and the emission characteristic is similar

to that inside a I:eactor core. It was found that. a ITn.lltilayered shield

of p::>lyboron-heavyconcrete possesses the best possible attenuating

prcperties (or neutwll. lihile a similar shield but ccmposedof polybown-

lead was foond to possess the best possible at.tenuating properties for

gamlla-rays.
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1.1

1

IN'l'RODUCTIW

There are a numberof [ocilities to carry out experiments with neutrrns

fl:at1 the TRIG/\. Mark-II Jr.m(t) research reactor at the l\tauic Bnergy Research

Establishment (AEflE),Savar, Dhaka. 'I1lis reactor has four beamports, out

of which t= are radial beamports, ooe is piercing beamport and the other

is a tangential one. Gamna-raybackground is IQast in the tangential lxoam port.

The kncwledgeof neutron flux at different distances from the biological

shielding face alrng the central line of the tangential beamport of the

reactor is essential for pIeper planning of the neutron l"adiography e:<per:iJnents

and the meaningful interpretatirn of their results, Hence it is necessary

to find rut the neutron flux at the point of interest in the neutron radio-

graphy experiment focilities of the tangential be,rmport of the reactor.

'!he measur~nt of neutron flllx is carrnonly carried out by the

activatioo technique. In this technique, gold foils (197Au)of different

masses are irradiated to the neutron beam. The foils became radioactive as a

result of the neutrcn irradiation. '!'hcactivity induced in a foil is

dependent on the amamt of target element present, activation cross-section

of tbe reaction of interest, tbe irradiation flux, tbe duration of irradiation

and tbe decay characteristics of the radionuclide formed. The activity of

the radioactive products produced is measured by a high purity gern"'nium

(HPGe)detector. Normally garma-rajSemitted by the irradiated sources are

of 1= intensity. Hence the efficiency of the detector for counting this

:to-intensity "'(-rays should be accurately knu.'Ilso that from a knowledge

of the relevant cross-section producing a particular isotope emitting a

characteristic ,,-ray, the neutron flux can be determined.
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1.2 EXPERIMENTAL POCCEDURE

The block diagrams of the experimental set-llp for irradiaticn of

gold foils at the tangential beamport (the gold foil was ploced at different

distances) of the TRIG'\. Mark-II 3M\T(t) rese"rch re<lctOJ;at the AERE,Sayar

and the cwnting system are shewn in figures 1 and 2, respectively. When

an irnizing radiation passes through the dete<;tor it loses energy by

ioni>:ingcollision In the sensitive region of the detector and produces

electron-hole pair in the semi--eonduetordetector, Whenan external electric

field is applied to this detector the charge carriers llUle towards the

respective polarity of the electric field. These are collected and subsequ-

ently.corwerted into a voltage pulse using a prearrplifier. The signal from

the prearrplifier is arrplified by an aJT1Plifierand the output is analyzed by

the nultichannel analyzer (M:lI). Finally a printer was used to print out

the aata collected in ~tA. A brief description of the semi-conauctor

aetector ana various electronic equiprra1ts used ;;Iregiven below.

1.2.1 HIQJPURITY GER!'1l\NItJM (HPGe)DEI'EC'IOR

For the aetection of gamrta-rayemittea by the radioactive scurccs

ana reaction prcrlucts a HPGeaetector (1)' was usea. HPGeaetcctors are

primarily used for high resolution spectroscopy of garrmaraai;;lticns and

=asicnally, charged particles. Chargea particles lose their energy rrainly

through the ionization in the sensitive region of the actector. High purity

germanium gamma-rayspectrometer is a high quality precision instrument with

the best available perfornsnce and reliability. 'It1ehigh resolution of the

aetector rrakes it possible for [OClreaetailed stuaies of garmna-rayspectra

than any other detector.
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In Table-I, sane of the physical prcperties of the "intrinsic

gerrranium"cr "high purity germanium"are summarized:

TABLF.:-l

lItanic No.

AtomicWt.

Density

A<~

Dielectric constant

Forbidden energy gap (OK)

Energy per electron-hole pair (77~)

Fano factor (nOR)

Energy 9<l{J(77oK)

"
72.60

5.33 gm/cm3

4.41 x 1022/cm3

16

0.746 eV

2.96 eV
0.058 (Ref-2)

0.75

A HPGe detector is fabricated fran pure germaniwncrystals and

containing an equal nunber of free charge carriers through out its volume.

This is oosically a cylindrical genrnniumcrystal Witll an n-type contact

en the ooter surface with a high concentration of free electrons and

practically no free holes and a p-tYP" contcct on the surface of the axial

wall with an excess of holes but very few electron. The germaniumhas a

net iJlpurity level of aroond 1010 atoms/em). The intrinsic region is

formed by depletion of charges with the application of reverse bias voltage

across the diode, which is sensitive to ionizing radiatiUl, particularly
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x- and Y-I;ays. Whenphotons interact within the depletion region (sensitive

tcegicn) of a detECtor, high speed electroos are produced, v.hich lose theiI"

energy by creating fI"ee charge carriers (clectrcn-hole pair). The pairs

are swept out by the electric field to their collecting eleetrcCles where a

charge sensitive pl"e-amplifier converts this charge into a voltage fUlse

proportional to the Energy deposited in the detector.

The electrrn-hole pair is SOIlleVmatanalogous to the ion-pair

created in the gas-filled detectors. An <>dvantageof IlPGedetectors are

(i) Onecan avoid lengthy process of lithium drifting.

(ii) Detector- can be kept at roomtGrrperature lIhen not in use.

The abooroodcharge spectnun consists of a cootinuum and ooe or

!rore narro\\' peaks from which ow can ded.Jce the incident gonmna-rayflux.

In the energy spectrum, the areas under the peaks are a funotion of the

detector size and shape, the position of the source with respect to the

detector and the photaJ energy. Howeverthe widths of the peaks and hence

the heights relative to the continllllmare determined by the eoergies of

the photons, the intrinsic resoluticrt of the detector and the noise contri-

bution of the auplifying and measurillj system.

Because germaniumhas a nllatively low ionization energy, these de-

u-etors rrust be cooled in crder to reduce the thermal generation of charge

carriers to an acceptable level, Otherwise, noise induced by leakag" current

destroys the energy resollJtion of the detector. Liqllid nitrogen, which has

a teq'eratllre of nOK is the L'OIllrfOll ccoling rrediwllfor sliChdetectors,

In this study a closed-end--coaxial HPGedetector was used for

Coonting because it presents a uniform cross-section of ~tive detector
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volume to radioactive samples that are counted a short distance from the

detector. The physical/performance data of HPGedetector which is used

in this works are:

Geometry

Length
Diameter
Active area facing wind<;M

Distance from window

ELJrrRIClIL CHl\FlICTERISTICS (3)

,

Closed-End-Coaxial
55 ~

41~

17.50 ell?

5~

Depletion Voltage

RecammendedBias Voltage :

Leakage CUrrent at RecommendedBias

Prearrplifier Test Voltage at Recom.Bias:

Capceitance at ReccmnendedBias

1.2.2 HIC.JI-VQLTAGES(JPFI,IF.S (E.H.T. Supply)

+ 3500 Vel:::

+ 3500 Vd:::

0.25 Na

0.6 Vd;

24 Pf.

All radiatioo detectors require the application of an external

high voltage for their preper operaticn. This voltage is conventionally

called "detector bias" and high voltage suwlies used fOJ; this purpose are

often called detEctor bias supplies. Scrre pertinent chacactedstics of the

detEctor bias supplies are:

o The ITExiIllum (and rninirrum) voltage. level and its )X>lzrrity.

o The maximumcurrent available from the supply.
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o The degree of regulation against long-term drifts die to

changes in tellpcrature or p:wer line voltage.

o The degree of filtering provided to eliminate ripple at
fOWE'r line frequency or other low-frequency noise.

The sophistication required of the bias supply varies greatly with

the detector type. 'Typical ECintillation high-voltage supplies must be capable

of providing up to 5000 volts with a current of a fewmillianperes. 'ttle

Cl.ltp.1t must also be well regulated to prevent gain shift in the photOTTUlti-

plier tube due to drifts in the high voltage level. Bias SUWlies for

proJX>rtionalcoonters lfIlst also supply rel"tively high voltages, but the

CUHent delll'lndsare considerably less. However,the degree of regulation

and filtering is again important because any high-voltage fluctuations

appeal: supedlTposedOn the signal. Serni=nductor diode detectors draw

relatively little current and the voltage deuands seldom exceed 1000>ro1ts.

canberra Mo:le13105Highvoltage PowerSupply was used in our experirrent.

salient features(4) are as follows,

o Regulated 0 to + 5000VIJ.:, 100 VAoutput.

o Noise and ripple :f 30 mvpeak to peak.

o Protected against overload and short circuit.

It i", designed for operatioo with a wide vllriety of detectors. Its noise

and ripple characteristics rrake it suitable for surface barrier detectors,

while the 2 ~ current capability permits operation with scintillation

detector. Bydesign, the 3105high voltage pawn supply will aCCOlllWdate-

all types of detectors requiriro;r 5 FWor less.
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1. 2.3 PREAMPLIFIER

'Ihe rutput of the radiation detector appears as a pulse of voltage

or charge which is so =11 that it is inpractical to deal with the signal

pulses without an amplification step. TherefO£e, the first element in a
signal processing chain is often a preamplifier, provided as an interface

between tho detector and the pulse pra:;essing electronics that follow. From

a signal-to-noise stanc1p::lint, it is always prefer"ble to minimize the

capacitive loading 011 the detector, and therefore long interconnecting

cables between the detector and prearrplificr should be avoided as rruch as

possible. The preamplifier should, therefore, be located as close as
possible to the detector.

The canberra Merlel 2001 represents the latest advaree in charge

sensitive pre-arrplificrs. It was designed pri.rMrily for high resolutioo

gama spectroscopy using cooled Ge solid state detectocs. The perfarmance(5)

of the Model 2001 is the current state of the art for roomtemperature

(non-ccoled) pre-anps. The noise level for the 2001 is equivalent to less

than 600 eVwith a negligible source capacitarl:'e. 'I'hiCpulSGdecays cl<J.Xr

nentially with a ti.meconstant of 50"tISec. Pmler for the Itme1 2001 is usually

supplied fram the associ"ted pulse shaping ~lifier.

1. 2 •4 SI."I'CI'ROS<XlPYAMPLIFIER

'I'hemajor role of an arrplifier is to convert the prearrplifier

output signal into a form rrnst suitable for the desired ITI2i1surernent.'It1e

Canberra Medel 2021Spectroscopy Amplifier offers the modernspoctroscopist
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lIlCZeperforrrance, features and flexibility than any other lllJclear pulse

amplifier available today. The Model 2021's exceptional OCstability and

ultra low noise treke certain that optiIIUlTlpel"forrn,mceis re"Used. The

Modelhas a d.c. input irrpedance of approxirrately 1000 n and accepts either

positive or negative p.llses from the prearrplifier. 'Ihis unir:ow output

is used for spectroscopy whend.c. =upling can be maintained -fromthe

2021 anplifier to t~ analyzer. The unipolar ootp..1tcan b2 selected for

either positive or negative polarity.

1,2.5 MULTICHANNELANALYZER (M:A)

The ~ration of the multicharmel analyzer is based On the pr inciple

of COlverting an analcg signal (the pulse arrplitude) to an equivalent di<gital

nwmer. 'Ihe basic functiOl of the ICI'\ involves only the l\OC (analog-to-

digital) and the memory store and a display.

Particles penetrating the depletion region in the detector, give

rlse to p.1lses MlOSeanplitL1des correspond to the loss ill energy of the

~particle. 'I11epulses arC'!then digitized by At:Cand the outPllt of the At:C

is stored in a Cafpllter type meJll;lry,which has as IT'anyaddressable lccations

as the maxiJru.lmnunber of channels into which the recorded spectrum can be

subdivided. The channel nllIlber is the ITEJlI;lryaddress and is proportional

to the inpllt signal VOltage. Each pulse is digitized and =unts are added

to the appropriate mern;>rylccatioo, so that a spectrum of mmber of pulses

vs. voltage is obtained. Orce the data is stored, it can be displayed

through varioos systerrs, narrelyon a cathode ray oscilloscqJe, pen recorder

or through a teletype writer and cassette recorder.
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The canberra series 35 a:'A(6) is a versatile system in rranyways.

The spectrum can be recorded OIleI 4096 channels or in ilny of the sub;Jroop.

1.2.6 IN'.l'ERACTION OF GlIMMI\.-AAYS WITH THE HNe DETECIOR

•

The measured features of the differential pulse-height spectrum

are dire::t1y ICelated to the three prirrary processes in which iri!ident garrma-

ray photons give LJPall or part of their energy in single events. _They

are: photo-electric effect, ccmpton scattering and pair production.

Cmtr il::utions to the full energy peak mayalso arise from photo-electric

encounters by the gamma-raysfolkwing one or lTDreocmpton scattering

within the detector.

PHO.l"ClELEX:TRIC EFFECT

In a photo-electric encounter the entire photon energy is

absorbed by a l:.uund atomic electron and appears as (1) the K.E. of that

ela::tron as it is ejected and (ii) an x-ray or Auger electron emitted by

the residual ion. The cross-section for the photo-electric precess is

proportional to Z5 and incr",ascs rapidly with decreasing photon energy. The

low energy x-ray is alJrost invariably absorbed in " second photo-electric

event before it Can escape from the crystal. 1\s a result, the photon

energy appears as electron kinetic energy. For the photo-electric effect,

a rronoenergeti.c gamma-raythus giVGsrise to a rrono-energetic peak in the

charge distribution corresponding to the incident photon energy, E.



CCM'WN SClITrERING

In this process the photon is scattered by an electIon with a

partial energy loss depending on the angle of scattering. The electron

kinetic Energy lies be1::weenzero and an upper energy limit which depends on

the photon energy. Be'l!weenthese limits, the scattering gives rise to a

continuous electron-energy distribution, i.e., tho Conptoncontinuum. The croos-

seaHm for this prex;,ess is not as highly energy dependent ClEthe photo-electric

effect and is proportional to the Z of the scattering materials.

PAIR POOIJOCTIQ'!

POlirproduction has an energetic threshold equal to the corrbined

positron-electron rest rrass (1.022 MeV). The cross-section increases rOlpidly

above this threshold and is proportional to the Z2 of the scOlttering material.

The entire photon energy is Olbsorbedand Olppe<lrsOlIOthe tot'll K.E. of the

positroo-elcctron pair (E-1.022 MeV)plus the rest lffiSSof the pair. The

positron in unstable Olndwill annihilate with an atonic electron, usually

..nen it has corneto rest.

In such a case the Olnnihilation produces two photons of energy

0.511 MeVeach emitted at 1800 to each other. In the usual encounter, both

=ihilation photons will escepe. '1'h011a oono-energetic garma-ray gives

rise to a electron distril:ution of energy E-l.022 MeV. Satellite peaks ITaY

appear if the detector is sufficiently large. These correspcnd to the

.msorbtioo of one or l:<:Jthannihilation photons in photo-electric encoonter.

Ultirrately three peaks are seen one at E-l.022 MeV,corresponding to the
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escape of l:oth pI1otons (e-escape), one at E-O.511 MeV,correS{XJtlding to

the eE'Capeof one photon (i-escape) "nd one at E (full-energy peak) cones-

ponding to the escape of neither photon.





ENERGYRFSOllJTICNOFHFGcDErEX::'IOR

The Cbminantcharacteristic of gerrraniu);ldetectors is their

excellent energy resolutim whenapplied to gammaray spectroscopy. The

great superiority of the high purity gerrranium (HFGe)dete::tor system in

energy resolution allaovs the separatial of closely spaced gamna-ray

energies, which rerrain unresolved in the NilI(Tl) spectrum. Consequently,

virtually all gaJTfllaray spectroscopy that involves COlIplexenergy spe::tra

has been carried out with germanilDlldetectors,

The overall 'energy resolut.ion achiE'V€din a llPGedetector system

is normally determined by a corrt>ination of t\IU factors,

(i) Cmtributioos from the 11PGecrystal and

(ii) Contributions of electronic noise.

'Ihese hu factors are dependent on the energy of the radiation and the

inherent quality of the detector in use, The full width at half JlID(irnurn

Wt of a typical peak in the spectrum due to the detectioo of a fOCIl1oonergetic

gammaray can be synthesized as foll~~:

W2=W2+W2
, D e

\\here the Wvalues m the right-hand side are the peak widths that WOlld

be ooserved dle only to effects of carrier statistics and electronic noise.
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2.1 'IHE DETEClDRCDNI'RIBl1rrON

Whengarmrurays interact with the crystal of the HFGedetector

high speed electrons are produced. 'Ihese high speed electrons loses energy

in p"ssing through IM.tter, c:ceuring ir, both ionizing and non-ionizing

collisiQls. The average energy loss per ionizing collision is about 2.96 ev/

(electron-hole felr) in gelCll<lnium.Thus, there will be on the average,

approxirrately 3.38xl05 pairs formed in stopping a ooe MeVelectron. Due to

the statistical behavioor of the production of electron-hole pairs, there

are fluetuatioos in the actual nLm-Lerof carriers which ace produced. The

statistical behaviouJ: is not an uncorrelated one, hCMeVer, and the variance

is oonsiderably smaller than would be deducted from poisson statistics.

Neglecting the srrall effect of the statistical fluctuations, t;h? detector

contribution to the energy resolution for germanium, is

Detector FWHM,

F Fano factor, FLowest'" 0.058 (Ref.2)

~ Average energy necessary to create me electron-hole pair, and

E Garrrnaray energy in MeV.

In addition to the inherent resolution, there will also be a spread due to

incanplete charge =llection and leakage current. Ircorrplete charge

collection gives rise to an asyrmuetric photo-peak with a tail on the low

energy side.
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2.2 THE ELE:C'I'K::NICCONTRIBurION

'ttle electronic system consists primarily of thJ;ee parts: the

preamplifier, the spa:troscopy anplifier, and the multichannel analyser.

Each rraycontribute to the resolutico width, but with proper adjustJrents,

the noise contdbution of the electrrnic system is limited to that of

the preamplifier. 'Thetypical 1= noise charge sensitive FETpreamplifier

can be characterized by two pararreters: the noise Olltput with zero capa-

citance ;mj the slope of the noise VB. input capacitarce. '!he inpllt

capacitance arises from roth the inherent detector capacitar>;;e and from

the connecting cable between the detector and the prmllTplifier. It is

therefore important to keep the interconnecting cable as short as possible,

and to choose a detector Id10seinherent capacita,-,;:,eis no larger than

necessary. Each connector adds about 2 or 3 PF, and typical co-axial

cables rray add fran 15 to 30 pF/ft. These consideration are TTDsti.np;Jrtant

v.tlend::Jservinglow energy galTIl'6-rays,because the statistical contributiOl

to the noise is small and the preanplifier noise oominates.

2. 3 'IUrAL SYSTEMPEREOP.l>WO

At energies of a few hundred k'eVor less. the system resolution

is OOminatedby the pre-amplifier. A specially constructed cryogenically

cooled FEI'pre-arrplifieJ: detector system shruld be used to take advantage

of the resolution capability of HPGedetectors at low energies. The

energy resolutirn is prim3rily determined by the width of the peak and
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arises from the statistical variation in the pulse heights as recorded

from ncminally lIl:lmeTlergeticparticles. In this work the garma-ray spectrum

with GOeo standard srurce of knownstrength was taken to obtain the detector

resolution. The full width at half JT6xirrum (FWHM)is 3.75 channel and the

energy per channel is 0.574 kev at 1332 keVas ShCMllin fig. 3. The

detector resolution (FWHM)is 2.15 keV.

2.4 EFFICIENCY MEASUREWCNrSOF Irn:;e DEI1!CIOR

8mission rate measurementfor ganmaradiation by means of gerllEnium

semi-cooouctor detectors have tecolTle a routine pr<xedure in !lany fields of

fundarrental and applied research. If accurate emission rates are needed,

a reliable efficieocy calibration of the detector has to be carried out.

Fcc that purpose TrOstlaborator ies use standard sources of knownstrength.

Various garrmaspectraneter are wid~ly used for garmJa-rayspectroscopic

measurements. In the past, NaI(TI) spectrorreters were exclusively used for

the estimation of gaIllU'Sactivities in different radioactive samples.

Hcwever, their pcor resolution often resulted in time =nsuming and tedicus

measurements. At present high sensitivity garrma-rayspectrometers HPGeare

widely used for direct analysis of radicactive sarrples. 'lheir high energy

resolutionS halte greatly enhaoced the differentiation of individual emitters

frolf,a cOllPlexmixture of radia-mclides present in a sample. Great care

must be exceJ;cised in caliocating the efficiency because the ever all

uncertainty of the measurementwill be limited by the uncertainty of the

efficiency value. The efficiency calibration is normally carried out fer

an assortment of gamra-ray energies covering the range of interest to allow
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cCfistruction of an enpirical efficiercy versus energy curve, Most of the

gaJTll\a-rayenitted by the nuclides to be studied here had energies between

50 KeV to 1800KeV.

One should consider: several points before unCiertakirg the actual

determination of efficiency

(i) sample counting coofiguration

(ii) calibration of saJrces

(iii) Calibration methods,

The If()st CClM'OIl approach to calibration of Ge detector.s is the

experimental determination of Full Energy Peak efficiency as a function of

energy for each counting cOlfiguration. The counting efficiency at an'y"

particular gamrra-rayemlrgy is dependent On a nurrber of factocs. Most of

these are asso:::iated with the photon interaction process within the delectol;,

the sUlrce-detectoc gern;etry 01;with garrma-rayaltenu"tions within the source

or fmm sulTounding rralerials. In the present \>KJrk,calibration(7) was carried

out foc gamna-ray enelCgybetween 81-1332 keV in a specific' geoJretry.

The efficiency caliblCation is easy if the sarrple to be measulCed

and the caliblCation source contain the same radicnuclides. However, if the

sarrple emits photons of an energy different from th2lt of the calibraticn

=ce ~tons, the efficier.cy for the energy of interest has to be inter-

polated between t\\U or more calibration points. The efficiency of the

detector is mainly dependant on the energy of radiation and sauce-to-

detector geometry. In garrma-rayspectroSCOPY,it is essential to obtain



the absolute yield from the observed 9aI1llE-rayspectra. This can be

achieved only if the efficiency of the detector is known.

'lhe efficiency is defined as the nunt:er of events counted in a

peak in a gamma-rayspectrum divided by the numberof events actually

prcduced by the nmo-energetic sou=e o.rer 4fLgeometry and the efficiency

is quoted in per centage. The photo-peak detection efficiency of the HPGe

detector was detemined in this II':)rkas follows, Fromthe measured spectra,

the peak areas of the selected gamma-raylines were determined by direct

sUllm1tionof the channel counts, which automatically subtracts the corres-

ponding backgroundcoonts. 'lhe backgroondcount is assurred to be linear,

'fue cwnts rates were obtained from the net area of the peaks.

The full energy peak efficiency E for the photon energies E of

different radioactive sources and targets was determined using the relation:

Efficiency, 1%) Coonts/sec .
~ activity x I (%)

Y
x 100

The activity was calculated from the relation

Activity, A "= A eo

The factor exp(-At) was calculated from the hall-lives of the SOllrces. The

calculations are shownin Table-2,
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2.4.1 PHOCEDURE

The I"adioa:::tive sources of knownstrength used for the calculation

of the detE'C'tor efficiency are Na-22, Mn-54, Co-60, Co-57, Ba-133 and cs-137

were supplied by the Institute of Nuclear Science and Technology (INST) at

Savar. Bangladesh. The experimental setup for the detector efficiency

Ca1sists of radioactive SClJrces and a detection system. The CCJ.]ntingwas

oone by pla:;:ing the SOLJrcedirectly on the middle of the surface of the

detector and the angle between the SOUJ;ceand detector was 0°. The source

and the detector were pla:;:ed within the lead shielding. The interactiCtl

0[ garnna-ray with the system takes ploce ir, the detector. The output

signal of HPGedetector obtained from the preallplifier was fed into an

spEctroscopy anplifier (Model 2021). 'lhase anplified pulses~ we'rethenT __

analysed by a C,mberra Model 4096 ~lCAseries 35. The efficiency measllrerrent

was done with siJTplest, rrost straight forward M::JI.settings sa as to minimize

the AD::dead tirre and effort required to integrate the peaks, For these

reasons, we use the 1024 channel range and meJIDrysize with no aigital off-

Whenefficien:::y aata have been ta.ken for a sufficient nunber of

energies in the energy region of interest, a graph is plotted

for the efficiency - versus - energy The decrease in efficiency shown

at low energies is caused by absorption of photons by sarrple lMtrix,

cryostat end cap, and dead layer of the detector itself, The gradual

decrease in efficierx::y at higher energies occurs because of the reduction

in the cross-sectioo for interaction of the detector rraterial (i.e" Ge)
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with In;r-easing energy of the incident photon, For low energy ,-rays (below

2 MeV),the FEPis relatively intense and is essentially Gallssian in shape.

The curve is shown in fig.4 .

•
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Table-2. , , , , . ,
E.., ; Isotq>ic ; Half-life : Source : -At ; Activity: Efficiency (%)

SO.u;ce : (keV) : abundance Iv: (td in : str-ength, A: e : 104Bq :
, '(,,' , .., , ' "~(~, 0 , , X I
; 1 : days : III '-"1 "",5; j :

60eo 1.332

1173

99.98

99.87
192~.38 37259

04-01-88
0.89 3.34 1.38

2.22
---------------~------------------------------~-----------------------------

"co
136

122

10.58

85.59
271.65

232693

16-03-85
0.03 0.79

15.61

15.75-

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

5 '"" 830 99.97 312.20
208791

27-03-85
0.05 loU

----------------------~~----------------------------------------------------
enc, ,662 85.1 11013,51

33411

04-01-88
0.98 3.28 3.05

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

2'N,
1274

on
99.94

180.8
949.73

133496

28-0]-85
0.38 5.12

1.22

3'; 15

6.14
5.23
5.14

8.120.79
26-03-85

103008
81/82 32.S

133Ba
276 7.03
303 18.6 3832.50
356 61.6

38' 8.88

--.-~------------------------------------- 8:;:'62'"---------------------------- 6.47
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The irradiation setup used is shown in £i9'1. wt of the four

beamports of the 3MoI(t) TRIG!\.Mark-II research reactor, AERE,Sayar:, the

tangential beamport ('I'BP)has been chosen for the irradiation IIOck, because

of lew gamnabockground. To reduce the garnrraradiation background awund

the irradiation facility of the TBPof the reactoc, a biological shielding

house has been constructed. The neutrons "re produced by fission in the

reactor core which corr.eout through the TBP. In order to have a collimated

neutron beamfrom the TBPof the reactor a 120 em long conically shaped

allIminiumhallC"/"cylinder having a 5 em di<llreter at the inner end and 10 em

Cliameter at the OUb!I end was oode. '111i5conical cylinaer was then

in:=.erted inside another hollow aluminiumcylinder of 20 em uniform di<m'€ter

of the sane length and fixed together with flanges at both ends. The errpty

space between the t\Io cylinders was fitted up with pal"affin W<lXand bode

acid in the l"atio 3:1 by ~~ight. Thl"eelead rings (15 em in the front, 10 em

in the middle and 1.5 em in shielded face of the reactor) were also put in

the inner side of the collimator fOl"gamrrEshielding.

In order to measure the neutron flux distribution at different

distarces from the tangential beamport of the reactor the sarrples were

placed in the neutron beamfor a specified time. The high purity gold foils

(100%abundance) having different masses (60, 62.9, 59.6 and 58.9 mg) were

used for irradiation. The foil- was attached first on the aluminium strip

by S<Xltchtape and it was then suspended in such a way that the foil just

lies en the central line froo outside of the biological shielding face of

the beamPOl"tof the reactor. The foils, placed at 0, 50, 100 arxl 140 an



from the shielding face along the Gentral line of the tangential l::earn~t

"",ighed 60, 62.9, 59.6 and 58.9 ~ l"espectively. The tine of irradiation

in each case was ene hour. At the end of irradiation time, the foil was

remcved from the rea<:tor and a c=ling period was allowed before the induced

radioactivity were measured by a c:o-axial !lPGedeteGtor under the identkal

GOf1citionthat was used fOl"effiGiency Galibration of the HPGedetectol".

The measured radiation was then used to deduce information about the number

and energy distribution of the neutron in the original field. The nost

widely used reaGtion in =tivation technique is called the radiative capture

of the (n, ,) type. The reaction in the present ~k is 197AU(n,,)198AU.

""A
DET-l

Rea<;torflC"Ier

Half-life of 198Au

Decayconstant of the product nucleus

Garmra-rayenergy

Efficiercy of the detector at 411 keV

Average cross-sa;otion for 197Au

2.4.3 CAI£U1ATIONOF ~ FLUX

400 KW

2.695 days
-4 -11.78x10 min

411 keV

5.1%

98 b

'l'he basic equation of the neutron octivation technique is gwen

... (2a)
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•

where,

activity at the end of the irradiation

total nLmt;erof target nuclei

•
the activation cross-se:;tion ~n barns

the neutron flux

the time of irradiation
the decay constant of the product nucleus

satllration factor depending \JlX'nthe irradiation time

't,' and the half-life of the radiotllJclei forned.,
Therefore, the neutroo flux can be calculated fcomthe measured value of

the initial activity Ao' the irradiation time ti, the decay time td, weight w,

and the knDl'mvalue of nuclear data sllCh as half-life and cross-section.

The neutron flux were calculated from the expression {2a). Hew-

ever, the count rates at end of the irradiations were subjected to usual
corr€Ctions for the photcpeak detection efficiency E. 'the data for this

correction was taken from the literature. TI1lJS the expression for 4>,

n/cm2-sec. can be cbtained as foHews applyiro;r the usual correction. The

total disintegr~tionVsec. is

1'tlere,

Crunts/sec
d%)xI(%)

y

isotopic percentage coltpJsition(%)

... (2b)
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'Ihe total numbs; of nu:::lei

\\'eight(W) x Avcgadro's no. (N)

Atanic weight

'Iherefore,
A eAt~

!lenl - e -),l::i.:j

where td" decay time

The neutrrn flux as calculated by equation 2c was found to be of

the order of 4. 388xl07 - 1. 085xl07 n/cm2/sec and is shown in Table-3.

Efficiency of the detector had beel) ITEasured earlier. ThecUICve(S) shows

the variatioo of nUll density with the distance feem the tangential beam

poet.

Table-J

Neutron flux distribution along the central line of tiE
tangential beamport.

Neutron Foil rrass Foil position Activity Neutron flux,
source I_I (em) at t=O, A njcm2;sec0

60 0 n08.0 4.338 X 107

Reactor 62.9 50 651.4 2.435 X 107

59.5 100 366.2 1. 444 X 107

58.9 1<0 272.2 1. 08S X 107

Measurements were actually carried out at 400 Kwatts and then
extrapolatedto 3H~jthese are shownin Fig. 5.
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RESULTS AND DISCUSSIOO

The neutron flux(8) et>tainea at varicus distances in the central

line of the tangential beamport from the biological shielding foce of the

research reactor is tabulated in Table-3. It is seen that as expected,

neutrOl flux decreases as the distance frOll the biological shielding face

of the reactor increases. Neutron flux was found to be maxirrum(4.338xl07

n/cm2/sec) just at the surface of the biolCXJicalshielding face of the

reactor and mini.mJm(1.085xl07 n/cm2/sec) just before the beamcatcher, lItlich

is ploced at a distance of 140em. The photo peak efficiency of the high

purity germmiumdetectoc measured for low intensity y-ray of standard

saucees of knCWlstrength is given in Table-2. The efficiency as a function

of energy is shC'l'llin fig.5. The resolution of the detector has been found

to be 2.15 kevat 1332 keVgaJTTTl3.-rayfrom 60co source. It is seen from

fig.5 that efficiency becomesrraxillllmat energy 1.22 keVbelow 10tlichthe

efficiency decreases sharply. The efficiency, however, decreases fIDre

gradually above this value and becomesalmost flat at higher energies.

In order to determine neuucn flux from any source it is essential

to J!>Oasurevery accurately the efficiency of the detector. Anyuncertainty

in the measurementof efficiency would introduce a large error in the

determination of the neutron flux.
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The prirrary purpose of shields is to protect persormel and

equiprrent ootsick a reactor from the radiations thLlt are proouced inside.

In addition, of course, other radioactive sources must be shielded as well.

The shield which protects personnel is referred to as the biological

shield(35,36). ~lanylayers of lIEterials are usually placed bet~n the

reactive core itself and the outside of the shield, and all these attenuate

the radiation and TT1llstbe considered in a shield design. In principle, tbe

radiations whichmight esc"pe fmm a reactor include alpha and beta particles,

gaITJlla-rays,nE'lltrOllSof various energies, fission fragrro=nts, and even protons

reslllting fran (n,p) reactions. As far as shield design is concernea,

however, <Illy garnma-raysand neutxons need to be considered siree these are

by far the rrost penetrating. lIny I1Etedal which attenllates these radiations

to a sufficient extent ",ill autaratically redJce all tile otilers to negligible

prcportions. For the purpose of shield design, the neutrons and gaJl'[[l,Ol-rays

are considered frau tile standpoint of their plaCE of origin: the prillBry

radiations are defined as tile radiatioo 'Atlichoriginate within the reactor

core dle to nuclear fission, 'Atlereasthe secondary radiations are produced

outside the core as a result of tile interaction of the prirrary radiations,

chiefly tile neutrC!ls, with nuclei in the reflect.or, coolent, and shield

materials. In this case, the radiation consists of a mixture of both
•

garrlT'a-raysand neutrons. l\.s "ie have seen, elements of high atomic nurrber

are best for absorbing gamna-rays and elerrents of lew atomic nurrber are

best for absorbing neutrons, so that there is no me elerrent l'ot1ichis gco:j
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fOJ::lxJth gaIlll'a-rars and neutrons. For this reaam, the shield for a mixed

radiatioo field must consist of a suitabl~ mixture of heavy and light

materialjrraterials. In the present \lUrk a cooparative study of the neutrons

and 9aJ1l[13-raysusing polybrron--heavy concrete, polybor:on--ordinaryconcrete

and polyl:oron-lead multilayered shielding arrangem;nt have b€en stlldied.

4 .2. RE.VIEWOF PARLIER \'llJRKS

In a cE'Iliewarticle, Makarieu!> et OIl (9),

Mvestudied of the penetration of primary ganrna--rays, sECondary garrrrna-rays

and slcM neutrons through an i1Jnenite-JilOClllite(2.9 910m3) shield and

through both ordinary (2.3 g/crrh and ilmenite concrete (4.6 g/cm3) shields.

Source neutrons and gamna-rays were obtained from the ET-PR-I reactor (2 ~).

Experiments have shcmnthat ilmenite <:orK::reteis better than both ordinary

and ilrnenite-liJronite concrete for attemlatioo of garmnaand slow neutrons.

Ueki and N<llIlito(lOhavedetermined an q:>tinumarrangerrent foc

the neutron Cbse rate using iral-polyethylene slab shields by integral

shielding experiments. They have observed the minimumdose point when the

polyethylene slab was located near the dete::otor with iron slab placed near

the neutron source.

The attenuation and distribution of gamma-raydoses in a multi-

layered shield coosisting of water, iron and ordinary corcrete have been
(ll)measured by Megahid et al The relaxatirn length of garrrna-rays in

ocdinary corcrete was evaluated. 'Ihey have also measured t.he attenuation of

reactor therffi'il neutrons in a bulk shield of ordinary ca:crete.
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Maruyamaet a1 (12) have measured the broad beamattenuation

coefficients of 4-32 MVx-rays in ordinary concrete, heavy concrete, lead

and iron.

Bishcp(13) has rne<lSUl"edflux density spectra and exposure build-

up factor data fa:: &.2 MeVsource photons penetrating two-layer0d shielding

slabs crnrpooedof slabs of aluminium, steel and lead in six possible =bin;;>-

tions. He foood that shields with lead or steel as the outerlOClStlayer,

the exposure build-up factor was l<JWerthan for lead ooly or steel only

shields of the samelllean fI"ee pilth (mfp) thickness. For shields with

aluminiumas the outer layer, the exposure build-up factor was higher than

that predicted for aluminiumonly shields.

Yoshiaki et al (14) has measured neutr-oo and garrJlla-ray penetration

in an iron shield at a 60 erndejJth in a tightly coupled source shield

cOIlfiguraticn with the fast-neutrcns from the reactor as a SOIJrce. Rates

of neutron reactions and garmE-J:aydose rates in t.he iJ:on shield weJ:e

ootained l1sing activation foils and t.hermoluminescent dosimeteJ:s. They

calculilted neurron and gilllTT1a-J:aydistribution, in the iron shield shO"';;,.ng

fairly g=d agJ:eementwith the experiments.

Gujrathi and D'auria(15) have studied the attenuation of a

fast ( ~ 2.6 MeV)neutrcn beamby graphit.e, paraffin, polyethylrne-ooron,

polyethylene-bOJ:on-lead, polyethylene-lithium and steel using a indirect

method with a Ge(Li) ganma-ray spect.rometer. In additirn, the JTBcrosccpic

removal cross-section for these materials were dedJced. The effects of

these materials on the themsl neutron flux "I€re also ct>served.
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Uwaminoet al (16) have measured the aUenuaticn of neutrons

and photons transmitted thrrngh ordinary concrete. Source neutrons and

photcns were cbtained from Cf252 fissicn source. Relative

shielding prcperties of am:miameta tungstOfl for nelltrms and gaIl'llta-rays

from 252Cf fission source have b0en studied by Senffle and Philbin(17) .

'Ihe attenuation of fast neutrons in ilmenite concretes has

been studied by Adamsand Lokan(lB,19). The densities of concretes studied

varied frern 2.4 to 3.8 g/om3• No corrparison has been made between ordinary

concrete and ilmenite concrete.

Dubrc>lski et al (20) have studied the shielding prq:erties of

stone Ca1Cretes by measuring the relaxahc:<1 h.-.gths, and they concluded

that the stone c<n;J:Cetes (density; 2.38 9/cm3) are 1TlOJ:eeffective than the

ordinary concretes (density: 2.2 g/cm3) frOlllradiation shielding point

of view.

P.D. Ahmedet al(21)have studied the gamma-ray shielding properties

of Ilmenite-Magnetite c<:::r'Creteand pclybJron by rreasurir.:) the instantanoos

relaxation length and the spectral build-up factor using a Cf-252 source.

Spectral build-up factor and instantaneous re13.xatioo lengths have been

fitted to the appropriate furctions and the related co-efficients are also

reported,

Bhuiyan et al (22) have studied the neutron transport

and shielding prq>erties of lccally develcped shielding IMterial "POLYBORCW'.

'Theymeasured the instantaneous relaxaticn length and effective removal

cross-sectioo as a flltlCtiOll of p€fietraticn distance with and without

ca&niumsheet.
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F.U. Ahmedat e1(23) have measured the dose build-up facto!:

(upro 20 mfp) far 9arma-'rays from a JX>intisotropic COCosource penetrating

multilayered concrete slabs using cox's Bazar and SyThet sands. 'They

have also measllredthe instantaneous relaxation length for both types of

=ncrete slabs. Results cbtained showthat the build-up f<!Ctars for Sylhet

sand slabs ircrease more rapidly than thOSEof magnetic slabs.

Rcbsen and Krcon(2.4)h<lve~studied the attenuation of

14 MeVneutrcne in CC11Cr-eteshields (density: 2.3 g/om3).

4 • 3 INTEAACl'IOO OF NElJT1'£M> l'Il'TIl Ml'lTI'ER

There are tloUdifferent IOCldesby I..hich neutrons =y interact

with mattel:. These are ocattedng and capture. Whenthe neutrons are

fast, there is a tender.::y for them to be sl.cM€ddownby scattering precesses.

SCattering maybe either elastic or: inelastic and maybe isotropic or

non-isotropic. Elastic ocattering, in which a neutron is deflected withrut

loss of energy except for the kinetic energy which it inparts to the

recoiling nucleus. Inelastic scattering, in which there is an interaction

between the nucleus and the neutron resulting in the emission of a neutron

with an energy different from that of the incident one. Capture, in which

a neutron is absorbed into a nucleus which then undergoes somereac:ticrl

(other than the renissicn of a neutron), usually the emission of a photon.

A neutron can lose energy in a material as a result of elastic and

inelastic scattering collisions with the nuclei of the llEteria1. If the

neutron energy is less than the energy difference between the first e}!Cited



state and the grouna state of the nucleLJs, then the neutron will lose

ener-gyby scattedng collision. This is the principal mechanismfor the

slowing CbWnof fission neutrons in materials. Elastic scattedng is

most important for light nuclei which <;<mabsorb a lm:ge fraction of tile

neutron's ener-gy in recoil, Elastic scatter ing is possible for neutrons

of all ener-gies, but inelastic scattering can c>:;;curif tile neuu-on energy

is 10 MeVQI;higher so as to produce an excited state of the nucleus.

This precess always takes place thr-oughthe foroation of a C<JlllXlUOO

nucleus. The irlpxtance of inelastic scattering is that the neutr-Oll

energy is su-ongly degraded since it loses not only the -~.~energy equlyalence

of the recoil energy of the nucleus but also the energy equivalocnceof

the inelastic scattedng garnnas. Inelastic scattedng is lllXe irrportant

for heavy nuclei because their allowable energy levels are more numerous.

Capture processes (n,yJ are very oommonand almost invariably

occur more readily with slow neutron than with fOIstneutrons. In rrost

ITl<lterials, the capture reaction 10£ (n,y) reactionl is the most probable,

and plays an inp:lrtant p"rt in the attenuation of nrutron intensity ana

hence in the shielding of neutrons. The attenuutiITl of neutrons my be

sUJllill3.dsedin the folla.ing manner:

At first, a high energy neutron passes through the absorber

naterial ana is slowea C\ownby elastic or inelastic scattering. Whenthe

neutron has been slowed C\ownto thermal energy, prdJability of capture

reacticn increases and the neutron will be C'OTTPletelyabsorbed with the

emission of either a charged particle or a ganma-rayhaving ~ energy upto



several Mev. Siree the neutron capture cross-sections foe all naterials

is virtually zero at high energies, it is ooly whenthe neutron has reached

sufficiently 1= energy that the capture of the neutron can take place.

The probability of any aoe of these events occudng in a material is

expressed quantitatively by their respECtive cross-section. The cross-

SECtionmaybe eithec lacge 01' small depending on the neutron enecgy.

Ine10lstic s::attering is an iIlportant mechanismin the degcadatioo of the

enecgy of fast neutrons. Thecross-sECtion foc this process increases

with the neutwn enecgy and with the atomic numberof the Jffiterial in

which the scattedng OCCllCS. This is an iIlportant charactedstic in

the shielding against fast neuuons.

Elements of low lIESSnumber is often used as the shield for

slowing downneutrons of high energy, the cross-SECtion foc scattering is,

however, small especially for elements of lowmass nlllTber. It is then

advantageous to utilize inelastic scattering by introducing an elerrent

(or elements) of rroderate or high nuss nmmer. Hence, a carbination of a

roc:deratelyheavy or heavy element with hydrogen will effectively slow down

•even neutIons of very high energies. Althcugh hydrogen alone (as water)

coold be used as a neuuon shield, a shield consisting entirely of

hydrogen in the form of heavy water ""OUldbe unsatisfactory. A single

inel"stic scattering collision ""OUlddecrease the neutron enecgy to about

1 MeVcr less, but subsequent collisions wouldbe elastic in nature. Many

such collisions \ooUlldthen be necessary to reduce the neutron energy to a

value at Whichthe capture cross-section is significant. In the mean
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time, the neutron I«).jld have penetrated a considerable distarce into the

shield. '!he next aspECt of reactor shielding to consider is the capture

of neutrons after they have been slowed down. l'ctually this is a relatively

sinple matter, even though the shield does r<;>tcOltain an element with

large cc fairly large cross-sectim for the capture of slow neutrons. In

fact, it is generally accepted th"t in a shield cootaining sufficient

hydrogen, alJro.gt every neutron which has suffered inelastic scattering may

be regarded as reTOCTVed,siree the probability of further slowing downand

subsequent capture is laICge.

'Ihece are three ways in which gamna-rays interact with matter)

the photoelectric effect, the COITptoneffECt, and pair prodoction. These

interactions have already been discussed in SECtion (.1,2,6).

4.5 DEFINI'.rIrn OF SCMENUCLEi\RPAAANF.:TERS

To evaluate the effectiveness of any new shielding material,
the fellewing nuclear parameters shoold be measured:

II Attenuation coefficient ( ,I

ii) Removalcross-section ( '" I
iii) Half value thickness (>Mel

iv) Relaxation length (' ,od

vi Build-llp factors (B) •



Each of the term mentioned above is briefly described below:

A'lTENUATICt< l:OEFFICIENr (u)

The lOClStimpcctant quantity characterizing the penetration and

diffusirn of gamrtEradi"tion in extended media is the attenuation coefficient,

1-'- This quantity depends on the photO!lenergy E and on the atomic !lurrber

Z of the rredium, 'and maybe defined as the prob"bility per unit path

length that " photon will interact with the rredium. The rate at which

gamma-raysare attenuated is determined prillBrily by the atomic number

and density of the shielding material, and to a leSSer extent by its

gecmetrical configuration. Let us consider a slab of material of thickn-

e55 t leeated between a narrowly collimated t:eumof rronoenergetic garma-

ray photons and a narrowly collimated detector, as shownin fig. 6.

The distioctive feature of a narrOWbeamexperiment (i.e. -, one hwing 'gocrl

geometry') is that only the photOlS which traverse the speciTT'€nabsorber

withOJt experiencing un interaction of any kind, rcaches the deteclor; all

other photcns are prevented from reaching the detector. \;hen rronoenergetic

gamua-rayphotons tr<lverse a srral1 thickness of slab at any roint in a

medium,the extent of interaction of the photons is prcportional to the

radiation intensity at that point and to the thickness traversed.

COlsequently, in traversing the distance dt, the intensity of the gamna-

ray photons which have not undergone interaction will be decreased by

•

'"I=-,dt ... (401)
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where II is called the attenuation coefficient of the absorber for the

given radiation. Integrating eqn (4a) and assuming that the beamintensity

iocident an the slab has tile value I (OJI the intensity transmitted I (t)

through the slab of a hcm:>geneousmediumis given by

(4b)

Eqn. (4b) represents the attenuation of gamma-raysin a material medium

and is exponential in nature.

'Itle rerroval cross-SECtion of a material, as llsed lTIthe

shielding calculations, is the cro'Os-sECtionwhich describes the pl"obability

that a fast neutron ",ill reach a given detection p;lint in a rraterial

withoot being absorbed 01;scattered out of the direct path. If t is the

thickness of the material through Iootlichfast neutrons are passing, then

(neglecting gearetry effects) the ratio of the emergent (tra.nsmitted

intensity), I(l) to the iocident intensity, 1(0) is given by

.... (40)

where LR is the nEcroscopic rem:wal cross-sECtion far neutrons in the

material, tot it is not a crass-section in the senso of representing the

probability of a particular neutron-nucleus interaction, 'Itle observed

value of the rem0\7alcross-sECtion is, in fact, roughly equal to ty,o-thirds

of the total (scattering and capture) cross-section in the given lIEterial

for neutrons having energies in the range of 6 to 8 MeV.



40

lJALF-VALtJE 'IHICKNESS (H\I'I")

The abscrpticn effect of radiation by shielding materials
nay be charoc:terized, by their half-vOlI"e thickness (IIVI'), MJich is the

thickness required to reduce the intensity (or initial nllJlberof counts)

to one-half. Similarly, the tenth-value thickness ('IVI') is the thickness

I;equired to reduce the intensity to one--tenth. These quantities can be

evaluated grafhic"lly from the experimental be<m1attenuation curves, by

plotting the transmitted intensity against the corresponding thickness of

the ab50cbing matedalB.

'Itte relaxation length of any material is that thickness of

!ill. = 1.
1(0) e

material in which the ircident radiation diminishes to a factor of 1
e

= 0.368) or to 37% of its incident intensity, where e is
base of natural logarithms. This factor is also called the meanfree

(i.e.,

path (mfp), which represents the average distance traveled by a photon

between su:::cessive interacticns. If I(t) is the radiation (neutron Or

garrna-ray) flux a: related quantity at a p;:lint t within a shield, tiwn

the relaxation length )., for the given radiation and medium,is given by

1 1
).=-I(t) ... (4d)

at the point t. As defined in this ll<'nner, the relaxation length may

vary with the distaoce t within the shield. However,it is often found



that, CMingto a corrbination of ciI,cumstances, the radiation flux decreases

in an apprCll(irratelyexponential rnanneI"over- a range of dist<lnces in the

shield~ over- this range \ r-emainsconstant and the flu><at t can be r-epre-

sented by

I(t) ~ I(O)e ... (4e)

1'kler-e1(0) is the flu><at the origin of the t co-ordinate. Coopadsm

with the attenuation equation for gamrr<;-r-ays(4b) and equatian for

neutrons (4c) shows that \ is formally equivalent to.....L or .....L, respectively.
the p ~ R

SincE;!relaxation length of a particular radiation ir) a given rraterial is

equivalent to the reciprocal of an attenuation coefficient (for- gauna-rays)

or a raroval or-ass-section (for neutrons), it is dependent on the energy

of the radiatim. For a specified radiation of a given energy, the r-elaxa-

tion lengths (or their rooiprocals) provide a rough means for comparing

the shielding effectiveness of different rnaterials. Relaxation lengths

mayalso occasionally be USEdin very preliminary shielding calculations,

but this prccedure is not reo:m:rrendedunless there is a clear understanding

that the results are highly approximate.

BUIlD-UP Fl'C!OR (B)

In the exponential law (eqn.4b) for the attenlliltion of garnrra-

radiations in a rnaterial'~ it is assurred that the particular photon involved

in a reaction such as photoelectric effect, cClTptonscattering and pair

prooLlCtionin the rnaterial is cClTpletely eliminated and is not seen by a
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detector put a;ross the shielding material. It i:;; howeverI truE' only

m the case of narrow beamgeanetry (Fig.6a). In the case of broad beams

of radi~tian (Fig.6b), the secondary radiations resulting from the

intenction of prirrary photons in the material have every possibility to

pass through the shield and thus the photon flllX ocross the shield will

be greater than that calculated fromeqn. (4b). In the case of broad beams

the eqn. (4b) will be rrodified to

I(t) =BI(O)e-\.lt ••• (4£)

M-iere B is the blJild-up facto/: and 1'0defined as follows(44).

Quantity of interest at a point due to the total nunber of particles

Quantity of interest at a point dLleonly to non-interacted particles

The "quantity of interest" might be the mmber of particles, their

energy, or the oose irrparted by them; thereby giving rise the nurrberI

energy, and cbse build--up factors, respectively. 'Ille build-up foetor, B,

takes into accoont the ircrease in the radiation intensity due to scattering
Let

within the absorber./I (0) is the initial intensity of the radiation source,
"-

r(t) is the attenuated intensity after passing through the shielding

rmtedais of thickness t(cm) and )J is the attenuation coefficient (em-I).

If all three types of interaction of garnrrn-rayphotons with the !Tatter

are included, then

••• (4g)
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lItlere IJpe' llc and IJpp represent the attenuatioo coefficients dUe to

photoelectde, the oonpton effect, ana pair proollction, respectively.

Usually, wild-up factors "re given at different relaxation 1enqths or

attenuation units, l't. Like tile attenuation coefficient, the value of

the e varies with absorber material and radiation energy. It also varies

with geanetry of the source and depth of penetration in the aboor:bing

IT6terial. The total att",nuation coefficient i5 calculated for a given

energy try

= 0.693
)J ""1i"VT"

where lNI' is the half value thickness,

(4h)

calculation, the build-up factor is being widely used to determine the

total effect of the radiation at the point of interest. In principle

the build-up factor concept is also applicable to neutron attenuatioo, but

in practice it is found to be much less successful when applied to neutrons,

<lIldcensequently it is JTJ.lchless irrportant a concept in the context of

neutron shielding calculation,
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5 .1 KKPBRIMENI'ALSE.Tr.JF_

The measurementof attenuaticn properties of neutrons and

garrma-rays through different types of arrangements of multilayer shields

were carried rut at the laboratory of the Institute of Nucle,lI;Science

and Te::hnology (INST)of the Atc:micEnergy Research Establishrrent (AERE),

Savar. In this experiment, radiation transmission mffiSUrerrEnts"",re

made for' broad beam' gecmetry cmditions, i,e., the shielding material

being studied was placed dire:t1y adjacent to the detector. This type

of geanetry allows the cJetectirn of the iocl:eased radiation due to

conptm scattered photoos from the attenuating material. A block

diagram of the expedrnental setUP. for the measurementof attenuaticn

properties (both neutrons and garnrra-rays) along with the ochem3tk

diagram is shOllnin Fig.7._ The experirnental set up COnsists of a

radiatiQl source, a detection system and multilayer shielding materials.

'Ihe distarx;:e between the source and the detector was 118 cw. Sirx::ethe

rreter ials arE' meant to be used as a shield for a reactor I the

radiation chcseT1was 25l~(which emits fission neutrons with ,m average

energy 2.3 MeV(2.5)I and nLJmerousgarrrna-raysfrOll fission products(d MeV).

This is almost identical to those of uranium-235 fission. The detection

system ccnsists of two parts: a detector and a recording system. The

incoming radiatiClrl interacts with the detector and gives rise to an

cutp.lt pulse. The recording system receives this out.p..ltpulse and after

proper arrplication and subsequent. discriminat.ion, records the numberof

events. The methodused for the det.ection of neutron and gamnar<J.diaticn

depends en t.he ionization produced in the detector in course of their
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passage through the gas and matter, cespectively. In the interaction of

gamuaradiation with matter, ion-pairs are produced. similarly, neutrons

are detected through nuclear reaction which resllits in energetic charged

particles (such as protons, alphas and so feeth) that reveal their

presence by icnizatioo they produce. The gamrrl3.-rayintensity was rrEasured

with a peetable NaI (TI) scintillation detector. Measurenents of neutron

intensity were carried out using a long counter, which was constructed

following the design of Hanson_M:oKibben(26),incorporating the lOCldification

of thickness of the paraffin Iroaerator as ~ggcsted by other workers(27).

'Ille 1019coonte!: used in this study was a BF3 gas prq::ol:tional detector

SUnOl.lnd€~JbY cylindrical paraffin mderator to Jl[)nitor neutron flux.

Its sensitivity is l:easrnably uniform for neutr01 energies ranging from

thermal to 10 MeV. This device has proved to tx> highly successful as a

neutron mcnitor in experiments using fast neutrons. (28) The operating

voltage of the BFJ gas proportional detector was 1850 volts (Fig.S). In

these ueasurements polyboron, heavy concrete, ordinary concrete and lead

slabs were used as shielding naterials. The dimensions of the slabs are

shCMTIin Table-4. OUtof these foor rrateria1s, three types of multilayer

shielding arrangements were used. These are polyboron-hcavy concrete,

polybaron-ordinary concrete and polyboron-lead shields.



T"ble-4
Di.m?nsimof the single l"yer slabs

M<lteri"l

HeavyConcrete

Ordinary Coocrete

PolytQron

erod

Thickness
(em)

5

5

4.1

5.2

Width
(em)

25.5

25.5

HC'ight
(em)

12.5

12.5

10

10

'1he intensity of incident neutralS and garrma-rayswas first ITeClSmea

withO.lt placing any shielding m'lterial betll'2eTIthe source und the detector.

Then the first shielding arrangement of polyborCflbacked by heavy

concrete slabs was placed nearest to the source arrl the intensity of the

tr"nsmitted neutralS or gamna-rays ""'5 measured. Ne:>:tn,ore slabs of

polyboron bucked by heavy concrete WCresuccessively introduced behind

the already exisqng slabs Olndthe corresp:mding intensities of trOlnsmittea

neutrons or gamma-rays\.;eremeasured. In this rranner, the lTLl.;ltilayer

shielding thickness WOlGsuccessively incrcased ~ile the rest of geunetry

rC'lffiineaunchanged. Themeasurerrents wcre repcateu till the total thick-

nCGsof polyboron l::eckpdby heavy concrete increased up to 01maxjlTl\lmof

9lClTL,t:n'e':)total thickness of fX)lyboronbeing 41 em and that of heavy

COI¥;retebeing_~Ocm. 'Ihis enOlblesene to study the deep ponetration

behOlViorof neutrons and g=-rays fIT the rru1tiJayer shieldiJ1(j !!E-terials.
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The expedrrent was repeated for the other tw;, shielding arl"angements.

In the arrangement of polyboron bocked by ordinary concrete slabs, the

total thickness used was 91 ern (polylxJron-41em and ordinary COI1Cl:ete-

50 em,), lItlile in the arrangement of ,polyooron backed by lead slabs,

the total thickness used was 92 ems (pclyboron-41 em lead-52 em ).

The detailed description of the detectors, the radiation source and _the

slab nl'lteriaLs used in these experiments are furnished in the se::tions(5.2,

5.3,5.4,5.5). Brief descriptions of someof the different components

aE the elecuonics circuitry have already been given in sections(1.2.2,

1.2.3). The rest are described briefly below,

LINE'AR AMPLIFIER

'IW prilT'i'lryfunctions are =nveniently provided by the linear

amplifier element in the pulse processing chain: pulse shaping and

i1npHt.uoeg,lin. The unit a;cepts tail pulses as an input, often of

either polarity, and prodlJCesa shaped linear pulse with standard polarity

and span-width. 'Ihe arrplification factor or gain depends on the particular

application, but generally lies between a factor of 1[1[1to 5[1[1[1.The

gain is normally adjustable over a wide ran:;JethrUlgh a ccrubination of

coarse and fine controls. A gcod anplifier should have low noise input

and be capable of amplifying pulses with rise time of the order of 1[1-8

second. In this present study canberra Model 2012 arrplifier was used.

Its salient features are as follows:

o Gain' 128[1

o Designed for sodium iodide scintillator, gas prq:ortional,
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and silken surface barder deto:::tors

o High performance spectroscopy amplifier

o I1::M noise

o selectable time constants

o Count rate optimization, etc.

DIffERENTIAL DISCRIMINI\'IQR (SINGLIl CHANNELl\NlILY'lER)

In order to count the pulse preper ly, the shaped linear pulses

must be cuwerted into logic pulses. Oneof this is a differential

discriminator or sir,gle channel analyzer (Sell) which produces a legie

output pulse coly if the input linear pulse arrplitude lies between two

levels. The action of the unit is therefore to select a band of anplitudes

or 'WindCM'in which the input arrplitude IIl..lstfall in order to proollCe

a recordable event, The diocriminatioo level is normlly adjustable

by a frent-panel controL In sane units, the lower level discriminator

(LID) ,md upper level dis ;;ciminator (ULD)are independently adjustable

from frrnt-panel contralE, In co..mting systems, the SCAcan serve to

select only a limited range of arrplitude:s fron all of those generated

by the dete:;;tor. In manycounting situations, the level is set just

above the system noise 80 that the rnaxirrumsensitivity for co.mting

detector PJlses of all sizes is realized. In this experiment Canbera

Model2030 SCA'i.<lSused.
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TIMERS AND COUNI'ERS

The fW1CtiQlof a tilT'€r is simply to start the coonting and

select the accumulation period for an eJectrooic COilllteror other recording

system after which the coonting autom3.tically stops. Obviously its ll1CJSt

inportant pt"operty is the pt:ecision to which the time inteeval is controlled.

'Theprecision of the timing is determined solely by the a:::curacyand

stability of the pcwer line frequency. Timers, can be either blind or

have disp1"'Y units. It my be convenient to have the acClJlTlllatedtiming

period displayed during the coume of the measurement, although the

feature adds to the cost of the timer.

As the tinal step in a eamti.roj system, the logic pulses must

be acculTlllatedand their nunt>errecorded over a fixed period of time,

set by the timer. The device usea for this purpose nay be a siuple

digital register which ),5 incremented by one count each time a logic

pulse is presented to its input. In nuclear pulse counting applications,

such devices are often called scalers. Cumters are COll1lDI11yoperated

in one of boo nodes: preset time am] pceset count. It can also be of

the 'blind' OJ: 'display' type.

In the present wockcanber:ra Model 2071ADual timeJ:/counteJ:was

used. It pl;ovides two eight decade counter, a CJ:ystal tinE base, and

presetting lcgic. TheModel 207lAaccanrrodates input ca.mting J:ates of

100 millioo crunts per second (100 MIt.) for negative inputs and 25
•••million counts per s€'COlld(25 ~af_) for positive inp.Jts.

'"



NeutIoo cannot be detected directly since they have no charge

to produce imization, it can only be detected by meansof secondary

charged particles such as protons, alphas, and so forth which maybe

released during its passage throogh matter, or by other SECOndaryprocesses

which produce ionizing radiatim. Different types of detectors are

available for measuring fast neutrons (29). The cornnonlyused are liquid

scintillation detectors, nUC'learerrulsion, threshold detectors, 3Heor 6Li

sandwich detectocE, and proton-recoil detectcrs. In addition, there

exist several fast neutron detectors based upon the slowing do\;'11of fast

neutrooE and then measuring these slow neutrons. Awidely used detector

foe slow neutrons is the BF3 detector. Boron tr iflulZ ide gO'sserves

both as the target material and the counting gas. ABF3detectcr usually

Coosists of a cylindrical OJter tube of stainless steel. aluminiumor

copper and a central ilIlodewire of nickel or tungston. We usual

operating voltage of the detector is in the range of 2000 to 3000 volts

with the anode wire diarreter of about 0.05 1TUll.Figure 8 shCMScount

rate verSLlsanede voltage curve for a typical case. The ITOstCQ!ITJl<;Ol

reaction for the cooversion of slow neutrons into directly detectable

particles is the I08(n, 0:) reaction. The reaction maybe written as

7'Ll+o:
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I-hich has a thermal cross- section of 4000 barns foc lOBisotope ceaction.

WhenthernEl neutrons (0.025 eV) are used to induce reaction, aba1t 94

peccent of all reactions lead to the excited state ",ndooly 6 percent

directly to the ground state. In the ll),(n,a) r",action, the energy of

2.31 MeVis shared by the ",]pha particles ",nd the CE'coiling 7Li nucleus

of which alpha 'particle carries away 1.47 MeVand the 7Li nucleus retains

0.84 MeVas the kinetic €Ilergy and the rest if any, as excitatioo energy.

The thernEl neutron cross-section fcc the 10B(n,a) reaction is 3840 barns.

The slow neutcon lIl2asurementswere nEde with a SF) detector which feeds

into a staneacd arrplifier and scaling circuit. Since BP) detectors are

mootly used cnly for counting the nurrberof slow neutrons (0.5 MeV)

which are detected, the distrib1tion of the pulse heights of the

detector is of little interest except that one has to ensure that all

the resulting pulses from the detection of neutrons lie rruchabove the

electronic noise and the small backgcoundpulses cesulting from the

gamma-rays. It is to be noted, however, that the pulse height spectrum

has significant nurrberof counts at pulse heights lI!1ichace muchlower

than that corresp;lnding to the full energy peak. These lower arrplitllde

pulses arise due to nuclear reactioos taking place near the wall of

the charrber in which one of the charged particles de[XJsits only part

of its energy in the gas and the rest being dep:>sited in the coonter

wall. The particle which loses energy in the cwnter wall can be either

the alpha particle or the lithium ion and the correSfXlndingspectrum is

of the type as sho.vnin figure 9. The wall effect continillllm extends

frw. ELi(O.84 MeV)up to full-energy peak at (ELi + %) (2.31 MeV). We
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have coosidecoo only those reactions 1eacJingto the 7Li exdted state

because the wall effect cootinuumassociated with the JrJ.lCh less prdJable

groond state is normlly so small as to be sul;mergedby the rem3.inderof

the Specl;l;Uffi. The BF3 tubo>of a detector from \\tlich the differential

pulse height spectrum tells us nothing about the energy spectrum of the

:incident radiaticn, but is a furction of only the size and geometry of

the detector itself. Instead, we are likely to seek a stable operating

point of a coonting plateau for which SlliIll drifts in operating para-

meters do not significantly affect the neutror; sensitivity of the counter.

!(hat objective ...:>uldbe"met by setting a fixed discriminator level at

the point labeled A in figure 9. The flattest portion of that plateau

should a;,cur whenthe effective discrimination p:Jint is at the minillllm

in the differential pulse height spectrum or point A. Under these

c<:nditims, all the neutrons will be counted, whereas 10l'.'-alTlPlitude

events will be rejected. A very irrportant consideration in rreny

awlications of BF} tubes is their ability to discriminate against

garrrna-raysl'Ittichoften are fOW1dtogether with the neutron flux to be

measured. GaImE-rayinteract prirrarily in the wall of the counter and

create secondary ele:;;trons ",hich nay produce ionization in the gas.

Because the stq>ping r-owerfor electrons in gases is quite low, a

typical electron will deposit mly a small fracticn of its initial

energy within the gas before reaching the opposite wall of the cOW1ter.

'rhus we should expect that lfOst garrrna-rayinteractions will result in

1ow-amplitudepulses which will 'lie in the tail to the left of point A

in figure 9. Sirrple allPlitude discrimination can then easily eliminate



'6

nWALL EFFECT"

CONTINUUM

d'
dE

DEPOSITED ENERGY. E (MeV) __ •

2,792.311.41I 0.84
I
I
I
A

EXPECTED PULSE HEIGHT SPECTRA FROM BF
3

TUBES

ILLUSTRATES THE ADDITIONAL CONTINUUM DUE TO
THE WALL EFFECT.

FIG. 9.



57

this garrma-cayswithout sacrificing neutcon detection efficiency. The

detection efficierx:y for neutrons incident along the axis of a SF] tube

is given approxirrately by (29);

••• (1)

...neee 1:a(E) is the rracrosccpic absorption cross-section of 1% at

enecgyE and L is the active length of the tube. Using equation (1),

the calculated efficiency for a 30 em long r~3tube (96 percent

enriched in lOB) is 91.5%at thermal neutron energies (0.025 eV) but

dwps to 3.8%at 100 ev. Thus, a BF) tube exposed to neutrons with

mixed €llergies will respond principally to the tllerml neutwn c<Jl!lXlI1ents

and will have extrerrely 1011'detection efficiency foe fast neutrons,

The specifications of this detector are shown in Table-5.

Table-5

BF3 detSC'tor specifications

Manufacturer Canberra In:::.

Model 4528
Diameter 2.54am
Anode O.005emdiarreter tLmgsten

End window 0.203 em thick alumina (Alp))

Fil gas BF3{90% lOB) at 120 em Hg.

ktive length 30 em

Duter sheel 0.089 CIll thick
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As a rule, howevec, fast neutron devices must employa IIDdified or

carplerely different detection schemeto yield an instrument with

acceptable detectioo efficiency. Conventional BF3tul:cs have an extremely

low detection efficiercy for fast neutrons, an] consequently are alJrost

never used for this purpose. '.rhe inherently low detection efficiency

for fast neutrons of any slew neutron detec:toc can be sorrewhatirrproved

by sunounding the detector with a few centimetecs of hydrcgen-containing

JIDderating rmterials. The incident fast neutron can then lose a fractioo

of its initial kinetic energy in the IOClderatorbefore reaching the

dete::tor as a lowe];energy neutron, for which the detector efficiency

,is generally higher. By naking the JIDder:atorthickness greater, the

n\llTlbel"of collisicns in the rn:rlerator will tend to increase, leading to

a lower value of energy wen the neutron reaches the detectoc. One

..c>uIdtherefoce expect the detection efficiency to iocl:ease with mc:x:iel:atol:

thickness if that WE:l:ethe ally factol: under consideration. A second

factor, 'hewever, tends to decrease the efficiercy with increasing

mcxlel:atorthickness. The prombility that an incident fast neutron ever

reaches the detector will inevitably decrease as the rrodel:ator is rrade

thicker. A neutron rray be absorbed within the rroderator before it has

a charce of l:eaching the detecwl:. The absorption prcbability will

increase rapidly with ircreasing rroderator thickness because absorption

cross-sections generally are larger at lower neutron energies.

The efficiency of a moderated sl<;M neutron detector "'len

used with a mc:ncenergetic fast neutron source will thus show

a maximumat a specific llooerator thickness. A detl?Ctor whosecounting
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efficiency <'bes not depend on the neutron energy can be veI"Yuseful

device in rranyareas of neutron physics. For an ideal detector of

this type, a graph of the detection efficiency versus neutroo energy is

a horizootal line,which has led to the ni,llllE' flat respons detectors.

The llDst popular flat re:;ponse neutron detector has been the so-called

"Longcamter". Like th€>spherical neutron dosimeter(30). it is based

on the principle of plocing a slow neutron detector at the center of a

moderating medium.

the corrbination of a BF3tut:<=and cylindI"ical mcderatee was

first suggested as a flat response ,neutron detector by Hanson and

M:::Kibben(26). Thies and Ecttcher (31) derronst.r:atedhoWene can constru:::t

a flat respcnse fast neutron detECtion system using a L3.rger rroderator

with a BF~detector errbeOedin it ir, a suitable gOOrrEtry. A latter

design by M:;;Tagsart(27) is shown in figure lOa

and has achieved fairly widespread acceptcnce as the stanCErd long

counter. The CClJIlteris designed to be sensitive only to neutrons

incident on the right-hand face of the OO\.1nterwithin the boron OKide

shell. Those incident frau other directions tend to be rroderated by

the outer annulus of paraffin, and are subsequently captured in the

boron layer without giving rise to 11coont. Neutrons which are incident

on the froot face parallel to the cylindrical axis will penetrate some

disu>nce before undergoing !fCderatiCfl. 'l'lle average distance of penetra-

tion will increase as the neutron energy increases. If the BF3 tube and

cylindricalllPderator are sufiiciently long, then the typical cross-

section through the cylinder at the {Xlint of TTOderationwill not l;e

(



60

different for various energy neuu01S. 'It1el"efore, the pcob<!bility

that the moderated neutron will find its way to the BF3tube and produce

a count Idlich is independent of neutron energy. It is this propel:ty

that leads to the flat energy response of the detector. Figure lOa

shows the long counter which \>la56-onstrUo:t.ed;1.6ilCl1~Hig:the'",deBign of

~son and McKibben(26)incorporating the rrodificaticns suggested by

other wcrkeI:s(31-33). A typical efficiency curve versus neutroo. energy

of a rrodified 1cng counter(l) as shownin fig. lOb. In the diagram of the

long counter shownin figure .lOa. The conventional BF) prcportional

coonter tube was errbeCIedin a large cylindricalQ paraffin roc:derator

50.8 cm(20") in length and 38.1 em (15") in diameter. The roc:derOltorhad

eight 2.54 em (1") diaJrewr holes, 8.89 em (3.5") deep, in its fwnt

face, en a circumference 22.8!> ern (9") in diameter. The holes provided

in the front surface prevent a fall off in the efficietx:y at neutron

energies belCh.'1 Mevby allowing the lcwer energy neutrons to penetrate

-further into the rroderator. The inner paraffin cylinder is 20.32 cm(8")

in diameter and the density of the paraffin wax is 0.84 g/cm3• The BF3

retector used in this study was canberra Model 4528 (Table-5), which had

an active length as that of the paraffin cylinder, and ""'-sfilled at

120 emHg. pressure with enriched BFJ. A cadmillJ1lcap covered the front

end of the BFJ detector. The outside of the paraffin nay be covered

with a thin sheet of cadmillJ1lto absorb thermal neutrons while allo;;ing

fast neutrons to pass through in to the paraffin.
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5.3 GA~WI-RAYDETU::1OP.

A gaT]1Tl3.-raypboton is uocharged and creates no dirECt ionization

or =itaticn of the m"terial through which it passes. The deteetioo

of gamna-rays 1S therefore, critically dependent OnCi;lusingthe garnrra-

ray photoo to undergo an interaction that transfers all or part of the

photon energy to an C'1ectron in thE' abso~hing ITBteria1. 'l'here are

three principal methods in which the garrrrm-rayPlotOllS interact with

watter. These are photoelectric effe::;t, canptm scattering, and pair

-productim. 'lllese pra;,QSses already discussed in se::;tion 1.2.6 are

strmgly dependent upon ;the energy of the garrrna-rayFftoton and the

atomic numberof the rn.::tteria1. In surrrnary,all three prCGesses produce

mooingelectrons (or positr<;ns) m rratter, which can be detected directly

or can initiate other electron precesses to cbtain an electric charge

pulse, At lew energy, up to abcut 100 keV, the photoelectric effect is

dominant. Ccrnptmscattering varies f~Qllmioor effect at 10 k"Vto

being morc irft:;ortant near 100 keV. Upto 1 MeVthe photoelectric effect

is declining in prcbability and multiple corrpton scattering effects

becOln,"siJrportant. Al:xNe1.02 MeVpair production incr61ses in prcbability.

Since the primary gamrra-rayphotons are "invisible" to the detoctor, it

is only the fast electrons created in garrrna-rayinteractirns that

pro.lice the only clue to th", nature of the i~ident gamrra-rays. 'l'hE:SO
•

eleetrc:ns have a rraximumenergy equal to the energy of thtl incident garrrrna-

ray photon, and will SlONCCMllGIldlase their energy in the aDsorption

processes. Bnergy loss is, therefore, through ioniziltion and excitati=

of atcrns within the absorbing material. For a detector to serve as a

ganma-ray spectrometer, it rrust carry out two distinct functions. First,
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it must act as a conversion mediumin ""ich incident gallIT<l-rayshave a

resonaLle probabilit.y of interacting to yield me IT fiure fast electrons,

and secood, it Illllst function as a conventional detectoJ:"fo[" these

sE'<.'CllCaryelectrons. Awide variety of detectors[J4-37) are in use

t<:>day,The most widely used detectors include the inorganic alkali

halide crystals, of which soJium icxJide is the favorite, and organic-

based liqui<Js and gases which emit lights fran their ato!t15cr molecules

(or scintillates) whenexcited by the passage of radiation through them.

Hence, these detectors are COITlll0l11yreferred to as scintilla tors, 'I11is

process of absorption of energy by a substance and its l"e-emissicn as
which is of two kinds-phosphores:::ence

visible or near-visible radiaticn are knownas luminescencEiand fluores-

cenee, 'Ille process where the light emission =urs dLJringthe excitation

a: within 10-8 sec or less the radiation is called fluorescence. When

the eJ<Citedstate is metastable, the light emission is delayed (of the

order microseconds to hours) and the luminescence is knownas the

phosphorescence. Only those scintillators in which light emission

occurs within the shorter duration (10-12 sec) arc useful for the

detecticr. of nucle"r radiation. The desirable prcpcrties for a gx>d

scintillators maybe surrrnerized,,5 fol101"S'

o density shruJd be high to make-it a suitable rraterial for

efficient absorpticn of electro-magnetic radiation

o should be highly fluocesccr.t with very J ittle or nO

phosphoresc:ence

o the mission spectrum should be suitable for gcod rratching

to all types of canmercial photolOlltipliertl_~v¥'l,.~!Jle



o should fluorescence which neans inherently good resolution

The inorganic scintillators are crystals of inorganic salts,

primarily the alkali halides, containing rnsll allOUntof inpurities as

activators for the luminescenceprecess. 'Ihe scintillation rrechanismin

inorganic materia15 dq:>end00 the energy states determined by t.he

crystal lattice of the material. Wher.the gamre-ray passes through a

scintillator, a part or all of its energy is absorbed in the scintillator.

In inorganic scintillator, this absorbell energy can raise rrolecule

from their ",lectronic ground states to their electronic excited states.

A molecule in the electronic excited state maylose its energy to lattice

vibrations or mayreturn to its electronic grOUnGstate with the

emission of visible light. 'Itle luminescenceof- an organic scintillator

is an electronic process whichmy be rEpresentell in the band tileory

by the lower band, cal1e1l tile valence band, which represents those

electrons that are essentially boundat lattice sites, ~ereas the

conOuctionband represents those ele:::trons that have sufficient energy

to be free to migrate through out the scintillator. 'Il1ere exists an

intermediate band of energies, called the forbidden band, in which

electrons can never be foond in the pure scintillator. Absocption of

energy can result in the elevation of an electron from its normal

FQSition in the valence band across the gap into the cooduction band,

leaving a hole in the Jl(Jnnal1yfilled valence band. In the pure

crystal, the return of the electron to the valence band witil the emission

of pI1otonis an inefficient process.
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In order to enhance the probability of visible photoo emission

dLJringthe de-excitation process, small aIIOW1tof an inpudty are

cOll1TlC!'llyadded to inocganic scintillators. These illpurities, called

"activators" create special sites within the pure crystal. lIS a

result there will be energy' states created within the forbidden gap

through which the electron C,1nde-excite back to the valence band.

Because the energy is less than that of the full forbidden gap, this

transition can nowgive rise to a visible photon and therefore serve as

the basis of the scintillation process. Energy band strocture of an

activated crystalline scintillator is illustrated in figure 11.

A number of inorganic sc:intillators or phosphors
namelyNaI(Tl), CsI(Tl), Li(Eu) etc. are in widespread use as scintilla-

tor detectors. The rrechanical and physical properties of the scintillator,

prepared in applCcpriatesizes ,md shapes, play an ilTportant part in their

choice for spECific measurements. The NaI(TIl detectors have becone

standard scintillation detectors for garma-ray spectrosccpy since its

introduction by Hofstadter(38) and Hilne(39). SooiUffiicdide is a

transparent, hl~roscopic crystal having the gene~al properties at room

terrperature (80~). The thallium activator which is present as an

inpurity in the NaI c~ystaI structure to the extent of about 0.2%

enhances the conversicn of energy absorbed in the crystal to light.

Its high density (3.67 9/cm3) together with its high effective atCUlic

nlJlfber (Z " ~3) rookesit a sllitable rooteriaI tor the efficient absorption

of electromagnetic radiation. The presence of iodine gives high cross-

section for photoelectr ic and pair production interactions. 'Itle emission
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spectrum with a naxirrurnof 4100~ is suitable for good matching to

nany types of cemmercial photorrultiplier (HIll. The speed of response

makes it suitable for most applications, its decay time is of the order

oE 0.23 microsecond. Transpar:ences to its ownflllorescence provides

NaI(TI) with an inherently high energy resolution whichcan be achieved

with a scintillator detector. Figure 12 shCMSa typical curve which

explains the interaction precesses of gamra-rays with NaI{Tl) crystal.

The primary ionizing particles resulting from the garnm'!-rayinteractions

narr.elythe photoelectrons, corrptonelectrons, and electron-positron

pairs, dissipate their kinetic energy by exciting and ionizing the

atoms in the crystal. 'I'he excited aterns return to the ground stOlte

by the emission of light quant<l, The intensity of the light flash produced

in the scintillator is proportional to the aJTOUntof energy aboorbed.

The light quanta emitted by the scintillator are converted bock into

electrons by a photecathcxle. These eleetrcns are subsequently multiplied

into electric signals by photOllUltipliers. 'It:tesimplified structure of

a typical photomultiplier (PM)tube is illustrated in fig.13. The

scintillation light after reflection at the inside walls (which are

light-tight) enclosing the scintillators fall on the photceathcxle of the

PMtube which is q>tically coopled to the scintillator. The photo-

electrons are emitted fran the photccathcxle and are directed toward

the first dynodeof the pI1otomultiplier (fig.13), whosepotential is

about lOWpositive with respect to the j:hotecathode. Each electrons

that strikes the dyncdes caLJsesseveral othel: electrons to be ejected

fn::rnthe dyncde, thereby 'llUltiplying' the original photccuaent. '!his
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process is repeated arout 10 times before all the electrons, thus proouced,

are collected by the plate of the FMtl1be, 'I1le resulting current pulses,

I>klosemagnitude is prop::>rtional to the energy of the priJre.J:Yionizing

radiation, produces voltage pulses at the output of the photormJltiplier.

'ltle voltage pulses car, then be arrplified and analysed for counting

tlu::oughcooventional circuits (fig.7).

'I'lleMooel BO:.!scintillator detector, which is JlOI1oline

crystal asse!ltJly including a high resolution NaI(TI) crystal and a

photOlWltiplier tube was selected in our experiment to detect garrma-ray

photons. Its salient features are shc<min Table-6.

Table-6
Specifications of NOlI(TI) detector

Dimension

WindoW

Reflector oxide

Magnetic/light shield

Bias

il.esolution

7.6 cmx7.6 em

0.05 mn aluminium (density:147.9 rrg/cm3

16 rrnn thick (density 88 ID3/cm3

connecting lined steel

1000 V

7.5% at 662 keV peak of D7Cs
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5.4 RADIATIONSOJR::E

The experiment was carried out using a 252Cf fission 50urce

which emits both fission neutrons and fission gamna-rays. The total

mass was 2)19 on Noverrb€r, 1985, which ccrresponds to 2.3x.106 n/sec/V9

and 1.JxI07y/ ).19' 'I'his source was taken because of its fission yield

being identical to the fission yield of 235u which undergoes nuclear

fission with thermal neutroos in a reactor core(36). A typical fission,
yield distribution foc both 252Cfaoo 235u is shCMn in figo.;re 14. The

average neutron energy of the fission spectrum due to 252Cf and 235u

have a mean values of 2.3 MeVand 2 MeV, respectively. Typical neutron

and garnua-ray hasien spu:;trum of 252Cf are shown in figures 15a and ISh.

Somephysical prcperties(40) of 252Cf are sumnel"ized in Table-7.
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Table-7
Physical properties of 252Cf

Atonic nurroer 98

Atomic weight 252

Half-life for alpha emission 2.72 yea!:s

Half-life for 6jX>ntaneousfission 85.5 years

Half-life (effootive) 2.65 years

Fraction of decay by alpha emissioo 97%

Fraction of decay by spontaneous fission 3%

l\verage nuntJ€,rof neutrons per spontaneous fission

Decay heat (5% from fission, 49% from decay)
Specific activity

Neutron emission rate

Neutron spectrum

PhotCfl emission rate

Garnnar"diation spectrum

3.8

39 vW/]J9

530 lJCi/v9
6 -1 -12.3xlO 5 ,\19

See. fig. &a 15"-
7 -1 -11,3xlO 5 ')J9

Se<oI.fig. 6b- \5 b
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5.5 SHIEIDlliG Ml'l.TERIALS

The rewction of radiation intensities is accOlI{llishedthr:ough

interaction of radiation with lTI3.tter. The nost significant radiatioos

for lIhich shielding is required are (1) the mixed radiation field

consisting of the priJrnry gaImE-fays and neutrons present inside a

research reactor, neutron generator and also emitted by c€1rtain cadio-

active soorces and (ii) the secondary garma-rays proollced by inelastic

scattering of fast neutrrns with shielding rraterials and the capture of

ther:mal neutrons. 'l'he shield design involves lIOre than chcosing a

suitable material (or rmterials) and determining the optimumthickness

required to decrease the total radiation to an acceptable leveL

Elements of high atewic murber and high density are the best for absorbing

garma-rays and elements of low atOlllic number are the best for absorbing

neutrons. Heavyelements waybe used also to slow d~ high-energy

neutrons by inelastic scattering. Hydrogeneousrraterials Le.,

rraterials containing hydrogen IlBYbe used to rroderate intermediate

neLJtrons. NIO'utronpoisrns, such as boron, maybe LJsedto absorb low

en",rgyneutrons withcut emitting high en",rg}"garara-ray. In additicn

to possessing good attenuation properties, an ideal shielding rraterial

8hQl.lldhave the follCkling characteristics(41):

o be inexpexpensiv""

o easy to handle and fabricate:

o physically strong and durable under cperating conditions;

o stable in chemical ccmposition and physical dimensirns:



o fire-resistant;

o nor:corwsive, ncnta:dc, and odorless;

o not affected by intense radiation fields or high

tenperatures; and

o co-efficient of expansion that is compatible with other

ueter ials.

Since no ueterial could have all these qualities, cCllPranises in design

and fabrication of miY.eClradiation shields are required. A brief

descripticn of the shield ITI3.terialsused in the 1OO1tiJayershielding

experiments and their prcperties is presented below:

IQLYBORON

It is well knDmlthat neut.roos are rrost effectively mcderated

by hydrogenecus naterials. Addition of boron in hydrogenecus naterial

provides good absorption of neutrons and rernces secondary gamna

radiation which is desirable for neutron shielding. A neutron shielding

rraterial, called "Polyboron", consisting of polyethylene, borcn-ester

and paraffin W<l;{(42)has been locally developed. The density of this

rratt>rial is little lower than water (0.971 glee). Pclyboron has

unique mechanical properties. The neutron shielding effectiveness of

this IT\'l.terialhas been studied and reported by Bhuiyan et al!43)The polytoron

can be used in encapsulated form in locations where the tellperature is

higher than that of its rrelti.nj point. It IT\'l.ybe used in sorre other

mixed fields of neutrCfls "nd gan1ll3.-rayslike r:eutwn radiography,

career theraphy using reactor neutron beametc.



ccnc~ete, me of the =st familia~ const~lJCtionmate~ials,

has manyp~ope~ties desirable from a nuclea~ ~adiation shielding point

of view. It is an inexpendve, easily handled mate~ial. Its gcod

nuclear- p~cpe~ties taken in conjunction "dth its excellent structw:al

p~cpe~ties. It is a mixtu~e of hydJ:cgenand other light nuclei and

nu::lei of faidy high atomic nUflt;e~. For these ~e"sons,it is efficient,

l:oth in absorbing gamrra-~aysand slowing downof fast neutrons by

elastic and inelastic scatte~ing. The hydrogencontained in the water

of hydr"tion of the cement is sufficient for the rapid themalization

of the intermediate energy nC'utrons. The standard cOTTpJsitionof or-dinary

concrete with a conventiooal methedof preparation is 1 part' cement : 2

parts sand: 4 pads rock aggregate by volumeand adding al:out 6 gallons

of water per 941bbag of cement (53 liUes water p?r 100 kg cement).

Itereasing the cE'lTEntcontent will tend to iocr-ease the strength of

corerete, while increasing tile wOltercontent will tend to deer-ease its

strengtil. speci"l aggr-egates can he used to iocr-ease the density and

shielding efficiency. For heavy concrete the desitable water-cement

ratio IfI/lYhe less tban 0.53.

The ordinar-y cor:crete slabs were madewitil cenent, SOlnd"nd

stone chips mixed together- in the ratio of 1 : 2 : 3 respectively by

volumeand the density of ordinary concrete is 2.3 g/cm3with corrpressive

strength of 315 kg/Cm2• The dimensions of each of the slabs is

25.5 em x 12.5 em x 5 em.
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The ilmenite-magnetite con.::rete is 11 heavy concrete produced

with i1menite, magnetite and ordinary sand togethec with stene chips and

cerrent. This rraterial has been used as a biolcgical shield of the

3 »VTRIGAMark-II research Ie<lctor at Atanic Energy Research Establish-

ment (AERE),Savat:. The heavy concrete is IfBdeof ilmenite, magnetite

and ordinary (Sylhet) sand mixed tD;Jether in the ratio 2,2:1 with

cement and stooe ships in the ratio 100:36:100 by \lomIre. The density

of the heavy CQrcrete is 2.75 g/om3 with cQT{'ressive strength of

2]8.01 kg/cm2. These slabs, each having the dimension of 25.5 em x

12.5 em x 5 em, were also supplied by the INS'f of the AERE,Sa\1ar.

Becallse of its higl1 density, gvod \lUrking qualities, lock of

objectionable impurities, ability to withstand radiation without damage,

and availability in large quantities, lead is 11 valuable gamna-ray

shield. It is particularly effective <3gainst low energy garrna-rays

because of high photoelectric absorption cross-section ...nich predominates

upto garma-ray energies as high as 0.5 MeV,and also ag<3insthigh

energy garrma-raysbecause of its high pair-production cross-section.

Lead is widely used in the form of ractangular "lead bricks~.

Because of high density of lead, the volume required for a shield is

low, resulting in a cooparatively smaller shield. 'Ibis m"kes it

attractive £0£ shielding_mobile reactors and isotope carriers, and for
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special afPlieation III ..tJich it is iIlperative to reduce materially

the size andweight of the shield. lead is also corrosion resistant

and easily fabricable.

It has poor structural properties. As a result large lead

sheets and pbtes must be supporb:~d. It is corrparatively expensive.
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RESULTS AND DISCUSSION

The relative variation of neutrm tr,msrnis5ion factor, 1/1(0),

as a fl1lX'tion of thickness for polyboron (PE) + heavy concrete (Ir), PE +

ordinary concrete (CC) and PE + lead (Pb) llUltilayer shielding arrange-

ments are plotted in figure 16. It is seen that the PB+HCarrangement

shows more attenuatiOl of neutron than those of PB-tO:::a~ PB+Fbshielding

arl"angements. Fol" the thickness of 7.5 em, the attenuation of neutron

observed is 54%for PBtHCshielding arrangerrent but is 52.5% and 37%

for PB-tO::ami PB+Pbshielding arrangements respectively. For 30 cm

thickness, the attenuation of neurron increases to 85.7%, 83.5'1:and

81.5% fOl"P8+HC,PB-tO:and PI3+pbshielding arrangements respectively.

The l"esults shew that the PB+HCshielding arrangement has greatel"

neutwn shielding effectiveness than those of PB-KCand PB+Pbshielding

arrangements. The neutron shielding effectiveness of PB+CX.:is closel"

to PBtHt.:but the shieldiTB effectiveness of both these arreongements are

highel" than that of Prl+Pbshielding arrangement. 'Itle cause of higher

attenuation of neutron In PB+OCarmngement than in FB+OCand PB+Pb

shielding arl"angements is probably due to the presence of more water

rrolecules in heavy con;:rete.

The rransrnission curves for gamrra-ray in the sarre types of

1Tll1tilayer shielding arrangements is shown in figure 17. 'l'he curves

show that the PB+pbarrangement crntdbute ITPre"ttenuation in gamra-

ray transmission than those of PB+HCand PBKCshielding arrangements.
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For the thickness of 7.5 em, the attenuation of gamma-ray intensity

observed is 50% for PIl+l'b shielding urrar>jerrent cClITlParedto 28% and

27.4% [or PB+HCanu PBtO: shielding arrangements, respectively. For

30 em thickness, the attenuaticm increases to 66%, 62%and 59%, respec-

tively. The results show that the PIl+Pbshielding arrangement has g.eater

garnrT<l-fayshidding effectiveness than those oJ: PlJ+HCand PB-tCC shielding

arrangelT'€nts. 'Il1e garMlOl-rayshielding effectiveness of PB+HCis higher

than that of PBtO: shielding arrilngement but the shielding effectiveness

of PB+Ph is more than those of PB+HCand PB+CX' shielding arrangements.

The higher gaTTll[lOl-r"yattenuation in PB+Pbshielding arrangement than in

PB+H<.;and pB-t(C "rrangerrents is probably due to Hm higher density of

the lead.

'l11erelative rate of =unts for neutron and gamma-rayas a

function of thickness of JTJJ1tilayer s1<lbs <Ire shown in figures 18 and

19. '!he attenuation at neutron and gallIna-ray intensity is generally

char<>eterized by half-value thickness (HVI'),rerroval cross-section (tRJ,

attenuation co-efficient (lit and relaxation length (h). The attenuation

Gharacteristics based On the TTEasuredva.1ues from the attenuation

curves for neutron and gamma-r"yare given in Tables 8 and 9. The

values presented in these tables "re deduccU [rom the sl~s of the

curves (Figures 18 and 19). Since the relaxation length o[ a particular

radiation in a given lIUterial is equivalent to the reciprocal of the

attenuation co-efficient (for galllll'a-ray) or rerroval cross-section (for

neutron), the relaxaticn lengths provide a good m2anSroc corrparing the
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shidding effE'Ctivencss of different multil<lyer materials.

Table-8 ShCW5th"t the relLlxation length for n€LJtron in PB+l1C

is much srw.llel" than the rel;;lXation lengths in PE-tOCand FR+pbshielding

arr"ngement 'Ibis is bcc<lusethe Hemayhas =e hydrogen content than

the 0::: <lndPb is a heavy elerrtE'ntof pcor neutron attenuatioo capacity.

'1'able-9 shows that the relaxation length for 9arllJ1\01.-r"yin

FBtP" shielding arrangement is lIUChsnalJer than those of PB+HC"00

PIHCCshielding arrangpments. Lead h"s very high density and large

absorptioo coefficient for garnna-ray resultir,g in goed attenuation

capacity for gaJllJllOl-rays.

A catpar ison of the present measurementof neutron and garnrra-

r"y attenuation characteristic (Tables 8 and 9) with those ob~ined in

other investigatirns cannot be oode dirE.Ctly because different comp:>sition

and constituents of the concretes and lead havGbeen uSed(45,46).

Furthermore, data On the "ttenuation of the radiation fram 252Cf for

concretes is not available. H<Jd€ver,for c~risoo, the available

data 00 relaxation length tor neutron in different coocretes and lead

are shownin Table-IO. The relaxation lengths for neutron obtained in

this study are generally comparablewith published value (Table-lO),

being slightly better for few c"ses. The shielding perfonmoce depends

on the properties of cCllli'alentsubstances; and by 5ui\;ilble choice of

constituents it is poosible to iocrcase the density of material and

optimize the shielding characteristics for various types of radiation.



The lceally available ilmenite and ITI'lgnetitesana haw great €cooomical

p:>tential (or use in tbe development of high density (heavy) cor.::rete for

effective shielding of neutron attenuation in a nuclear radiation field.

Table-S

Nuclear pararreters by neutrons in mLlltilayerd shields.

C<JJbinationof
muItilayerd
shields

PB+pb

HaH-value
thickness

(cm)

R.25

Tenth-value
thickn"ss

(cm)

57.0

66.5

76.5

Table-9

Rerroval
c:roos-sectioo-,IR, (em )

0.1066

0.0040

0.0770

Relaxation
length

(cm)

9.38

11.90

12.99

Nuclear parameters by gamma-raysin multilayerd shields

(;oo,ination of
multilayerd
shields

PIl+HG

PB+Pb

HaH-value
tbickness

(em)

17.25

18.60

8.0

(em)

l\ttenuation
coefficient,
11 (cm-.L)

0.0402

0.0372

0.0866

RelaxatiQll
length

(cm )

24.89

26.84

11.54
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Table-tO

Typical values of the reJaXiltion lengths neutron in concretes
(Ref-I) and lead (l<eL2).

'l'ypeof shielding
rn3tedal

Ordinary

c=rete

Ilmenite

COlcrete

Magnetite

Concrete

Limonite

2.30

2.50

3.52

3.29

2.70

11.3

Relaxation length
(~)

12.2

]1. 1

13.4

8.9

10.5

9
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CCNCWSIU<

Thenral neutrrn flux at diftercnt distCll""lCes fran the biological

shielding face of the research r;e"Ctor in the tangential beampert have

been measured u,' activatim method. Gold foils of high purity have been

irradiated in the central bEall.axis of the beamport. MeLlsuredneutron

flux h"5 been fCllnd to decrease as the distance increases from the biola-

gical shielding face of the reactor. Neutron flux was found to be maximum

(4.34 x 107 n;cm2/se:::) near the biological shielding face and minimum

(1.00 x 107 n/cmZ/sw) at a distarx::e of )..5 m away from the samoface.

'l'11eresults of the present investlgation 00 the effectiveness

of multilayered shields for galTlllarays sU9gest that a multilayered shield of

polyboron-lead is rwre etfective than those of polyborrn-heClVYeOlCrete

and p::>lybor:on-ordinaryconcrete. This is expl"ined by the fact that

attenuation of gan,na-rays in polyborcn-lead is higher tnan those of

polybccon-heavy c=rete and ~lytxxon-ordinary corcrete.

Ti,e results of the present investigation en the effectiveness

of multilayered shield fcc neutrons suggest that a multilayered shield

polyboron-heavy concrete is mora eff€ctive than those of polyboron-ordinary

=ncrete and po1yboren-le"d. 'l'his is due to the fact that attenuation

of neutrons in polyboron-heavy c=rete is mare than those of polyl::xron-

ordinary ccncrete and polyboron-lead.



Finally, it is conclUded that a multilayered shield

crnsisting of polyborrn, heavy Calcrete and le"d mayfind its useful

"pplic"tials in a mixed field ot neutrons and garrunassuch as in

beamport experi.Jnentsin research reacta;s, accelerators and neutron

generators and also in the uses of radioisotopic neutral SQJrces.
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