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Abptract

The devalopmant of the Gé(Lt) gamna ray spectrometer is incomplete
in peveral areas, pavticularly those relating to low 1evel counting. - This
: theﬂxﬂ is an aLtempt to define their law lavel counting capab;litleaa

A Ge(L&} gamma ray ﬁpactromater was developed and aavaral agpects
of its performance were investigated. In particular, emphaﬁxs wag placed
upon eryostat operation and the ¢alibrationy maasu:emant, diagnosis and
fepqir ofléatectﬁrs._ Due to its significance in low le&éf;coﬁnting,_the.
efficiency of detection of gamma rayalhaa-alﬁdjbeen e#a;uated. It was
~ found ﬁﬁat'some“dﬂtecﬁorm had afficianéiaa df.détection ﬁmﬁller thﬂn that
axpmaﬁaa from their size. Other problgmé aégoai@iéd ih-th@ bptimisation

of @fficiency wnra aluo conpidarad,

An expraﬂaion has baen derivmd, and experimantully ?erifiad, for
Itha manﬂitivity limit of a Ga{Li) spactrumet&r and is found to depend wpon - _
Ith@ absolute efficiancy of datectiun, background cnntinuum,‘energy rosolution,:
Luunt time and the raquirad Btatistical preciaiong This expression hasg
hamn used to evaluate the aigniricanne of these pnrametars. The maasuremﬁnt

of ahort lived isotopes has also been accounted for.

Several‘counting'donfiggratioﬁs'(eog. coincidence, anti=coincidence,
ond massive shielding arxangemcﬁta) ara'available and héﬁe varying dégréés bff
afiacﬁiveneaa when uﬁed for law level counting. A comparative mathod haﬂ
'baen evolvad to evaluate the usefulness of each techniqua. It is found
that masaive shielding, cartain nlpha-gamma and beta-gamma coincidan@a, and
antlmcuincidance mathuda have the best low level measurement capability and

can reach levelﬂ of the order of 1 pCi o

Data iﬂ praaanted in cartain cases to auhstantiate prodictionﬂe
'hSuch analyses are valuable 1n that they can allow performance pradictions _
‘for’ spectrometers. Evaluation of. additions of new counting configurationa B
(of dgtectors)-tq anlexisting.spectromater is alﬂo”faasiblea - No previoua'

analysis of this type has been underteken.
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Chapter 1

A Brief Description of the Principles of Ge(Ll) Gamma Ray Spectrometers

1.1 Introduction

Ge(Li) gamma ray detectors are now well eetahlished in the field
of gamma ray spectroscopy. - Since their first experimental demonstration
(Freck and Wakefield 1962) they have been auccessfully used for many
applications. Current detectors can now reach enargy resolutions* of
1.8 keV (Gibbong 1969), peak haight to Compton edge ratioﬂ*‘ of 37 to 1
(Canberra Industries Inc.) and drirtad volumea of the order of 1&0 ces
(Henck, Siffert, Miehe and Coche 1969). In addition, timing resolutions
{Quaranta, Martini and Ottaviani 1969) of the order of nanoseconds may be

achieved.

‘A large volume of published material is available. Thie is well
indexed by Bock (1967}, Bornand (1968) (apocialiaing on fabrlcatlon) and
McKenzie (1969) . The field is also well reviewed by Dearnaley and Northrop
(1966},_Adams {1966); Hollander (1966), Gunnersen (196?),'Béftbliﬁi and
Coche (1968B) and CroutHAmal, Adams and Dams (1970) and cover the major
ﬁapects of the development of Ge(Li) detectors. The morxre t&chnica;‘improvem
meqtg in system performance have been achieved by. the comnmrcial companies
qu?hﬂnce minimal detalled information is nvailaﬁlu. A study of the above
11t9ratura:yéﬁ1ds a sound introduction into the principles and applications
~of Gé(Li) detector systems. At the begihniﬁg of the work for this thesis
(1966) it was observed that there Qum, and still is, a marked lack of
information regarding their low levél counting capabilities. It was this
point that led to the choice of this thesis subject,

1,2 The Development of the Ge(Li) Detector

The first use of semiconductors for radiation detection was
demonstrated by Mcﬁay (1849}, who 00n$fructed a p-n junction by placing a
phosphor  bronze needle point upon a germaniuh-aliceé The regﬁlting sensitive .

; o 3 .

voluﬁa, although only of the order 10 “mm diameter, was sﬁffiéient to detect

alpha particlas. In the following decade considerabie emphasis was placed

% Measured as full width at half mnximum peak height (RWHM) for
the 1,333 MeV gamma tray peak from 6000

& Measured for the 1.33 MeV pealk of 6000
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- on the development of silicon. and gnfﬁanium'tuf transistor manufacture,
and this resulted in the availability of high purity vemd conducting | E

matoriala for rudiution detector development.

' Mayer and GoSsick (1956) manufacturqd Q garmanium surface bﬁrriér
-detector, aatiafﬁctory for particle detection but inadeqﬁate for gamma rays.
due to the small sensitive volume. Both silicon and gérmanium ﬁ-n Jjunction
detectors were subsequently devaloped the depletion 1ayer being the sensi-
tive region and hence inherently limited in this type of Btructure. . Appli- -
cations were thus limited to particle and X-ray measurement. At this
stqgé, silicon detectors met wide use largely due to their ability'to

function at room temperature.

. In 1960, Pell deveinped a means of achieving deeper depletion .
‘regions by the lithium ion drift process. Elliot (1961) menaged to achieve
sensitive depths of silicon of a few mm using Pell's technique. The_ién
drift principle was then applied to germaniﬁm; Qith its much higher gamma
p ray absorption coefficients and Freck and Wakefield (1962) demonstrated the
first Ge(Li) gamma ray spectrometer. . It was at this stage that relatively

high energy resolution datectoru, with workable efficienciea of detection,
could be realised and this led to the wide~spread interest in the Ge(Li)

detector as a gamma ray spectrometer.

Ewan and Tavendale (1964) fabricated devices with gensitive = . ' :
volumes of a few cubic centimetres, and demonstrated their use for several
meaﬂuypments in pair apectromoﬁers, coincidaﬁce and . anti-coincidence
systems, The prime difficulties encountered then, as now, were in obtain-

ing germanium ingots of appropriata-quality (Coleman 1966, Mugglehon 1967) .

Fabrication techniquea and results were highly dependant upon .
mnterial quality and conditions frequently outside the control of the
experimenters., This led t6 a large number of “recipe“.typelpapers for
detector fabrication (Bornmand 1968),  The principal'effqrtfwna centred
upon resolution and sensitive voluﬁelimprovements._ ﬁalm and Fowler (1965),
produced the first large volume coaxial detector with a volume of 54.cm3._
IThia-waa roughly equivalent to a &4 cm dia by 2.5 e¢m thick NaX(T1) scintil-
lator but with an energy resolution.of 4.8 keV. In subsequent develﬁp-
ments the detector quality was iﬁprovad rapidly, but there wéré no large
increases in sensitive volﬁme. The germanium ingots were still the limite

ing factor to volume improvements.

It became appreciated that an increase in sensitive volume did

not necéssarily lead to an increase in efficiency (Walford and Doust 1968).
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At thn pregent thna, detectors of all sizes are in use since it rapidly
becamﬂ apparent that smaller volume detectors are frequently more suited
to certain applications (Camp 1967). The smaller datectora can offer.
‘simpler spectral analysis due to reduced peak interferenca (Gibbons 1968);

" The Ge(Li) detector is well suited to timing measurements
(Qunranta et. al 1969) and has been used in pair spectrumeters {Tavendala
_1964), coincidence arrangemants (Shirley 1963), and anticn;noidence systems,
(Camp 1969).

Special arrangements of detectors have been made to extend the
flexibility of systems and for special applicatxons._ Levey (1966) has .
fabricated annular detectors for nuclear reaction studies, while Saunders.
(1966), Ridley (1967), Lalovic (1969), Walford (19?1) and Larsen and Strauss
(1970) have stacked detectors togethex to increaae the efficiency of detect—
ion, Daarnalay, Hardacre and Rogera (1968), have daveloped thin window
detectors, suitnble for high energy pnrticlea and Xerays. - Guard ring
‘devices (Tavendale 1966) and grooved detectors (Harchol 1969), result in.
high energy resolution performance and accurately define. counting geomatry
while being relntively insensitive to handling. One major 11mitation
remaining in detector flexibility is the unavoidable use of a cryostat.
_although some designs can allow conﬂiderable freedom of manipulation
(Franke 1969) .

The potential energy resolution of ﬂemicpnquctqr spectrometers

' realised in the early 1960's placed severe demands én elééﬁrdnic require-
menfg mhd in data handling. This demand helped.to stimulate develqﬁmqﬁt"
of low noise amplixiers and multtwchannel aualyﬂers.ll Low noise fiéld
effect transistors (FET) were used in tha input of the. preampllfler
(Radeka 1965) and rnpidly superseded the use of vacuum valves, Benoit

(1969); has reviewed electronic considerations for semiconductor detectors

and gives an adequate descriptiqn‘of thé problems confronted, Fairstein
(1965), has also discussed main amplifier design for optimum noise perfor-

" mance. Electronic noise performances of less than 1 keV are npﬁ re&dil}
popsiblé, and if the first stage F.E.T. is cooled £hen this can be reduced
below 0.2 ke?. High speed analysers having in excess of 4000 changeis.

are now also available. It is aLso'becoﬁing common to'use analogue to
digital converters coupled directi} to compufers:forzﬂirect data process-
ing (Thompson 1969). This situation is a great advgncé'frnm the mid 1950's
. when it was unusual to have nnalyéérs with more than 100 channels, these

'.'frequeutly being of prohibitive size.
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Thére have been extensive applicntions of Ge(Li} apectrometmru

in nucleur physics and neutron activation ana]yais. ‘The nuclear field

. itself if 1arge and ia briefly illuatrated by measurement of neutron

-captare gamma rays (Shirley 1965 and Michaolis ard Schmidt 19G6) , mesonic

atoms {Nilsson . 1966), short nuclear lifetimes (Allen 1966) and isomeric
states (Yamazaki and Ewan 1968),

Neutron activation analysis has also been exploitad (Sklavenitis
196?); Applications vary as wi¢ely as foremsic study (Guinn 1967),
geological sample assay (Gorden, Baedackér, Anderson and Dran 1968),
detection of forged paintings (Schromder, Kraner and Robluy 1966) and
trnce element analysis in metals (Prussin, Harris and: Hollander 1965) and
human tigsue (Perkins and Haller 1967).

There is algo a staudily increasing ranga of other mﬂasurements
in medical applications and in natural activity measurements where the
activ?ty lovels are easily detectable as in the pitqhblande measurements
of Williams (1966) and fallout: samples of Aakrog and Lippert (1965)., It

i :
is noticeable that the low level counting capabilities have remained largely

unpxpiored.

1.3 Chargé Collection and Generation Apﬁlibabla to Semiconducting Solids

The detector, for the pﬁrposes of this discussion, may be:cénn
sidered as analogous to a solid state ionisation chamber., TFor an incident
gamma ray to be recorded in the full energy peak. of the resulting Spectrum,
its entire energy must be deposited in the sensitive volume of the detector
and fhen totally collected.‘ Ignoring charge collection effects, the
resulting pulae output will then be directly proportional to the incident

gamma ray energy. The process of depuaition and collection is considered

" in three parts, namely the primary ganima ray interactions, converalon_to

eledtrdﬁ_hole pairs and the collection of the generated charge.

1.3.1 The Conversion of Ganma Ray Enerny to Single Electrons

Dapositian of gamna ray onergy occurs largely by three basic’

I processes (Davisson and Evanﬁ 1951), Compton effect, pair production and

photoelectiric effect. Of these, the photoelectric effect and pair product-

ion result in entire deposition of the gamma ray energy. The Compton
effect (Fig. 1.1) results in a varying percentage of the energy being

depositéd which adds a continuum to the spectrum observed (Fig. 1.2).
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The c&llectidn of energy deposited by pair production hpwevér; is affected
hy'§e¢onaary effects. Thé electroﬁ lﬁsas its energy in various processes
(té\be'described), while the generated positron after losing ite kKinetic
;.qn@rgy ultimately anihilétés.with an electron (Fig. 1.1), resulting in

" two 511 keV gamma fuys-which nmust be totally abs&rbad if a linear energy-
response. relmtionahip is to be maintained. - The loss of one or both

pamma rays results in a 'single' or 'double‘'gscape puak (Fin. 1.2) and if
‘one or both of theescuping ganma rays intaractn in a Conmton intaraction

' bofore eacaping then the initial gamma ray will contribute to the continuum

between the 'single escape peak and the full.energy peak (Fig. 1.2).

.Should the dinitial intefaction he a Compfon or ﬁair production
event, then fhe'acattered photon and annihilation radiation must undérgp
total hbgprption_to maintéin the-linear.relationﬂhip. Thiﬂ involﬁes
-totgl coilaﬁtionlof muLtiple acaiter'evgnts (Fig. 1.3), and is enefgy
Idépendnnt,.depqnding upon the absorption coefficientm pnevailing tFig. 1.4).
Below 500 kév. photoelectric events dominate, whilézabova this fiﬁure
| multiple abatter contributes significantly to the full energy peeak, being
I Compton dominated until 2 MeV, and tharaaftnr by Compton and pair pro-

‘duction events,

It{iﬁ pvidaht that, since the secondary interactions depend upon
thé spatinl'extension'of'sénsitive.volumﬂ, its shape-has'sqma'effett'ﬁpon !
the full enefgy peak efficiency. For significénticontribution to thg full
energy.paak efficiency by multiplg'acaiteriﬁg, the-sensitive volume should

ﬁe compact depending upon the energy range of interest (Section 5.2.2.2).

1.5.2 The Generation of Electron Hole Pairs

The energetic électron (energised by the gamma ray) loses energy

to the'crystal lattice, by repeated collisions. Thi® results in a large
number of lattice exéifqtions and electron-hole pairs. Some energy is -
alﬁozlﬁﬂt by the generation of bremsatrahlung that may be re-absorbed by
tha précasseﬂ described iﬁ Section 1.3.1. Ultimatal&, the entire energy_
is dapualted in the form of electron hole pairs and localiaed lattice
heating. ~ As the- average energy raquired to create an ion hole pair (w)
1n'gefmanium is small (2.94 eV), a large number of pairs are generated{
The division of energy between electron and lattice excitations and
electron hole palrs is statistical and hence there is a variance associated

with the total number of pairs collected for the same energy input. The
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I theoretical treatmunt has been considered fﬁr uasea by Fana (1947) «
Theoratinal determinntions for w and Fano's theory have bnen canaidnred
in detail by Restelld and Rota (1968), Klein (1966), the Patlinghurg
Conference (196?), Pehl and Goulding (1970) and ?ulliger and -Af tien (19?0)

and hence is only briefly considered here, -
_ The variance May be expressed as followsi=

"let B

enérgy-of inciaent ionising ;adiaiinn,

R

then N = %'whefe N = average number of jion pairs gehératéd.

. If 0 = root mean square of the .ion pair yield then-
sl ,

F =g where F (Fano factor) is d figure used to expreoss

=1

the dugrea'of'eorrela#ipn between the process

'ﬁroducing'ioh pairs and axcitationa..

If F = 0, then there {8 no 1attice excitation and only ion hole pairs nre‘
genarated. CIf wois large and the nuwber of pairs generated ig small, =

y B 2
then Poisson statistics hold and F = 1. Henceo~ ~ N, This is the case

for scintillators.

The factor, F, may be measured and has. been found to be a

function of germanium quality, the lower the value, the ‘better the quality.

It is this phenomenon that providea the ultimate limitation to.

the energy resolution uhtainabie from thalaemiconQUpfor detector.

1.3.% Phenomana Involved During Charge Collection in Semiconductors

The semican&ucﬁér detoctor is operated under a reverse bias
voltage and charpe liberated by gamng roys being swept to the electrodes
{(p and n layers), by the electric field acrons the intrinsic region
gives riéé to an output pulse, Ideally, the intrinaic region should be
free of mechanisms (traps} that cause charge loss but this is never
completely achieved in practice (Mayer 1269 and Restelli 1968).

Charge is lost by ﬁecombination of ion-éairs either by chance
meaeting or by caﬁture of an alectron at anlimpqrity.site, or structufdl'
defect that is also sensitive to hole capture, These centres are termed
recombination centres. [From a consideration of energy levels, the
raconbination q@ntraa have deep enaréy levels in the foﬁbidden gapzuﬁich
can exist in one of two states of electronic charge. These states, if
6mpty, ¢an capture an electron from the conduction band and can then
. either release the alectron to the original band or, by capturing a hole

from the valence band annihilate both carriérs. As the centre is left
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in its originul condd Lion aftor the récombination it io anpnble of

ranombining n larga nunber of carliers.

_Recombination also occurs at surfaces where the buﬁd structure
may be distorted and contamination considerable. This can be considered

as a special case of the bulk reconbination mentioned ahove.

Localised 1evels, in addition to the ahove.mechaniams, exist
which_capture carriers but do not cause recombination. These are indicated
gslshalluwltrapping levals.. A trapp;ng level such as this only exchanges
‘carriers with one band and holds them for a limited timg. - The carrier then
returps to its_oriqinal band (daﬁrapﬁing}. . This process affects the appar-

ent carrier mobility.

In practice, the performance of the semiconductor detector is
entirely dominéted_by its tropping and carrier lifetime and the carrier
mobility is trap dependant rather than material depeﬁdant. The eriterion
'is whether the amount of trapping present can be tolerated_ih its effect on
a particﬁiar detector. The nett effect of the above processes ié the loss

of charge and some delay in its cnllectidn,;giving loﬁger pulse rise times.

The reverse bias across a datentor (1dea11y > 100 volts/mm
daplated region), generates laaknge currant from a number of sources, (Ellis
1968) , in parficular the bulk and its surfaces. In 1mpexfect detectors,
thiﬁ may be considerable, but whataever the order of magnitude, the accurate
measurement of the gamma ray gﬂneratad charge ia perpetually impairad by a

background flow of electron and holes.

1.4 The Choice of Semiconductors snd Techniques for Solid State Detectors

Semiconducting solids have been widely exploi%ed for use as.l
particle detectors by the nmnufaéture of a p-n junction and use of the
depletion region. By selection of suitable solids, and techniques of
achieving,affectiveky intrinsic material, the depletion'fegioﬁ depth may Be_
increased, The efficiency of particle detection iﬁ'bﬁfimiséd by u#ing the
deepest possible depletion region éoupied with fhé'highest Z material pqs;
sible. The Ge(Li) drift process gives the best results at present.

Three basic techniques may be used foyr the production of intrinsic
material, The first is fhat of acceptor conmenaa{ion by the drifting of
Iﬁuitable donors into the material (for exnmpie 1ithium drifting in germanium
and silicon, Pell 1960). ; |
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3 The second technique, also orie of cdmpénsation of existing -
fmpurity contres, relios'upon compensation by pfoduction of rndlntioﬁ
. induced defecta (ﬁyvkin'and Matveev, 1966 and 1968).  Théne workers have
managed to produce sensitive depths of the order of 3 wm in germanium,
' They have nlso attempted fabrication of similar detectbrs using cadmiam
telluride. Hownver, the technique has been found to be inherently limited
by, the large numbers of trapping centres also ganerated by the induced
defects. In addition, the technique is insensitlvc to small inhomogenietes

in acceptor coﬁcentration in the bulk material.

‘The third technique, now étarting to shdwlprsmise (Tavendgle.19?ﬂ)
is the direct pﬁlling of high purity ingots (Hall 1966% i9ﬁﬂ) " The best
: materinl so far achieved ‘uging depths of the order 2 « 3. mm for gormanium,
has given an energy resolution.of 2,06 keV for 6000. This material has
the ﬁfeat advantage of rapid detector fabrication ip compariscn with the
lithium drift process. However, it will be several yearé bef&ré_thia

process ;é directly competitive with the highly successful drift process.

: The pggaibilitiés of using other semicénducting compounds have
been considered (Brown and Wagner 1966, Mayer 1968). Several materials
show pfomiﬁe (Gunnafson 1967) but iack the intensive development éhat
silicon and germanium have enjoyed. WOrking detectora have been made
from cadndum tellurida by Akutagawa and Zanio (1968) and Zanio, Akutagawa
nnd Mmyﬂr (1968) wheo also used gaillum arsenide. Weigbery and Goldstein
(1968] have also used gallium phosphide as well as gallium arsenide. To

dntei.the maximum sensitive depth produced with these materials has been

of the order of 2 mm and with relatively poor berfnrmanco. These materials

" also have inhéreutly poorer ultimate resolutions from considerations of
theilr band gap and Fano factor. However, further development is required
since these materials have the important potentaal of the ability to operate

at room tenmerature.

1.5 The Characteristics of Ge(Li) Detectors

Thé requirements and characteristics of Ge(Li) detectors, are
best understood by consideration of the fabrication prdcesSes. These
considérations also form the basis of the processes and phenomena discussed

in chapters 4 and 5.




1.5 1 The Fabrlcatlon Process

The process ia commenced by the selection, shaping and etching

of a suitable ingot of p type germnnium. One face of the ingot is then
_lithium di ffused at 380°C for approximately 20 minutes, The return of
the crystal. to room temparature results in a Buparaaturatnd iithium rich

n type layer diffused approximately 0.) - 1 mm deep. The. application of
" a reverse bias to the newly formed p-n junction cauaes the hlghly mobile -
1ith1um ions to drift into the cryatal. This process "is such (Pell 1960) |
that the lithium ions form a Bpntial distrihution, accard;ng to the prevail—
Iing electric field, to automatically compenaate for ‘the diatribution of
“acceptor sites. The germanxum, usually boron doped for drifting purposes,
is not only compansnted fo: the p type boron sgites, but any other’ hett

variations in avceptor density throughout the cryatal.

' The'temperature during driit is usually of the order of 3006.'
As the drirt depth increnses, the reverse bias leakage current also ihcreasas.
This is due to the overall increase of bulk generatod current and is indi-
cative (Lllis 1968) of the drift progress. The bulk generated current’.
distorta the lithzum.coumansation (Lauber 1969) in the followiﬁg manner.

Fig. 1.5a shows the generated charge flow in the drifted region
under revgrse bias. Fig. 1.5b shows the resul ting space charge density.
This results in. the distortion of the electric field from uniformity as.
shown ih-Fig. 1.5¢ due to thérmally-generated hulk curranté; This distor-
tion genarates the distorted lithium profile of Fig. 1.5d. The dotted
level represents that expﬂcted with perfect accaptor companéation in the
drifted reglon. If this detector is now cooloed for use, the performance
wgll bé poor due to poorlelactric fields and excess tfapping in the poorly
déplcted regions. This may be remedied by drifting the detector nfterlthe
- main drift at a lower tenmér&turg where the_hulk current is much reduced
and there is still sufficient lithium mﬁbiliﬁj fof effective compensation.
The drift is sustained for about four days. at about poc to =10°C and at as
high a reverse bias as possible. This results in_the lithium distribution
being levelled to the ideal_dottedlliné.profile of Fig. 1.5d.

The detector is now mounted 1n a vacuum cryostat where it is=
usual to perform a further short cold drift in order to outgas the intrinsic
surfaces as well as to complete the compensation procesg. The detector

should be ready for use after coeoling to liguid nitrogen temperatures.
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Fig. 1,5

'\
' Characteristics Observed in the Lithium Drifting of Germanium 4‘
n i . p ' :
} ; i i | a) Charge Flow in
3 = DR s f : the Intrinsic
i A i ’ . o . : Region

| -~

J
_ , e
b) Resulting Charge

Density :

Field with no Current Flow
y |7

i p
l»l'-um'u-v- mh—‘—.-—- ham g c) lﬁlactr‘iﬂ Fiﬂld
| ——— : 1 . Distortion due
& _ . to Thermally
cy...._mm.__.‘ ; ) o Generated Current
- : Flow ,

I e e - —

VField in Practice

d) Resulting
Lithium Digtrie
bution

i) after drift

- mwafter cold drift




i.5.2 'Thazﬁﬁvirdnmental-Reqpirements and Characteristics

The detector must be cheled Tor two reasons. fThe first is due
to the large leakage curraﬁt at room temperature, deatroging any high
. resolution potential. . The second is due to the high lithium mobility at
room femﬁérgtpfé, ' The p-i-n sfruéture is not preserved (Webb 1968) and
any timé.fhé.datectorispeuds unbiased at room temperature results in degra-
da:t;én“of detector quality and loss of Iithium through precipitation pheno=
mena. The detector must always be storad and used below —60 Ce This'ia
ccnveniantly effected with a vacuum cryostat with a thin entry w#ndow for

miniwum,gamma ray absorption.

I Several’ workers hava investigatad the choice of working temperatnre
for the Ge(Li) detector. El-Shinshini and Zobel (1966) have measured per-
formance changes down to 7?°K while Sakai and Malm (1967) and ‘Elad and
Nnkamura-(1968)‘hqve mensuréd performance changes down to.SDK. The lowest
tampernfuras are not suitable due to the cbst_of maintaining helium cryostats
and the presence of a slow Ei&ing charge collection coﬁpénent below 20°K.

The optimum tamparatﬁre has been found to be néar that of liquid nitrogen
(Hartin, McMatﬁ-and’Fowler 1970) and for convenience, liguid nitrogen is

invariably used,

) For the optimum performance, the detector capaqitf and leakage
cﬁfrent.must be as small as poﬂsible; In this way the preamplifier noise.
iﬁ minimised, The capncity is a function of the fabrication technique, the
lower cnpacity indicating the better quality deteotor. ' The better quality
detectors will also have lower bulk loakage, However, surface currents are
alvo critical éud_to date,; they mré bast minimisud by keeping the intrinsic
surfaces exposed only to vacuum.. Datectoks_tjnicdlly avallable from the
majox manufﬁcthrefﬂ operate at reverse bias voltages as high ém_BSOQ volts
at leakage currenta of 0.1 to 1.0 nA, It is thus evidept that the operating
cénditions of the detector can only be sustained by an ultra clean vaéuum_
environment in the cryostat, ma;ntalned permanently at liquid nmtrogen

temperature.
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Cryostats for Ge(Li) Detectors

- 241 lntroduction
‘The cryostat requirements deduced from section 1.5.2 ares=

1) Scrupulously clean internal criyostat walls inside the

cryostat and a vacuum better than 10-6torr,
2) Bfficient cooling with minimum heat loss.

and from section 1.3.1tw
3) Thin entry window and a minimum of bulk materials
‘near the detector to reduce unwanted scatter '

contribution in the gamma ray spectrum.

The first two requiramenta are eésential for maintenance of crystal con~
dition, while the third is to obtain optimum spectral reaponae. It is

also important to provide aufficient electrical feedthroughs for the uaé
of a test pulse and thermocouple for temperature measurement in addition

to the signal output.

Cryostats fall into two eategories, those that cool the detector
by a dripfed supply of liquid nitrogen and those that cool via a copper
conduction rod (dipstick cryqstat)_insarted into a dewar of liquid nitrogen.
This chapier is d@scriptivé'of-the cryostats used and the prgcautiqné taken

to obtain optimum perrormnﬁce.

2,2 Dasic Constructional Requiroments

Where possible, all cnyostat.materihla should be of stainless
steel (with the possible exception of the aluminium end cap) due to its
pdtential cleanliness and outgassing pfopertiea. All joints should be
argon arc welded, The use of rubber 'O! rings is avoided with the possible
axception of that of the end caps For an effective pefformance to be
maintained the eryostat is internally scoured, leak tested and baked to at
least 200 C-

It is advantageous to nickel plate the copper or aluminium cold

finger of the cryostat to reduce heat loss and reduce surface outgassing.

For effective evdcuation, the pumping port should be at least

1.5 cms diameter, If an ion pump is fitted, care should be taken in its
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pdnitioﬁing.: KE1lis (1969)Ihda pniﬂtedluut that in certain éonditioh@ -
(uuualij when pumping out a cryostat af{ar a detector mount ing) ﬁitaniﬁﬁ
ions may escape and be deposited on the: crystal. This effect is enhanced
if the pump nnﬁ-détector are in direct 1iné and operate nt-oﬁbdsite.pﬁten~
I'tialﬂ.' Ridley (1969)'haa reduced this problem using a wire grid ovér'ﬁﬁa

ion pump outlet port, and by changes in the evacuafion and coéling'procéﬁure.

'2.3_‘The Dripfeed Cryostat

The conafructional princiﬁleﬁ outlined above afe illuatrﬁtéa by

reference to several désigns developed in this present work.

_ Fig. 2.1 shows the gener#@ layout of the vertical dripfeed éryostat
used., -~ Liguid nitfogen fills tﬁe detector supply tube (termed cold.finge})
to thelbottom of the reg%ﬁéir suppiy.tube. 'This level is m&intainéd auto-
matically by an excess pressure between the reservoir and detector supply
tﬁbes. Heat loss, by conduction, is minimised by using 0.15 mm wall staine
less steel tube with 1nterna11y'pdlinhéﬁ'surfacas.' A removable end cap wiﬁh
“rubber 'D"ring' 3&&1 faéilitaté& the mounting of ihe detactor. Thi93éﬁd
cap (of mtninlaﬂm.stael) has a thin entry window of 0.5 mm thick befe]iium

let into its end face.

The cryostat was subsequently wodified to allow the detector to
be inserted into an anticoincidence shield (Fig. 3;5). © Fig. 2.2 shows the
gtainless steel end cap replaced with an extendgd aluminiﬁm end cap. . Tﬁe 5
cold finger is also extended with an aluminium gonduction rod. The nifrogen

bubb;ing is no longer near the crystal and hence microphony is reduced.

The vertical dripfeed cryostat may be adapted to pesition a
detoctor horizﬁntally. Fig. 2.3 shows the system adopted which is modified
from a design used bY A.E.R.E. Harwell. The nitrogen supply tube is exw
tended s?déwajslwifh a copper rod and terminated in aluminium to reduce
bnckscétter, Miérophony, introduced by nitrogen bubbling is at a minimum.
Flg. 2.& shows the cryostat after the wounting ofla detector.(Fig, I, 14 a,b}
during a cold drift operation. fig. 2.5 shows the complete system assembled
with preamplifier and liquid nitrogen dewar after the detectoxr had been

L eooled.

This cryostat similarly iﬁcorpérates an aluminium end cap, but
with the end wall thickness thinned to 0.5 mm as a thin entry window. in
this casey an indium wire vacuum sSeal was used for the end cap. However,

the detector mounting technique must be both rapid and effective and the
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estghllshing of the indium seal was f@und to be élumhy and ‘a rapid-
_evacuation was seldom achieved. For this reason Viton 10! rings are

Qqﬁarnlly prefqrred in the end cap seal.

2.4 . The Dipstick Cryoatnt

This cryoatat was designed along similar lines to that of Buhler
and Marcus (1967). _ Fig. 2. 6 Bhows a aectioned -side’ elavation of the-;
cryostat. TWo. pumping facilitias are avallable, namaly that of an ion
pump and molecular sieve {ntroducad between the outér case and cold finger.
..An extension rod ig available to ullow the cryostat to be used with 10 or
' d5 litre dawara. Fig. 2 ? shows the cryostat in normal use in a 25 litra

dewar‘

2.5 Vacuum Pumping

“The pumping of cryos#ats i séPQrated into the following_cétegoriea. 4

2 5.1 Rough Pumginﬂ

" Since the crystal surfaceﬁ are highly suaceptible to any contami-
nation, it is essential to use an ultra clean pumping gystem, Molecular
soxption pumps inherently fulfil this raqui:emant. ' They have the dis-
advantage however, that the pump can rendily ﬂaturate if u&verul cvacuutionﬂ
. from atmosphere are required. A rotary and diffuaioh puimp . system can be

ué&dffor'iﬁitia1_pump1ng provided that .an effective cold tfap,is 1ncorpnfatad;

In this inétance a sorption pump ﬁaa used not only for cleanliness
'but for simpiicity in use, and itﬁ'indepeﬁdence from maing power supplies.

| The sorption pump , when evacuating a cryostat from atmosphar&, reduces the

pregsure to.approximately x 10 5 torr. in about 15 minuteés, This pressure

is low enough to allow ion pumping to commence.

_No_trouble was experienced with this pump prnvidad that it was

wall baked prior to use.

2¢5.2 Eigh Vacuum Pumping

Ion pumps are praferredv due to their cleanliness and the compnct-
ness when cowpared with diffusion pumps.. A pumpirig capacity of 1 litre/sac
is adGQuate'and this size putip was used for all three cryostats discussed.

-7

The resulting pressures were usually of the ordar 10 ﬁérf. well beldw the

stated minimum in section 2.1. These pumps have a 11m1tad duration due to
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Fig. 2.6 - ,
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" the limited quantity of titanium available on the puimp electrodes,

However, at 10~7 torr, this life is considered indefinite. ; At higher
pressures the life becomes limited due to rapid use of tltnnium. Hence
early pump failure_is_cauaed by the presence of leakn or considerable oute
gassing. Care must be taken where a_cryo#tat iﬁ cycled to room temperature
many times, to prevent the ion pump from pumping high presmureé (>-1Dm!i torr)
for long periods of time. The problem of'titanium'sputtering desgcribed in
aaction 2.2 is rarely observed with new pumps but is qulte common with older
~ones which have been maltreated in the manner descriheda The.oldar pump
electrodes are near saturation, and absorbed gas and titanium are very easily.

ejected from théir surfaces when fresh ions hit the electrode surfaces.

'The_above:condition can lead to outgassing frﬁm the electrodes
sometimes at a fate greater than the pumping speed of the pump causing a
rise in‘presaure. In particular, this can habpan through accumulations of
argon in the system, built up over a period of time due to difficulty in
pumping this gas. The pressure rise Bubsequantlyzfeﬂultn.in an bacfl;ating
é@rrent in the pump. Fig. 2.8 shows a tr&ce rﬁcordihg from one of the
pumpg - in this laboratory in this condition (termed argoﬁ instability).

-3 -5

The pressure oscillates between 5 x 10 torr, over a

torr.to 5 x 10 4
period of hours. This problem is remedied by heating the pump to HDQOC,
and rough pumping using .the molecular sorption pump only. Edat'gaseﬂ-

shoulq be removed from the ion pump in this way.

0l1d pﬁﬂms, in addition to this instability, can build ub depogits
between the electrodes causing ihcreﬂsed current readings (although the
pressure may be quite low) and eVen.naar short circuit. Thiﬂlia_eaaily
diagnosed by obsarviné if a current is still recorded aftgr’pemQan of the

magnet . If this is so then the foiioﬁing staps may be taken: -

The deposits may be disglodged by sharp tapﬂing'nn the -
pump body with a wood block. The current through

the pump will be observeq fo'juﬁm'and if-the operation
ig successful, the current will rapidly féll. It
this is unsuccessful, a'high voltage supply, (6000V),
is attachad across the pump (Muggleton i969) blowing

awvay any d@pos;ts.

A final, and rather more drastic action, is to remove
the pump from the cryostat and £ill it with nitric
acid for a few seconds (Coles 1968). After quench«

ing and drying with a comprassed nitrogen Jet tha
punp is remounted.




Fig. 2.8 -

?race.ae?erdiqg of Argon Instabiliiy_shcwﬁngxan-bstillatibn

in the Pressure Recorded from iheﬁréﬁ ?ump:Caﬁtrol'Unif
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Prov1ded that the pump ig carefully used on a well prepared
cryostat the above actiona should be unmnecessary for at least saveral

years,

"2e5+3 Molecular Sieve as '‘the Sole Meaﬁs of Pumping

" Molecular biev@ has ndne of the problems of ion pumping, butris
limited in its ultimately achievable pressure (uﬂio-s_torr). This pressure
is a function of cryostat cleanliness and the state of saturation of the

sievo.

| The vertical dipstick cryostat (section 2.4) waé designed iﬁitinlly
for use with the molecular sieve. ‘_Meaaurementa on the'bbtainable pressures
showed ‘that it is essential to perform a rough.evacuation before cooling the
cryostat tc.maintaiﬁ the sieve in as good a condition as possible. For

> torr it is advisable to use encap=

protection of crystal surfaces at 10
sulation, or inner shielding round the crystal, The absenée of an ion

pump results in a neat and portable cryostat assenmly.

Problama are encountered if -the sieve becomes safur&tédtﬂaccelef—
dtéd'by;laﬁks and aufgnssing. _Thé'fgsﬁlt ig aiaudden facdﬂm.failure oﬁcé
" Saturation is”reached and when the cryostat returns to rooi temperature,
pressures above atmospheric cen result with the posaibility of explosion.
Thus the design should embody a ﬁreasure release valve. In systems
requ;red for low energy measurements the thin Be end window may act as the

blow out valve.

2.5.4 Emergency Power Supplies

The use of ion pumps necessitates the continual supply of mains
power. Power failure may result in a cryostat pressure rise which can
éause_a deterioration of the crystal surfaces well before the loss of
thermal insulation propertias becomes significant. This probleﬁ is
avoided by the use of an nuxilinry power supply unit, . Mains power failure
causes a relay to switch the ion pump ﬂupplins to the lighting circuit,
this being a different supply for these laboratories. Should both circuits
fail, then a second relay operates a D.,C. to A.C. rotary-conveftcr, driven
by a heavy duty 12 volt battery. wﬁen the battery is charged, the unit is
capable of ten hours supply ét 250 watts, -This is sufficient for most
power failures, A battery charger is 1ncorporated in the system, This

unit has proved its worth on several occasions.,




35

This- auxiliary power supply is also useful when transportation

of cryostat assemblies is attempted.

2.6 ""Modern Cryoﬂtnt"Des{E_

. It is ganerally accepted that the unavoidable use of a crYoatat
is a significant 11mitation for several aspects in tho use of semiconductor
- detectors. However, modern cryostat design has imprnved flexibility such

that in many respects, this no longer reprasents a serious limitation.

The first improvements in cryostats were .ones of maintenance, in
that pumps could be changed without a bréak in the vacuum. Turcotte and
Moore (1969) have developed systems in which the molecular sieve can also

be. changed in this manner.

Williamson and Alster (1969) appreciated the value of small come
pact cryostats in limited access grégs qud'ﬂa#aloped'a-miniature cryoatato
E Nuclear Diddeﬁ-lnca héve developed systems suitable for iﬁaértion into bore
holes, while Princetown Gamma Tech, Kevex, Nuclear Lnterpriueﬂ und Quarta
et Silice hnve developed small syﬂtems &uitable for use with elcctron mi.cro=
'scopas. Meyer and Heinz (1970) hava investigated the use of encapsulated

detgctors;imméréed directly in_liquid nitrogen,

The problems of ease of detector poéitioning have also been improved
by Nitche {1969) who has developed a demountable. system capable of use as a
dripfeed or dipetick system without disturblng the crystal. Franke (1969)
f.hﬁB built a flexible arm’ cryostat made from armoured hose that is capable of
a wide range of posit;ons.: The nost . versatile design hasg” been developed by
Harshaw Inc. that allows the detector to be pointed in any direction. ' The
filling tubes ‘of the reservoir are so arrangad that no spillage of nitrogen
occur's during tilting. Thia_cryostat is a combination of dripfeed and
‘dipstick designs. |

The rigorous demands of cryostat conditiona and: pump oﬁeratioﬂ can
be relaxed if the detector is autisfactoriiy anéapaulﬁtéd (Gibbons, Hoﬁes
anﬁ Pyrah 1966). TFowler and Toone (1964) initially investigated the use
of encapsulation, and in 1965, Stab, Henck, Siffert and Coche produced a
satisfactory system with minimal system degradation attrxbutabla to the.
encapsulation., VWebb, Green, Fowleér and Malm (1966) also developed a satis-
fﬁctéfy technique for encapsulation. .Howevar, the tgchniqqe-has not met
eﬁtensife use as the problems with crystgl surfacbslare'now better under-

stood and the techniques of internal 6fy6état design and preparation have

been well doeveloped.




36

" Chapter 3
The Electronic Pulse Analysis System

3«1 Introduction

A large amount of research and development on nuclear pulse
_electronica has been undertaken by “many workers. A gopd appreciation of
“this may be gaingd from the bibliography. cpmpiled by McKenzie (1969). It
"is die to this activity that research in this sphere was not undertaken.
In adéition, commercial unité are available from which a high performance

pulse analysis system may be ddnstrubted.

A_knowiédgq of the most important aspects of pulse analyﬁié

' : systems is gained from Dearnaley and Northrop (1966), Chase (1967) and

Siegbahn (1966). Fairstein (1965, 1966) has published an instructive set
of papers on pulse amplifiers. More recent developmmnts are considerad by
Benoit and Bertolxni (1968) and another good source is the IEEE Transactions

on Nuclear Scienca.

_ This cﬁapter is descriptive of the spectrometer and the units -
used in its construction. The precautibna talkken to optimise performance

are also considered.

3.2 Some Spectrometer Counting Configurations

D@ﬁending upon thm—pdrticular experiment under consideration,

" several counting configurations, such as coincidence and anticoincidence
arrangements are availsble, Only those used experlmentally during this
work are considared here, The spectrometer may be simply represented by
the block diagram of Fig. 3.1, It is split into four fundamental blocks,
theﬁé being the detector (or detectors if this represents.a coincidence
spectrometer), the pulse amplifying system, the pulse height analyser and

the data processing and output faéility.

The counting configurations used are now discussed.

FaBal Singlas Counting _

Singles counting was the most commonly used mode in'thesg
studies. Figs 3.2 shows a schematic diagram of the mpectroﬁeter used.

Charge pulses are collected from the detector, fed to a charge sensitive

preamplifier, (Ortec 118A or NE 5287), and are converted to voltage pulans
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whose heights aro proportional to the charge collected from the detector.
The detector reverse bias is supplied from an H.T. unit, (Ni 5321), via
the preamplifier. The preamplifier is A.C. coupled to the detectdr, with
the H;T. being applied via the éignal lehd. To prevent damage to the sen-~
aitive input stage of the preamplifier,. dua to H.T. transientz, the hias is
applied via a large RC time constant (88 seconds).

Output pulses from the preamplifier are fed to a main ampl;fier
(NE 5259) which uses integrating and differentiating networks to shape the
pulses. This optimises the signal to noise ratio by xaatricting the band

width of the amplifier to allow only thoaﬁ fraqnenciaa relevant to the puise.

If only a limited portion of the enargy apectrum is of interest,
this is selected and expanded using a biassed amplifier (NE 5361A).

A digital gain stabilizerl(aee Figs 3.2) is incorporated (S.E.S.
Stabimat G101) which operates when coupled with the pulse height analysér.
The stabilisér'dépeﬁds updnlthe nieasurement of a-sténdhrd'input pulse,
auppliad éithef by a ganma ray aoufce or pulse penerator, and adjusts the
syatem gain accordingly to account ror drift. The: pulser (Ortec 20&) is

usad for calibration and notse measurements of the spectrometer,

The pulses from the main amplirier are sorted into channelﬁ repre—
genting difforent heights (and hence energy) by the pulse height analyser,
This information is stored in a magnetic core memory in the analyser, which
is read to give a viéual'display on the oscilloscope screen, oxr printed
(using Addo printer), plotted (using Honeywell chart recorder), or punched

out (using Tally punch), via a command chassis for data processing.

3.2.2 Coincidence Counting

Several sophisticated ccincidence coﬁfigurations are availeble

that have resolving times of the order of nano seconds (Pigneret, Samueli

and Sarazin 1966 Miehe, Ostertag and Coche 1966 and Brandenberger 1969).
However, this degree of timing resolution was not necessary for the present-
experiment in mind (section 7.3). Fig. 3:3 shows the experimental confige
uration adopted, - The gamma source: being studied is placed in between two
Ge(Li) detectors. ‘The pulse amplification units and H.T. supply for each
detector is as shown in Fig. 3,5. Pulses from the twb'éystgnm are fgd
into a dual parameter analogue to digital converter (termed ADC) incorpore
ating a coincidence unit with a 1.Qh.sec resolving time (NS 625). The out=
put information is displayed by an NS 630 display unit capable of either
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conidur or isometric displmy; The dispIﬁy unit also controls déta output

to a telet&pe punch printer,

Several experiméntﬂ'ware pérformed in the coincidence mode.
FFig, 3.3 shows the system used for two germanium detectors in coincidence.
Coincidence count;ﬁg was also performed uéing a NaI(T1) scintillator and a
germahipm detacfor. In this instance one of the-germgnium datactofs_in
Fig. 3.3 was replaced by a scintillator and photomultiplier toﬁéther with
oﬁb amplifier (NES5259). An X = Y coincidance experiment was also'perfér;
med uﬁing a silicon surface barrier with fhé-garmnnium detector. In all

coincidence experiments, the NS625 analyser was used.

3.2,3% Anticoincidence Countihﬂ

Fig, 3.4 shows a @chematic diagram of th@-arrangément usad in this
laboratory. When the shield is used to reduce natural.backg&ound.events,
‘the reduction process relies on the principle that the incident particle
doposite some enexrgy in both the shield and the deteétoro .. WVhen pulses
arriva Binmltaneoualy at the analyaer coincidence uniis they are rejected by
“tha analyaer. When Compion events in the Ge(Li) datactor are rejected, the
Conmton scattered photon from the-detactqr interacts in the shield and the
coincidence event is na;;:m rejoected, In botﬁ cases, the mode of operation
of the equipment is the same althbughlthm effect on the background continuum
is different, The distinction lies in the diffefant-originﬁ.of the radio=~
activity, ' '

The use of this shield has been evaluated by Parish (1971) as

part of an M.Sc. project, and hence it is only very briefly described here.

Fige 3.5 (a) and (b) show the Ge(Li)'detecto; ﬁithdrawn and
inserted into the shield. The sﬁield is made of 3" thick Naton 136 plastic
geintillator viawed by a 7" photomultiplier tube. The tube output pulses
are amplified and fed to a disériminntoru Discriminator output'pulsés are

directed into the blocking input of the Interiechnique SALOB analyser.

Pulsens from ithe Ge(Li)_detector are procosged as descyribed
proviously, except that a delay unit'is added to bring coincident events
into overlap, Fig. 3.6 shows a general view of the whole ﬂpectrometer,
arranged for anticoincidence work. Fig. 3.7 shows a general view of the
dipstick cryostat arranged in a spectrometer with a 256 channel NS630

analyser.
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3.3 Some: Features cbnsidered in the Optimisation of the Puise'
Analyaxs System

The performance of the pulse enalysis systems uBed in this

laboratary are governed by the following parameters:~'

(i) Preamplifier noise
(ii) Gain stabilisation

(iii)' Choice of the analyaér ahd aﬁplifier operating conditiona. X

wThis gection is descriptive of these parameterm and their ﬁdgustment for

-optzmum performanca.

5 31 Preaa@lifier Performance

The preamplifier performunca dominates the overall noise perfor-

Ttmance of the pulae nnulysia Bystam (McDonald 19?1)._ This in turn is dom-
Iinatod by the capacity and leakage current presented to the prpamplifior al

p:ippqt (Goulding 1961, 1964.-Monte;th 1964 and Heath,.Black and Cline 1966&).

The preamplifier is a wide band device used to amplify-all fréqdéﬁpies

"":fﬁ&ébqiatéd'with the input charge pulse. Tntegrating and differentiating '

" filters in the main amplifier (NE5259) are used to restrict the band width
to optimise the signal to noise ratio at thé'output. These filters are
also adjusted to minimise the leakage (dominating at low frequencies) and

capacity (dominaﬁing at higher freﬁuencies) noise contributions.

Fig. %.8a shows the noise performnnre of the NDBAB? preamplifier
as a function of input cupacity. : Thlsnwaa measured with amplifier time
conatnnts of ld))j sec and using Texas Instruments D1546 FLTs. It is
‘observed that the addition of FLTa in parallel increases. thm noisge at zero
capamity input but reduces the tharactarlatic slope. The optimun number
of FETs is decided by the detector capacity. '

IFig. 3.8b shows the noise performance éf the NE5287 preamplifier
as a'function of input leakage éurreht@ The frequency-depandanﬁe of this
noise source is shown by the variation oflenergy resolution with filtef
time constant. The optimum choice of the time constants is a balance
between the capacity and leakage p@ntributions, Fige 3.9 showing a.typical
i vafiﬁtion measured for a spectrometer. The minimum shbwn is_ﬂometimes.
ghifted to a shoriar filter time constant if the qrybstat is significantly
microphahic, sincé microphony gives an essentially low frequency noise

contribﬁtion.
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Variation of Overall Spectrqmeter Resolution
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%3.%5.2 Gain Stabilisation

A gain shift of as little as 0,.1% during the course of a counting
experiment results in a resolution broadening of 1.3 keV for 6000, To
'anid this shectrum_degraﬂation, an SES Stabimat G101 gain stabiliser was
Iuséd. Zero stabiliﬁation.devices are-also commefcially nvailgble buf-were
not used here as their effects are generally small éomparad with gain drift

affects,

The ﬁtabiliser functions by locking a stendard peak (generated by
a precision pulse generator or gamma ray)onto a set channel in the analyser
spectyunia. An unwanted gain change.ia observed by summing counts from two
"windows", one set on’each side of the peak. A difference between the sum
counts from each window is indicative of a gain change in the system, This
difference generates a signal which adjusts a servo controlled amplifier in
“the atabiliser unit to oppose the gain ghift. In this way the standard

peak is returned to its chosen channel.

The intenaity of the standard peak controls the count accumulation
rate of the two windows and heice the correction ability of the stabiliser.
The window width and position, preset contents and the content difference,
are selected by the éxperimantar. Care and a knowledge of counting statis-
tica-are'requifed to ensure an effective and rapid correction of gain drift
without generating spurious corrections due to natural statistical fluctuat-

dions.

Without the use of the atabilisér, it was found that gain shifts
in excess of 0. 1% were common. The use of the stabiliser raditally improved
this figure, This is typified in one experiment where the overall spectrum
drift was featricted to 0.01% for a period of eleven days continuous coupt-

ing.

343.3 The Pulse Height Analyser

Three analysers were used in this laboratory. Two of these,; the
Intertechnique SA40B and the Northern Scientific NSGBO are ‘single parameter
analysers while the third, the Northern Scientific N5625. (kindly loaned by

Nuclear Measurements Ltd.), is a dual pafameter analyser.

The Intertechnique analyser with a 400 channel capacity was used
for the bulk of the research work. . The analyser memory is cycled by an

8MHz crystal oscillator, giving a maxiwmum dead time of GG}A secs. Fige 3.6
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sﬁows the analyser together with the anticoincidence shield. The NSGBO
analysér, altHOUQh having only 256 chahnels, has a 40MHz memory cycle'time
giving a maximum dead time of approximately ﬂD}A secs, It is suitable for
poorer rééolu;ion systems, (due to the lack of channels), fast count rates,
or experiments where only a limited energy range is necessary. This
‘analyser has a 2048 channel ﬂDCItOQcher with a digital back bias faéillty
which results in simpler energy alignment when examining a spectrum in

sections.

Fig. 3410 shows the analyser together with its Teletype data out-
put unit. The dual- parameter analyser (Fig. 3.11) is intended pr;mar11y
for coincidence experiments. TwolhDCB are 1ncorporated and stores pairs
of pulsealthnt are within the coincidence resolving time of 1}A secs.

The memory contents may be displayed elther in iaomatric or contoux form.
The 102k avallable .channels may be arranged in any two dimension comb1nntion
from 1 x 1024 to 32 x 32 channels.

Dual parametexr anulfsers in use witﬁ Ge(Li) detectors have one
major problem.(ﬁlberger'1967), namely the increased requirement for channels.
Heath, Black andICIihﬂ (1966L) have shown éhat a miniﬁum of. five channels
are required in the full width at half maxinmm of ‘a peak. for adequate defi-
nition. For two dimenstonal Bpectra this rises to 25 channels. For a
1 Maf energy ranqe in each dimension with 5 keV resolution detectors, a

total of 106 channels are neceasary.

Figs 3+12a and 3.12b demonstrate the results of a-coinpidencé
experiment withstCo. A NaI(T1) and a Ge(Li)_detectur were used and the
. spéctrum is shown both in iaometric and contour display. For the 32 x 32
display, the scintillator has sufficient channels, but the Ga(Ll) detector

suffers £rom poor deiinition.

It is essential to provide sufficient channels compatible with
the de;gctor resolution otherwise considerable apectral information will be

loat.‘
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Chapter 4
Probloms and Evaluation Procedures Encountered in Lﬂtabliahiqg
2 Oparutional Ge[Li) Detectors'

Le1 Introduction

An aﬁpreciatinﬂ of the characteristic of Ge(Li) detectors helps
,th@;ﬁﬁer obtain optimum performance and longer life from a given'aystbm;:
In part, thia includeﬂ evaluation{'diagnostic measurements an& détectbr
repair procedﬁres; This chapter repreaants the experience gainad in the

courss of establishing, evaluating and repa:ring oparatiomai deteetnrs.

L,2 Detector Faults and their Effects

Problems associated with Ge(Li) detectors are considersd under
threa hbadihgs, bulk, surface end contact problems. These reqﬁire quite
separate treatments, although vhen one deféctlié.ramedied, consideration
is often required of the other two groups:of phenomena to retain‘optimuﬁ,_ 

performaﬁcéo T
1*»2«1' Pulk Defects

‘Bulk defects arise from imperféctions in the fabrication-proceas
Iand 1mper£ections in the germanium used, Defects due to the fabricat1on
‘process arise from a high temperature drift (Armantrout 1970, Armantrout
and Thompaon Jr. 1970), ineffective cold Qrift conditions (Gibbons and
Iredﬁle 196?, Lauber 1969) and excess timalspent aﬁ room tempefature
.(armantrbﬁt 19663, Sakai and Fowler 1968). The resuiting imperfect compann-
sation also results Ain the inability of the compensated material to aupport
@ high collactin@ fleld,

: Many defects due-to the germanium originaté froh.substitgtional
impurities in the lattice (Fox 1966, Armantrout 1966a,b, Tavendale 1970b,
Schell and Nienhuis 1968, Cappellani and Restelli 1958), principally. oxygenm,
copper, iron.an&-silvefa Crystal'défecta and strain (Hgnsén, Pehl, Rivet
and Goulding 1969, Armantrout 1970&) also degrade'ihe detector performance .
These impair the: lithium drift mobility (Henck, Stab, Lopes da S:lva,

Siffert and Coche 1966) making the poaa:hilities of good compﬁnsation remote.

Trapping effecta_of the type discussed in section 1.3.% as well
as’ being generated by poor acceptor compensation are caused by precipitated
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iithinn, lithinm\defect interantiona, Iithiumwimpnrity internctianm and
complexes, impurity centréﬁ, erystal defects and regions of lattice strain.
ITheir effact ia enhanced by poor collecting fieldso Thoese phendmana

" create both shallow and deep energy levels in the energy gap to cause ion
pair recombxnatzon (Day, Dearnaley .and Palms 1967) and the extension of the
charge collection tima (Trammell and Walter 1969,. Sakai 1968 and Zanio and
 AKutasawa 1968) | I

It is zntereating to note that the traps themselvea do not causge
significant peak broadening (Day et, al. 1967, Sakai 1968) as their effect
has a swall atati@tical varience. The broadening is due to the poﬂitionl
nf the generated charge in thnt'aach group of frashly'génapated electrons
and holes havé different distandaa to travei to the electrodes (dapénding
npon the position of the initial gamma ray interaction). This rebuLta

in varying amounts of charge loss from each pulse.

The overall effects of the above phennmana hnve considerable
-_influence upon the detéctor characteristics. The fuil energy peak effic-
'iency may be much reduced when comparad with high performance detectors of
equivalent volume (negtion-Sma.i}n This is gccompnnied by non asymetric
shape peaké, slow rise time pulses and n'poon full energi peak h&ighf'to _
 Compton edge ratio. The reverse bias leakage will be exceéssive (> 10" %)
and probably show a low voltage breakdown_characteriatic:f?ig.-4.1) due to
distorted regiona'of field at junction irkagularities (Armantrout 1966a).

The detector capacity will also be larger ‘than that calculated from detector
geometry consideirations und show a large variation with reverse biam (Fig.
-Qua)u . The curves of Flgs, k.1 qnd_&.a were plotted after. two Buccessive

cold drifis on a ia'jcm3 volume® Ge(Li) detector,

L.2.2 Surface Effects

The - performance of a detectnr is highly sensitive to the condition
of its 1ntrinsic aurfaces. The dominant contribution to ravarse blas leak-
age is invarzably generated by surface currents (Dearnalay 1967) ¢ - ﬂ signi-
fiﬂant proportion of this can be thermally generated (Mclntyre 1968) . Care
is essential in the minimisation of this and the defects that arise in
intrinsic surfaces (Armantrout 1966a, Ellis 1968 and McKenzie and Dew;t-
196?). ' ' ' '
% All détectors, for the remaindar of this thesls, are referred

- to by their calculated (hy copper staining, section h.3.4.1)
sensitive volumau
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l“iﬂ. by

The Variation of Leakage Current with Reverse Bias

“for a 3 mm drift-dépth Planar Ge(Li) Detector -
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In addition to defects tyﬁicgl of the bulk mgtefi&l surfaces
contain a concentration of crystal damage (Armantrout 1966&, Goulding 1964) ,
extra impuritiaég'precipitated lithium and other lithium comﬁlexes g{vihg a
diétorted energy bend gap siructure (Melntyre 196)). _ Surfaces.are hlghly _
suaceptible to impurities and particular impurities rasult in n and p layers
on tha-compensated germanium. Kingston (1956) has Bhown that 10 = dmpurity
atoins cm > can dominate the surface state of intrinsic. germaniumo These _
"inversion" semiconducting junction layers may extend  over the antxre surfaca :7
and if they cross the p-i and i-n Jjunctions, they shunt ‘these, contributing -
-addltional capacity to the detector (Armartrout 1966a). . This additional .
capacity is frequently ﬁcqompanied (McIntyre 1965) by low bregkddwn voltages
and eﬁcesslcurrent. The chéfdé storage capability of this surface cdndition'
(Davieé and Webb 1966 and Elliot 1966) may result in slow charge collectioﬁ,
Surfaces with these phamomana generally axhibit poor collecting fields.
coupled with significant charge trapplhg.

Careful lapping, etching and mounting techniqueﬁ are crxtical for ,
the achiavemant of low leakage characterimt;cs and the minimisation of charge'
trapping. The reverse bias 1aakage current variation with voltage (i.ea
- Fig. 4e1) of a detector generally reflectsa combination of diode and. reﬂis-
tive curves. Its use in detector defect diagnosis requires care in that
an& one of a ﬁumbar-of bulk, surface or contact defects can give riae to .

similar characteristics (Goulding 1961, Ellis 1968). Ellis (1968) has
extenszvely studied the use of leakage current characteristics for evaluat—
.ing detector defects. The curves from F{g. 4.1 were measured between cold
drifta. " Fige 42 shows the raduction of capaczty after: aach cold drift, '
The current characteristic change shows that thxa detector was dominated bv

its Burface condition&.

k.2:3 Contact Effects

Contact problems are those arising from the n and p. layers of the

detactdr and those from the electrical and thermal contacts to the datector.

Pooyr condition n and p layafs result in excess chafgé injection,
increasing the reverse biés.ledkaQQICurrenta Strauss and Larsen (1969)
and Mayer (196@) have shown that slow fiéing pulses result from charga
.gaﬁeratibn in the proximity of the junctions due to diffusion of charge
from ragions with low collecting fields, Unnacessariiy thick n and p

layers result in loss of counting efficiency (section 5.2.2.1).
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ngh_feéistahce ohmic. contacts to the detector phﬁﬂe slow.
risetime detector pulses. In addition, the resultant'bﬁor thermal
contact pfeventa adequate cooling of the detector. Hansen and Jérrett
(196&)-hav§ optimised contact performance, ueing indium folls painted with -
indium-gallium eutectic¢. These foils must be of minimum thickness due to
their high gamma ray ahsorption.

“Optimum detector performance can only be achieved’ when effective

minimum thickness nonmingacting n and p layers are achieved.

Ly Measurement of the Detacfor Chﬁf&ﬁtefistics

This aection describes the maasurements made to obtain pertinant
data on cryatal condition both before and after the crystal is inﬁtallad
in the cryostat.

4,3.1 The Measurement of Leakqge Cﬁrrant

Typical detectors at 77 K have reverse bias 1eakage currents of
the range 10 -8 to 10° -10 amps. . The technxque of Dearnaley and Northrop,
{(1966) im used for this measurementn Fig. 4,3 shows the circuit usad for
measuring the leakage current of a planar detectur. The current flows '
through a standard 107 ohm resistor, one nanoamp generating 10 m;lllvnlts.
IThis vo].tage is measured with a high internal impedance, (57 '10M.n.),
_digital voltmeter, or vibrating reed electrometer. -The curves of Fige 4.1

were obtained with this technique.

Careful attention must be paid to the earthing of the circuit and
to electrical piuﬁwuﬁ to avoid the measurement of additional stray currents.
when these are eliminated, the precision depends ubonuthéfsthdarﬂfresistor
and the. véltﬁetéf used. Emphdsia is also placed on recdrding ‘the aﬁape of
the current-voltage characteriatic due to its significance in the diagnosis

of cryatal faults..

L,3.,2 The Measurement of Detector Capacity

In practice, the capacity measured is a combination of étray and
detector capacity. Dearnaley and Northrop (1966) use a pulse techmique to
weasure capacity, sharing the charée'from a pulse between a known capacitor .
and the detector. Fige. k.4 shows fhe circuit used for mesasuring the
det@cfor capacity as a function of reverse bias voltage, Pulﬂes at 50 Pps-
are fed from a precision pulse generator (Ortec 204) to a standard capacitor

Cq and the detector input.
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If' -cT'“ detector cabaciﬁy (ij + ‘stray capaéity (ds)-
V = voltage pulse heighf df'pulse |

'V = voltage developed across C
C,(v=vp) [

- I . [EXEE NN EE] (&.1)
Ve ‘ = -

D
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Maaaurement with and without the crystal in c1rcuit allows accurate
-;calculation of CD Fig. 4 2 shows curves of the, variation of capacity
measurad with this techniqua. Typical nmaaurad valuen of capacity vary
rrom 5 - 200 pF and are dependant upon the magnitude of the reverse blas

: voltage. Again, emphasis is placed upon measuring the shape of the )
capacity - voltage characteristic as well as its magnitude due to its sig-

nificance in fault diagnosis.

b33 Obsefvation of Full Energy Peal Shape

_ Observatzons are made after the energy resolution haa been Opti-'
7 misad as far as poas:hle as -described in section 3.3. ‘The paak shape 'is
observed at d;fferent filter time constants. Slow chargé collection. o
becomes evident by increased peak asaymmetry at the shorter time constants.

The peak has both random and symmetric sources of broadening which can be

'_ usefully conuidered.

The symmetric componeits are due to 1eakage-current and capacity
contributions. The non Symﬁétric components are-due to the.trappingﬂ

mechanisms di'acuased in section 13,3..0&93(&(1 by the phergomena described -fl.n

section 4.2, An approximate measure of. the assymmetric component is obtained .

by coﬁparisbn of the'energf resolution at full ﬁidih at half maximum and one

tenth maximum peak heighﬁ. 'Thairatio of the two ﬁhoﬁld be approximately
twéwfor a good detector. Larger ratios’ show that significant trapping is
taking place and the compensation should be imprcved. Fig. 4.5 showa tvo.
_full-energy peaks. The higher resolutionlpeak is from a ﬁell.compgnsatéﬁgl
detectof operating at 10bV/mm in thg depletion ragibhg and ghuwé ah acceptw=
'ablé‘dégréu df'tailing; The poorer péék ialfrom a detector.that had been
aécidgnially retﬁrnéd;tpquom témpefatufa'with'a éofrespondinglléas of.com-
_pensation (also at 100V/mm bias). The observable tail complicntes pracise_

intensity meaaurements in a complex spactrum.

ko3.4 The Measurement of the Detector Volume Sensitive to Gamma Rays

Several techniques are available for determination oflthe sensi=-

tive volume of a detector. These are divided into two groups, those used

% O the ﬂuouqnp\(bv-;éf .ch¢ao;h~«-é15jianca
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before ‘installation of the detector and those used when the detector is

operational.

L,3.4.1 Measurement before Installation
' The following tochﬁiques Are available for detector volume

measurements-

" (i) Thermoelectric probe (Henck et: al. 1966)

(ii) Surface'Résistivity'Probe (Goulding aﬁd Hansen 1964)

(iii)  Photoconductance Analysis fBrownridge and McLoughlin 1968)
(iv) Copper Staining (Hansen and Jarrett 1964)
(v)  EBady Current (Walford and Doust 1958).

All methods rely on the assumption that the boun@griea of the
drifted region coincide with the sensitive volume. Webb, Maimf Chartrand,’
Green Sakai, Fowler (1968) have confirmed this for high qualiiy dateétora.
. For pébrér detectors there is some.doubt as tolwﬁéther this assumption is
accurate. : Methods (1) - {iv) measure surface béi-n contours while“tv) has’

'aome degrea of dapth maasurement in the crystal. - All methdds’iéavé the -

operator to astimate the sensitive volume by estimating tha internal contoura

of the crystal. This may be satisfactory for small planar crystals, but for

large coaxial detectors congiderable errors can be incurred.

ol No satisfactory direct method is at present ava;lahle. vVhile each
technique ‘has its limitations it is unwise to d;sregard them, gince they are.
‘useful for various diagnostic.measurements. For pxampla,.the surface resis-
tifity probe.can be applied.to the n layer to determine the lithiﬁm-concan-
tration, Photoconductance technique# allow analyéia while the crystal is
still drifting. Copper stalning is simple and in addition its appearance
_gives a rapid indication of the quality ‘of the intrinsic region (Eliis 1968)
If the stain is indistinct and. copper also deposites upon the intrinsic
region then poor compensation is suspected. Figs 4.6 is a&.photograph of a

3 coaxial crystal showing del;neation of the p core. An

copper stained 3Ocm
additional less distinct stain may be ﬂeen, indicating that areas of the
intrinsic region have reverted in pazt to p type material, This crystal

requ;red con91derah1e reprocessxng before it could be uaed as a detector.

Method (v) was suggeated as an attempt to determine the internal
junctipn contours of a detector., - This methodurelles on the different
effective resistance of n, i.and P matérigl. The téchniﬁuelshquld alao‘be
adaptable fo monitoring the détector while it is still in fhe qrift bath.
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4o,3.4.2 Volume Mooauroment.on=on Operational Detector

Two tochniquos are availablei~

(i) Capaoity measuremont (Pall 1960)
(11) Collimated Gamma Ray Beam (Webb et. al, 1968),

Method (i) equates thc-measurad'value of oapacity with an exprossion cone
taining the dimonaiohs'of the dotootortll As has been discuaood;lthc:truo-

capacitance of a dotector ia influenced. by soveral factors in addit;on to

its geometry. Unreolistlc results for volume detarminations can bo obtained

thus limiting this approach.

Method (ii) is the only techniquo-that maaaufos thc_dotoctor ih

i oooratiooal;oonditions. ‘A finely collimated gamma ray beam is moved across
the or}oatat until the detector is observed to rospond." In this wWaY, the
sensitive volume moy be delineated. Webb et. al. (1968) hovo developed the
useé of the collimator to a high degree, ‘and have usod it to measyre orystnl

property variationa.l- Tho precioion of the technique is dep-ndant upon the

degree of collimation, choioo or sourco and the collimator poaition;ng oqulp-

mont. Camphcll Smith and MacKenzio (1971), by the. use of annihilation
gamma rays and coincidence oqnipment, have achiovcd a spatial resolution of
0.1 mm, a factor of ten better thaii that obtained in the present work using
convontional'oollimation'tochoiouos." Howevor, this prooision‘io unnocoobary
due to the thickness of materiol required in complete abaorption of gamma
rays (aection 5.2.2.2).

Fig. h ‘7 shows a detailed scan that was taken on a b & &tnw’cryotala
In this case the collimator. was also used to rooord oonsitivity variationa

3705 source was used with a lead collimator

throughout.tho crystal.
(imm hole diamotcr and ‘13 cmollong) mountod.on ‘a lathe bed for accurate-“
positioning, The sensitive volume edges could be located to 1 him . Ihc.
non-uniformity of sensitivity ohsorvcd ia'dlscusoed in gection 5 2,2.5.

To obtain a volume measurement the crystal must be scannod 1n orthogonal
planes. The sensitivity ‘will olways be reduced at the edges of a crystal

due to. charge 1oso caused by electron escape andlothor eporgy losses

(Cline 1968). As a result the sensitive volume is never moro-woll'&ofinod 13

‘than the range of thc scpondary elactrons inducod-by gamma ray interactions.

' 4 3. 5 Locatton of the Sensitivc Volume wmthin the Cryostat

To a first approximation, thio informat:on may be obtainod by

moasuromcnt just before 1nstallation.. Romeosurement is necessary for tho
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Collimated Gamma Ray Scan of. a 7’-.#!:&:113 Detector

The Supe'ri_mpoa'ad Shape Shows the Physicé.l Crystal Outline
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' ,folloﬁing reasons.  Contraction of_thﬁ édiq finger on cooling o#n move
the datnctof up to'éimm (Hoath et. al. 1966). This can bo accompanied
by . distortion of the finger cauaing the detector to nove off centra by
as much as 5 mam (Muggleton 1969). ‘Furthermore, "the sensitive volume
contours do not necessarily coincide with the crystal's phyaical external

dimensions.

Three techniqueé are available for volume location; dollimated'
gamma ray beam, radiography of ‘the ‘eryostat and a source distance variation
techniqueo ¥

4;3y501 Volume Location with a Collimated Gamma Ray Beam

This technique is as described in section 4 3ebs2. When the scan.
is performed the volume may be 1ocated by measuring ralativa to a fixed ref.
erence point on the cryostat end cap. Thu choice of gamma ray energy is .

significant.

In the scan demonstrated in~Fig.-&.7, 622 kav gamma raya were used-
to obtain some. degree of penetration for additional data. If a volume
1ocation and meaﬁuremant only is xequ;red then the choice of a low energy

gamma ray d@lineates th@ surface 1ayers only.

1he use of 241 L (60 keV gamia rays with an H.V.L. of .54 mm Ge),

'allows better spatial resolution, not only due to the shnrter range. hut also
. to improved collimation at lower energies, . The boundariea of the Eensitiva

volume in this instance can be located to 0 5 mm.

53,52 Rédiggraphv 0f the Cryostat

1 If an appropriate X-ray machine is available then such a technxque
is possible. The reSuitant radiograph will shnw tha ‘position of the crystal.
However, unless the crystal is almost entxrely sensit;ve-mategial, or iq_.‘
expected to have an aqqurate;y known p-iun.étruéﬁure'then radiography is not

satisfactory, Hence, this method has not. been éonaideted in détail.

4.3,5,3 The Distance Variation Method

This technique, deﬁeldped iﬁ this'labﬁratory, involves the placing
of a soﬁrce'nf the energy range of interest at a known distance from a fixed
point near the crystal (usually the cryostat ond cap window, Fig._h.B).

The area of the full energy peak is ‘measured for that d:stanca and: the sourcL

adjusted to new position.
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Figs 4.8
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if ﬁDlw number of counts in the full energy peak
1 = distance of source from end window, or some other
fixed point
t = distance betwaen the fixed point and ‘the plana in
the active volume such-that the full energy peak
receives qqual.cdntribufiona £rom each side of
the plane _ | _ I i
Then, to a good approximations-
D = 11%)2 1 b A T ORI )
‘Where K = constant, and T = count time. :

If D i3 measured for éevef&l vaiués of 1 -thqn'a graph is bldttad
of Blope (x)% with an intercept of ~t. Flg. 4.9 showé the graph obtained
for the 7. htnficryatal in the extended dripfeed cryostat of Fig. 2.2, t:is
I'energy depéndant but if the thickness of the active wvolume is small compared
with- ‘the H. Volia of german:um for the energy’ used then t gives the centre of 

the effectiva volume. As the gamma ray energy dacreaaas, ‘t decreaaes as :
mure -of. the 1nc1dent beam is atopped in. the first layers of the cryﬁtal.
 The minimum t is just greater than the- distance from the fixed point to the

crystal front face (ignoring the effect of dead layers).

The position of the frunt face of the active volume can be readily &

calculated if low energy gamsia rays are used (i.e. 60 keV from 2k1 Am).. Tﬁe

dominant interaction is photoalectric (Fig. 1.4) so that-the calculation of
the position of the front face. may assume total absorptinn for each gamma
ray.
If }Aﬁ = photoelectric linear absorption coefficient for gamma rays

' "of energy E ' '

Io = number of gamma rays in inuident baam

g = distance between crystal front surface and "central plane" )
o B LES el
Theanot{,nP 2 Towlo@ (equating interactions on each side of .
: ' . the plane) '
- And ppﬁf = 0, 659 ! - E g . o.-o.c.onecc !l'lt

"“The distanca to the front faca is thus t-0, 693/}&P fur 60 kev gamma rays,
reducing to t = 054 mm, 1 '

The results obtained using these techniqués'falate_to paralial

beam conditions and are also. useful for apparatus configuiations with
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difricult axpe:imental access and wherm the &ource of gammy rays is sone

distance from the detector,

The accuracy of @he'tachnique ultimataly'depandé upon the accuracy

of the distance measurements and in the present wobk-w@s_abproximately 1 tim.

Lok Calibration of a Ge(li) Spectrometer for Efficiency and Linear:ty

The use of gamma emitting 1Botopes of accurately known energies
. and’ intens:tiea allows determination of efficiency of detection, and ‘the
response with eneigy (1inaarity), simultanaously. - Calibrations have baen
reported using various radioisotopes, the desirable criteria bsing a long
-half life, a wall known decay scheme, and easily and cheaply obtainable in
sfandard formg and quantities, Apbéﬁdix I1 lists some sﬁurcés that-ﬁﬁ?e
been found suitable for calibrafion. ‘ I . |
For a wide energy range (188 kev to 2448 kev) with one source, the
‘use of 6ﬂa in equilibrium with its daughter products allows a rapid nali-
bration (Walford and Doust 1968) ., The energiea and ralativa intenatties
(Table Li1), of a26{1& in equilibrium with its daughter products* have been
determlned by Dzelepow and Zhukovsky (1958), using electrnn recoil measure-
ment techniques and more recently by Wallace and Coote (1969) and Lingeman,
Konijen, Polak and wapﬂtra (1969) who measured the gamma ray intensitiea

e dxrectlya
The use of radium has the following advantages:=
1) ‘There are at least 46 peaks availaﬁle fér_uge.and the calibration

may be undertaken with one pulse amplitude sﬁectrum, thus avoiding

errors due to cross calibration of spectra.

2) Its use is more rapid than that of wultiple gources &nd does not -
Jrrequire the maintenance of a 1arge-stdck of sources. y

3) The half life of ““CRa (1620 years), is sufficient to eliminate

' any problems due to radioactive decay, so long as aquilibrium has

been egtablished.
However, there are the following diBadvaﬂtages:»

1) The radium 3ourée.availaﬁle has Pt/10%Ix encapsulation 80 that

Ta aubstantial correction has to be made for attenuntion of the
gamma raysq In addition, the éncapsulntion cauges a continuum
in the spectrum, ‘due to primary interactions in the encapsulation

raachinﬁithe dotector,

=

. A e | .
- * ' Hereafteyr- texrmed =~ Ra source
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Tﬂble ;ﬁu 1

The Pr:i.ncipf;i Energies and Intensities of the Gamma Rays observed
grom 2*°Ra_in Equilibrium with its Daughter Products
: aRe. - ' . 226
‘Bnorgy (keV) ;izig:;eratg:n ey Oxev) ‘éiziﬁiggfa£izn
sl . oqmeno -] oo - [ stmes |- 0.8
W gkt . 0.105 - 1155.3 0,018
. 286.9. 0,052 | 1207.8 0,006
- 295.2 0,189 | #1238,2 | 04060
o 352.0 0377 ' 1284.3 | @ o017
396,73 0.013 - | . %1377.7 0.043
£17,0 "~ 0.008 1403, 1 0.040
4500 | 0.01 ©1509.3 0.022
465,0 0. 150 15433 0,008
&850 |  ow1m 15833 | o.o1m
| 511.0 po13 - | - skos.s | 0500k |
' 535,0 0,009 1668.8 . 0.010
& 609.4 | 0,471 C %1729.8 0,024
. 665.6 ' | - 0.023 *1764.6 | 04163
703, 1 " 0,008 1847.6 | 0:020
719.9 0,007 18621 0,008 .
7400 0.004 - 19000 " 0,00k
- 7684 0,053  2016.1 |  --0.001
786,0- 0,012 809041 | 0 04001
806.2 - 0.065 | *2148,7 | - 0.0k
83741 0.009 - *220h.3 | 0.052
885.0 |  0.004 | we294.3 0,00k
" 9Bk . 0.033 | 24237 0,002
960,00 | 0,005 . %2448,0 0.016
1052.0 0.005 | ' |

* Signifias‘thase used for afficiency-mﬂasuremeﬁts'

2) Due to the 46 principal gamma.emiﬂsinna, there is a large Compton

continuum to be subtracted from the full energy ﬁeakag

bo.he1 PEnergy Versus Response Calibration (Linearity)

Fig. b, 10 shows a radium source spectrum obtained with a 20.5 cm3

crystal from whicl 46 peaks may"he_ideutifiéd¢ The 32 most prominent of
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_ {hese covering the energy range 1Bﬁlkav to 2448 keV are used fof the “nexgy
caiibrétion of the mpautfometefﬂ. : For example, fox bne spactromatqr-usihg'

T a Crystal of 4.0 keV energy rego;ution and;aﬁ adt{vgivoluma of 0.6 cmB,.a

Iiﬁaar'ragression anal?sis-yiéﬁded;g coef£ici§nt of 0,999 but sﬁoﬁed a slight

curvature_in the plot of energy against chahnél nunber. A second order

- polynomial equation fitted by least. squared aﬁaiysis gave the equationse

E = .00000178i% + 0.640i + 2.845
‘Where E = energy of gamma.fay'in keV

i ='channe1 number

 The difference between the energy of a gamma ray calculated from this
equation and that used in the der:vation of the aquat:on was in all cases
less than 1.,0% and was in 24 cases less than 0. 25%. These results illustrate
2 the Jalidity of using a 226Ra source to determine the variatlon of . energy

with channel number of a germanium spectrometers

hol.2 Full Energy Peak Efficiency

For the calculation of “the full energy peak efficiency of the Eyﬂtem ;
only the 16 most promanent peaka are ‘'used, The 1ntrinsic full energy peak
efficiency is calculated by determining the total number of counts in each
peak (excluding.thosg cbunts_due to'thelcontinuum upoﬁ which the peak_whal
éituated) and dividing_tﬁis by the number of gamma ra&ﬁ'photqﬁs of that
energy incident upon the crystal. IFcf an absolute f@;lf@némgy pealg efficf
iency calibration, the calibrating soufﬁelmuat be in.thé same position, have

the same shape and encapsulation as the unknown sources to be measured.

Fige Lo 11 shows efficiency calculations for rive typical crystals

'msasured with radium. To verify the upe of - GRa. and the wall attanuatioﬁ '

3

calculations, one detector (37 ¢m” sensitive volume) was remeasured with
54 M, 5600 and a further gaﬁna source encapsulated in monel* matal. Page
4.12 shows the efficiency calculation for this detector. It can be seen

that there is gond agreemant of rasults.

The errors of this t@chnique originate in the accuracy of peak measure-
_ments and source -calculations. - In the worsf case, (a. small c#ystai with a
poor peak to Compton ratio) thé erfofs vary from = 10% for a‘ low intersity
peak 6ﬁ a high continuum to - 2% for a more prominent peak. Foxr larger
cr&gtals the deviations reduce to the range ?% to 1.5%. Of this, the wall
attenuation tolerances contribute : 3% at 1688 keV reducing to < 1% aﬁ

. 2448 keV, An experimental techn:que to verify the source wall attenuation

factor by angljng the Bource prnved unsatlsfactorya

*. BO%Cu 4 EO%Nx encapsulated Bource borrowed from R.E. Coles,
. Jes . M H.F. Aldermaston.
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" Dolev, Adam and Kntriel (1969) point out that some gamma rays.
emitted from a 226Rn source are in cascade thereby giving rise to possible
_Bum coincidence peaks. The consequence is that events ﬁny be removed
from one ﬁeak and superimposed onto anothaflin the gpectfum; For example,
a gamua ray of energy 609 keV interacting at the same timé as one of 769 keV
results 1n 8 Sum energy be;ng recordad of 1378 keVe Nearly all the caa—
caded gamma rays are due to 431. ' Correctiona in exceas of 8% would have
tokbe applied to the efficiency curva 1f all the coincident gamma rays from .
21

gamma rays were. emltted in exactly the same direction. However, the angular
correlation of 21431 is such (Bishop 1958) that this is not the case, and the

true correction to bhe &pplied is less than 0.001%.

In conciusiun, the use of a 226Ra source pro;idea a cheap and rapid
method for the calibration of ‘a garmunium spectrometer. The. Iong standing
use of 26Ra for medical and instrumental calibration has resulted in theae

sources being readily available in standard forms in mapleaboratorieg.

4.5 §§perimenta1 Techﬁiqués for Crystal_hepﬁir arid_Processing

The following procadﬁrea were adopted‘fof.use in this laboratory

in the mounting and optimisation of Ge(Li)ldetecfoer

bo541. Etching

This process is used to prepare the surfaces of a detector just
before it is imounted in a cryostat.  All etch techniques_haye-thejfollowing

featuress=

1) - Strict cleanliness must be maintained for all bealers and

equipment used,

‘23_ The crystal surfaces must'hé free of surface contamination,
grease and finger-prints. This may be impleniented by prior
washing“of the-crystal.iﬁ methanol and handling with tissues.

3)  All chemicals used are "analar“ grade, and all othexr 1iqu1ds

(e.g. deionised water) are maintained ag pure a8 possible.

L)} The time between the etching and mounting of the crystal is

a mininmum and always less than 5 minutes,

5) The final etched surface must. under no circumstances be touched.

Paris and Trelerne (1958) have investigated the use of protective

Bi were inc;dent upon the datector. This would be so if all the cascade. s
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varnishes nprnyod on. the detector after atching.' These
have met with partial success and have potenﬁial if

developed furthor.

Etching. was nlwayo performed in the clean environdent of the
polythene tank shown in Fig. 4.13, Deionised water is'aunnlied from an
"Elgastat“ on top of the tank. On the left are the power supplien for -
detector drifting and on tho right are the asbestos cab:nots oontaining
the drifting apparatus,’ ; - !

! A number of etch techniquas are available, two of which have been
used with average succeas. The first is that used by Dearnnley (1967);
The . second ‘is that devised by De Wit and McKenzio (1969) and adopted in this
 laboratory by Baker (1970) .

" The firat etch is as follows:-._ ; :

' The detector is placed in a polythene’ ‘beaker such that the intrinsic
-surfaoes are free of any phya:ca1‘contact. The beaker is now filled with
etch (consisting of 311, HNOBtHF} to'bovér the crystal. 2 A'foéé volume
- should bo uaod to prevent the etch boiling rapidly. Etohing is continued

;(with oontinual ngitat;on) until it is just starting to give: off ‘browm- fumes
.(about 3 = 5 minutes). _ Methanol is now f1006&d into - the beaker to quenoh

the etch. It is. ossential not to expoae the orystal to atmosphere at fhis

stage: . If this occurs, ‘then the process must be repoated. Deioninod water

is now pourod into the benker, flooding away the mothanol. Tha-rqsintnnoe -
of the ovorflow water is monitored until it is above 1M11. All 11@h;aa
' nnould be pourod so as to nvoid air bubbles in the beaker. '

~ -The crystal is .removed and laid on tiasuos, ensuring that no
_intrinsio surfaces are touohed. Drying is effacted by a Jet’ of oxygen free
'nitrogan. The cryatal is now mounted in tho cryontnt. The curves ‘shown
in Fig. h.1 were obtained using this etch. ; '

Tho second etching procedure used in this work is aimilar to tha
. above technique. ' The crystal is rlooded with an etch fluid conslsting of
111, HNOS:HF. for about 3 minutes. Again, no exposure to atmosphere must
_ occur throuahout the otching and” qUenohing. The etch is washod aWny by
severnl litrea of a solution of anms KaCl pex 1itro of deionisod water,
-after remQVal fr'om tha beaker the orystal is ploced oh tisaues, and dried
- with oxygen free nitrogen. A milky doposit is observed’ ovor the crystal,
in contrast with the clear surfacos of the first etoh. Tho detector is

now ready for mounting.

E
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Fig, 4.13
Detector Processing Fquipment Showing Drift Power Supplies
(Left), Etch Tank (Centre) and Drift Apparatus (Right)
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4.5.2  The Mounting of the Detector in the Cryostat

The prinoipla of mounting is simple, but is critical in achieving
‘the full. potontial performanco of the detector. " The two esaentiol.roaturoo

i are cleanliness in handling and the time . taken in mounting.

Goulding .(1966) has observed thot the final etched surfaces are
sensitive to the atmosphere in which the detector is mounted., Excessive
humidity results in degradation and noo-repfodqcibilify of performance,
and clearly the time the cryaiallsponds at atmosphere should be. minimised
to avoid these effeot-. Hence - the cryostat should be noar the etching
facillty and attached. to a pumping system so that it may be evaeuated immad-
iately the end cap is. bolted on.. '

Fig. &4.14a is a photograph of a mounted 50 oms-ooakiai detector.
) Diaéram 4, 14b shows the.ﬁoohanical arrangement. . The detecfor'is preased
_'into'the_indium'pads for Qooq thermal and electrical contact, and a spring
on a perspex block establiéhos a high tension oleot:iool contact to the
p=core, The detector &as olocod in theocradle'ﬁitﬁ tissues, coofaof with
the 1ntrinsic surfaces beang absolutely avoidod.,' The cfyosfat is thaﬁ_,-

discussed in sectlon 243

. When the detector is undeér vacuum it is advantageous to perform .
oo ahort olootr:cal cold drift to allow a thorough outgassing of surraoes,.

as well ns improvement of compenaation."

quuid nitrogon is added when the oryostat pressure falla below
10 htorr after tho ion pump has been switched on. The detector can take:
several hours to stabilise at ?7 K and is left overnight hafore continuous

usa is oonsidored.

4:5.3 The Eleéctrical Cold Drift

The principle of cold drifting has been discussed in section 1.5.1 -
and is carried out at a temperature approximately a109c,to.o°c, with a
voltage of about 100 volts/mm in the dopletion‘fegion.

Whon a detector is brought above -20 C, lithium preoipitation is

"always in ev;denoe at a rate depending upon the condition of the detootor.
‘During a cold-drzft the compensation is 1mproved at a rate vhich is dependant :
upon -the affectiveness of the cold drift conditions, and the rate of precipi—
tation, The 1eakage current under reverse bias is thus a combination of

two components, one increasing due to preoipiﬁation, causing loss of compen=

sation, the other decreasing due to the cold drift improving compensation.
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Fig, 4,142

z
A 20 em” Detector Mounted in its Cradle in the Cryostat
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securing spring

 indium pads | detector cradle

\. : i‘/

77

AN

p-ceore contact cold finggr

A

_perspex block

H.T. and sigﬁal ieaﬂ

X T '—?'

NN

gt o



gy

The continuation of cold drifting is advantageous whilé the nett current
fdalls, 'Ultimately the degree of compenaation reachaé'a maximum for the
drifting conditzons when the current reaches a minimum and then slowly -
rises. The drift is terminated at this point and ‘the crystal cooled to
7%

The curreﬁthrlowihg during the co6ld drift has been found
to be approximately 1=2 mA/cm of £ wp Junct1on area..' Near perfect
dlode characteristica must be obtained if good reﬁulta are to be expected..
A resistive slope indicatel exceiss leakage paths not aaaociated with a good
diode structure. A detector may commence cold drifting with a positive
slope which should be flat at the termination of drift., This is ihdicativé_

of improved compansation.

| 'Fig. 4,15 shows the vériation.of lenkage.current with time during !
a cold drift, applied to a detector that had accidentally returned to room’
temperature. The minimum current 1eve1 may be clearly seaen. The detector,
a O. 6¢m3crysta1 with 4 keV resolution ‘at 6900, had remained at rdoﬁ-tﬂm-
‘ perature unbiased for about B_hburs with a resultant resolution degradation
to 8 keV. The detector characteristic was fully reétﬁréd to 4 kevufésdlaf

ution.

The duration of the cold drift is difficult to dBCIde in advance '

as it depends entirely on the germanium and the history of the detector.

In geperal, about 30 minutes cold drift is applied for every hour the detec- .

tor remains unbiased at room témﬁeraturei” For freshly drifted dotectors
cold drift times of a faw,days'muy be -applied. Periods in excess of this

can degrade the crystal due fo_thé incraasinb nmount of precipitation.

_An exact control on a clean-up drift ig poaa:ble if the crystal
can be maintainad at a precise tempernture. TFor larger crystals this may
be difficult as an appreciable amount of power (w30 watis) may be dissi-
pated (Ridley 1968). Constant power supplies are required to balance. the
- pover. dissipated in the éryatal with the a§ailab19 copling. Unless thiﬂl
is achieved, no current minigum is observed and the tiﬁe:of“cdld'drift

becomes indefinable. In this instance, care hhs'to be taken to avoid

excess drifting, resulting in gross precipitation. This was the casé for ]

onie detector in this laboratory. The detector shown iﬂ Eigs. 4.1, o2

was cold drifted when fréshly MOunted for approximately 30 hﬁura'at_a'current
approximately 1 -~ 2 mA with'ﬁ 250 voltlbias. The detector was maintainad'
‘with difficulty at about 0% using_saited ice watgflénd no current minimum




Fig. 415
Variation of Leakage Current with Time at 240 Volts Bias

for a 0.6 cmB-Detéctor at =10°C to Recover Loss of Compensation . - I |

Note-the unusually low curpent

" current minimum- ;

; , detector
\\ . - cooled -
e at this
point

4 ' ' '
=10 4
Time.(hdurs)

- — ' Current (}AA) _ '

;‘ " e o . - I ) )
-.I-_ % g E‘J b - - “ + . 5

: £ . UI 1 CEIN .-- : - -.

'-‘ m 3 . - I .. °F & | P




83

'wné observable. héwafer,rthe detector condition was much improved.

Fige 4e1 and 4.2 show the changes in capacity and leakage resulted in a
resolution improvement . from 12 to 8 keV.. A furthér cold drift of ﬁ days
duration resulted in excess procipitation and the.resolution beiﬁg degraded
to 15 keV. ' |

.4-5.4 Reactivation of Lithium

The phenomanon of lithiumlpredipitqtidn-is described in Béction
I&.a.i, lhen this has caused a loss-éf.porfﬁrmance it is necessary to re-
activate the lithium by breaking the lithium-defect and 1ithium-impurity
bonds by heating the detector to approximately 38000. " As this temperature
is sufficient for the diffusion of lithium into the n-layexr, it is*advaﬁd
tageous to do this at the same time. In this case,; the detector may be
alectrolyt1cally rediffused with 11thium a8 describe& by Baker (1970].

Fig. 4.36 shows the diagrum of a furnace constructed for the
reacttvation of precipitated lithium, The main design requirements are
- uniform heating, c¢leanliness to prevent the diffusion of impuritles into
the crystal and an inert atmosphere- to prevent oxidation of crystal surfaces.
Thermocouples are embedded in the furnace winding and the windings gre.apran-

ged to gilve a uniform heating prafile over the centre portidn of the fuﬁe-

The detector is steadily heated to 380 ¢ over 30 minutes, to reduce
stressing of the crystnl. . Helium is passed through the quartz tube, the
rate of which is varied to give fine hethng control. The coarse control
ié-via a Variac transformer in the heating circuit. This temperature is
maintained for approkimately 20 minutes (recommendations from paﬁel‘diaéuau
ainn at Iepra conferdnce 1968) and then the detector ia cooled slowly to

roon temperatura ovar the course of an Kour.,

In the discussions at the Ispra COnference 1968, it was consxdared
that the lowest possible tenperature uhould be used in aiffusion and res
activation (L 380°C). All heatlng cycles have been found to bé detrimental
to the germanium ingot qualities and hence the temperature used and the

mugber of cycles must be minim@aeda'

Fig. #.17 is a'photugraph of the complated'furnace showing the

quartz tube protruding from the end wall.

When the crystal has coaled, it is etchedg remdrifted fox a phort
time (approximately six hour#), and then cold drifted for two to three days

prior to its mwounting in the cryostat.
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4,6 Operational Running Experience

“The atah;l:ty of a Ge(Li) apectrometer is of great signlfncance
- when 1t is consxdered that a gain drift of 0.1% can seriously degrade the
_expected.resolution. Variatlong of this klﬂd or191nate f;om elect:uniq
ébmpoﬁents.of the spectrometaf,' It is also important to éohsidar the
ﬁosaible changes due to the variAtion of characteristics of a mounted

detector.

4,6,1 Short Term Variations

! These may be expécted from a detector in the first few hours of
ite mounting due to ita'gtahilising to_lﬁquid nifrogen temperature. .'After

‘a weelt, the detector should be reasdnably conﬁistent in performanceq

No random short term variatlons in performance have been observed.
in established Ge(Li} spectrometers that are dxrectly attributable to ?he

detector.

k. 6 2 Term Variatlons
_._ﬂ

_ If a detector is maintained continuously at liquid nitrogen tems
peratures ‘theni there can be no increase in trapping levels observed (excludn
ing’ the effects of radiation damage). . No detector failure_oifdegradation
with time has been observed. = Anders. (1969) has obser?ed a reduction of
pulse height output fdr his-detactors ofi 1% pexr year. Howevef, all,détéCw
tors in this 1aboratory have undergona slow improvenmnent. This is attri;
buted to outgassing of the detector surfaces and a very’ gradual anpensalinn
improvement due to the continuously applied bias. Flgf k.18 shows a graph
of fhe_laakage current oflone crystél_at constant voltage measured over a .
' period of wonths. It was generally fouhﬁ_to be roughly halved in two

menths, a performance typical-of thé'oth&f detectors uéedo

Fig. 4.19 shows the pe;formgnce-variation of a 40 cm3 trapeéqidal.
detector, Initially, the working ﬁoltage was 1300 volts with 2,0 mA léakd
age current and a resulting perfbrnaﬁce ofiEuE-EeV with a peak height to '
¢ompton edge ratio of 16£1a In one week the current had:reduced to 0.15 nA
and the breakﬂnwn point was 400 volts highero As a result, the performapce

of thv detector was improved to 2.5 keV with a peak to Compton ratio of 22:1.

Lo ﬁéﬁectar Accidents and Repair

My disruption of the liquid nitrogen filling routine may iead

to the detector returning to room temperature. " This is frequently accome




87

'Fig. 4.18

Variation of Leakage Lurrent with Time at Constant Voltaa_

for a Mbunted Detecto:
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panied with a resultant degradution of vacuum. Aﬁcidental warm-ups have
occurred twice in this laboratory and in each éane the datector was setis-
factorily recovered,

Recovery depends upon. either éfraﬁid fault diagnosis and immediate
treatmént,lor a rapid return to iiduid.nitrogen témpérature for an exact
assessmént of'the damage to pérformanca. In the first caae the 0.6 cm3
detector (desoribed in aection 4,5,3) was inmediately cooled and a Bpectral
analysis taken. The cold drift (Pig. b, 15) completely recovered its parfor-ﬁﬁ
' 3

Mmance . In the second case, a 7.4 cm” detector, a short half-hour clean up
@és performed on the detector while it was_still af room temparatﬁreo‘ It
was found on cooling that no loss of perform@noe h#d occurred. it is inter=
estihg to note that no re-etching was necessary in either case due to the
'0.6'cm3 detectorlbeing encapsulated and the second detectosr being mounted in

a tﬁqroughiy'cleéned and outgassad cryostat.

Detector repair is possible with the'diagﬁbatic and processing
techniquas discussed in thia chapter; Recovery is simplified considerab]y

_wath the initial use of good cryostats and well etchmd detectors,.
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Chapter 5

Problems on the Efficiency of Detection of Ge(Li) Detectors

5,1 Introduction

In the early mﬂaénremants oﬁ'Ge(Li)'detactors in this and other
laboratories it has become apparent that some detectors had an efficiency
smaller than that expected from thelr size. This ls now experimentally
confirmed (Walford and Doust 1969)., The afficiency of a Gé(bi).detector
is low cdnmared with NaI(Tl) detectors and hence gn'additional efficiency

reduction represents a significant counting limitation (section 6.5.4).

Monte Carlo calculations are satisfﬁctory for NaI(Tl) detectors
(Zerby 1960 and 1963, Zerby and Moran 1962 aﬁd Heath 196L4) vhere the shape
is accurately specified and the physical processes satisfactorily understood.
Their use in prediction of efficiency éhd othér.parameters has:now been
applied to Ge(Li) detectors (Whnio_and Knoll 1966; de Castro Faria and
Levesque 1967; Hotz, Mathiesen and. Hurley 1965) but. these require accurate
knowledge of the dimengions of the sensitive volume and certain &gsumptionﬂ
about the detector material. In particular, unknown factors such as trapp-
ing and possible losses in distﬁrted electric fields invalidate the theoreﬁml
ical approach. Consequently, an exp&rimentél method has been used to
measure the efficiencies of a number of crystals. As only a few crystals
were available in the laboratory it was necessary to co-=operate with other
workers to collect additional data. ‘Purtheyr experiments with cgrtain
cfystala and collimated gamma rays were then made to attempt a determination

of the origin of the efficiency defect.

The efficiency of detection is a significant parameter particularly
in the detection of weak activities (section 6.5.%4) and merits investigation,
Experiments were undertaken to measure the variation qf efficiency with
source volumé. It is also Bhown that careful design in source-detector

geometry can result in considerable improvement.

5.2 Efficiency Defects in Ge(Li) Detectors

Confusion often arises due tb the loose definition of efficiency.

In this thesis, the following definitions are used:~

1) Absolute Full Energy Peak Efficlency (€pp ) = E%




Where N1 = mumber of counts received in the full energy

'peﬁk per unit time representing energy E.

N2 = number of gamma rhyﬁ of énergy E emitted from
the source per unit time,
2) Intrinsic Full Eneirgy Peak Efficiency (&g ) = %«1 '
; Q&
Where I, = number of gamma rays of emergy E incident

upon the crystal pér‘unit_time;.

%) Geometric Efficiency ((b) = ka

Where G is the solid angla ﬂubtendad by the source to the

" detector.

5.2.1 Relationghip Between €ez ~ and Sensitive Volume

Efficiencies were measured using definition 2) to avoid as far
as poas:hle the effects of differ;ng detector gaomatrieso The measurement
technique is that described in section 4.4.2 with a 226Ra source placed one
metre from the detector., The source strength was 0.8 miCi and this resulted
in-éﬁ adaquate count rate without pulse piienup. At fﬁis ﬂ{Stanceg the

gamma rays 1ncident upont the detector under test could. be considered to be

rarallel, All cryatals tested had prev;ously undergone copper staining to

estimate their sensitive volumes.
'Three factors complicate the results:-

1) Each‘détactor was mounﬁed in a different cryostat with its own knowm
 window thickness. The gamma yrays would also have to traverse vaky-
ing dead layers of unknown fhickhéﬁs;in the cryﬁthl. . Hence , the.
gemma ray beam wés attenuated té an uﬂknown.extent'with each detector.
At high energies this is usually insignificant, but at lower energies

such attenuation may exceed -10%.

2) 1In three cases the source-detector distance was less than the standard

one metre because of the design of the apparatus,

3) Some of the crystals were planar and others coakial, so that there
was some variation in the shape and cross sectional areashof_acﬁive
volumes (Tablg 5e1) Shape is significant for energies aﬁove
250 keV, when a significant contribution to the fuii anergy peag is
through multiple scatter. To test the effect of shape, a trapezoidal

detector was measured from two different directiona (Figs 5.1).

|
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Figql §o 1
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Fig. 5.2 shows the variation 6f,ép: with energy for this
cerystal measured frow the directions shown in Fig., 5.1 I

will be obsierved that the maximum differuncmﬁ?fof the.anergy

range shown are below 20% for this compact geometry detector,

Ithis being at the higher energye. All crystals were measured

witﬁ the end face geometry shown in Fig. 5.1. . Howeﬁer, for
-Qimplicity, differences in éhape have been ignored although

better correlation might ‘have been achieved if a parameter
combining shape and the wolume had boen plotfed against the
efficiency. '

? to
Qz_cma were moasured. Fig. 4. 11 shows typical efficiency curves obtained

Nineteen crystals with sensitive volumes ranging from 0.6 cm

with this technique. Values for €,; were read from each curve and tabulated

for the nineteen crystals (Table 5,1). The table also shows the estimated
active volume, shape and thé eriargy resolution. Tiges. 5.3a and 5.3b show
the variation of efficiency with volume at 2.0 MeV and 1.0.M@V fqr-ﬁll ﬁhm
crystals meﬁsured. It will be observed from these figures and Table 5,1
that those dgtectars with resolutions better than 5.5 keV have the higheﬂ%
efficiencies. There is agreement among the higher resolution crystals,

but fhe detectors with'poorer fesolutions fall'considerablf belovw the lines.
Fige S5elt shéws the variation'of'épz with sensitive volume for the high reso-

lution detectors.
The following observations are made on the above resultsie

1) The higher resolution detectors (5.5 keV and better) have a high

degree of correlation between volume and efficiency.

2) All the poorer resolution detectors have lower efficiencies com-
pared to those with higher resolutions. The maghitud@.of the
‘veduction varies from detector to detector, The maximum reducs-

tion of efficiency observed was for a 23 r:.m3

detector having one
quarter that expected for a good detector.  The mindmum reducé
tion observed was for a 34 cﬁz crystal having roughlfihalf the
expected efficiency. All poor detectors had losses v#rying

between these limits.

%) In Fig. 5.4 the curves for high energy radiation can plausibly
be extrapolated to go through the origin. 'Hdweverg for lovex
energies, extrapolation through the origin necessitates a change

in curvature. It is notable that a linear extrapolation would




Table 5,1

gpz- for all Detectors at Several Energies

il S 2 g | Cmn | € % [€o % | €or %
Volune 'fcm53 | (kev) {(0.5 g@gv) (1.0 MeV) “f5 Mev)| (2.0 Hejr} (2.5 MeV)
0.6 :;i::;“ &0 .70 6.17 |' 0.072 | 0.037 | 0.019
1.4 ;f:;ﬁgﬂ” 7.0 2.0 | 0.t | o. 0.125 | 0.08
1.5 ;f;‘:’: 9.0 1.22 0.3t | ©0.165 | 0.09k | 0.55
5.2 ;i::f"  5._0 2,35 | .68 0.37 0.24 0.185
7.k ;fzfj;""xdag k.5 3.40 1.16 | 0.62 0ok 0.285
8.2 ;‘Iii;“f“‘ﬁ 8.0 3,15 6.95 | 0.58° | . 0.38 0.25
10.0 :;sz:’“m 5.5 L.5 1,5? .99 0.69 0.48
20.5 :zzziﬁai 5.0 7.6 2.8 .65 1.25 0497
23.0 :zz:‘:iml 7.0 2,85 0.97 | ©.56 .39 6030
23,0 e P T 9.5 3.0 1.7 1.15 0.88

€6




Table 5.1 (cont.)

25-6
25-0
26.0
28.0
30.0
35.0
34.0
37.0

&1,.7

'cylindrical
coaxial*

coaxial

eylindrical
coaxial

trapezoidal
coaxial
cylindrical
coaxial
coaxial *#
cylindrical
coaxial®* ¥
trapezoidal
coaxial
ﬁrapezeidai
coaxial

cjlindrical-

trapezoidal

2.5
k.0
15.0

5.5

5.0
7.5

0.0

9.2
9.6

9.7

3.7
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5.20
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Fig. 5.4
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intercept the efficiency axis and not the volume axis as might
be expected. The phehomenon is energy dependant and therefore

probably a function of photon range in germanium.

The explanation may lie with the relation between the amount of
multiple sbattering and crysfal Bize, Above 250 keV a éiﬁnificant contri-
bution to the full energy peak is that due to multiple'scattering, For a
particular energy, there isld mean pathllength of the scattered gamma rays
for total absorption to be likely. At low energies, this path length is
small (about 1 - 2 mm at 200 keV incident energy) so that as the crystal
size decreaseé'below-o.ﬁ cln3 there is still a significant contribution from
multiple scattering to the full energy peak, For crystals with dimensions
shorter than this meén'pnth length the full energy peak height iz small,
because of the absence of multiple scatter. At high energiés the path
lengths for multiple scatter increase and becomes greater than 10 mm at
several MeV so that the minimum volume for a gigniticant contribution to
the full energy peak increases with increasing energy. llence the sharp

curving to the origin below 0.5 cm3 decreases with incfeasing energy (Fig.5.4).

5.2.2 PFactors Relevant to a Reduced Efficiency of Detection

Several factors contribute to the reduction of efficiency in a
detector. Design and technique considerations may reduce them but not

eliminate them,

5¢2.2.1 Insensitive Layers on the Detector

Insensitive material on a Ge(Li) detector is unavoidable due to
the necessary presence of the n and p layers. Their effect, however, can

be minimised in two waysi-

1) If possible, the source-detector arrangement is designed to allow

incident photons to enter directly into sensitive material,

2) The detector geometry can be fabricated so that the p layer (or
core) i® as thin as possible, Lithium i$ diffused into the det~
ector very carefully during fabrication to maintain the n layer

thickness at about 0.5 mm or less.

I'ige 5.5 shows the variation of half value layer {H.VnL,) of germanium wiﬁh
energy. NaI(Tl) is also shown for comparison. Any interaction in the:
insensitive layer will remove a potential event from the full energy peak,

A scatter continuum is also added to the spectrum. Fig. 5.6 shows the
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variation of full energy peak efficiency loss with energy for three thicke

neag ¢ead lavers, Large sensitivity losses at lower energies are observed.

These losses can be reduced by grinding away or drifting through
the p layer. The p layer is then re-established either by ion implantation
of boron or gallium (Dearnaley 1969) or by gold plating & thin surface

barrier contact of the order of 0.5 microns (Nuclear Enterprises).

5.2+2.2 The Optimun Dotector Shape

A qﬁalifative treatment is attempted due to the complexity of an

exact mathematical approach.

It is important to specify the source-detector geometry. If this
is not possible, due to a wide range of shapes and orientations to be en-
couritered, then a compact.detector is required to present the maximum depth

of sensitive material to all possible wource positions,

Shape effects are very sensitive to gamma énexrgy since the propor=-
tions of the various interactions change rapidly with energy. Fox simpliw
city, parallel beam irradiation is considered, Energy loss from the detec-
tor through bremsstrahlung im significant above 2 HMeV (Camp 1967) but negli«
g{ble in the region where photoelectric interactions predominate, Only a
" few millimetres of germanium are required to absorb the energy from the -

energetic electron.

Compton scatter events dominate in the region 0;$ = 2,0 MeV ond
are the origin of the multiple scatter contribution of.full energy pealks.
Wainio and Knoll (1966) have deduced that on average there are one to two
Compton collisions in these total absorpiion events. On this assumption,

a simple estimate of optimum detector shape is made. Fhotuns ayve acatte$ed
at paiculable angles and energies (Davisson and EBvans 1951). Figs 5.7
shows the angular distribution of the scattered photon as a function of
incident photon energy. Consideration of Fig. 5.5 and Fig. 5.7 alldws a
determination of the half value layer (H.V.L.) with angle for germanium
(Fig. 548)a Fig. 5.9 shows a coaxial detector with Compton interactions
occurring iﬁ the detector surface. This detector is fitted onto the shape
of Fig. 5.8 with the dimensions 2r and h maintained in the same proportion.
An increase of the detector size in the same proportions will reduce surface
escape. The ratio of 2r/h (=R) is energy dependanﬁ (Fig. 5.10) and reaches

a maximum of 2rw» 0.7h.
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The Variation of Energy with Angle of Scatter for Several Incident Energies
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_ Fig. 5.8
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Fig. 5.9

Cylindrical Coaxial Detector Fitted onto the Shape in -Fig._i8 Extended to Allow for Edge Loss
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Pairn product1on events only contrlbutﬁ to.the full energy peak by
total absorption of the ammihilation gquanta. As their orientation is random
with respect to the orientation of the incident gamma ray, absorption is
optimised by the smallest surface area to volume ratio (a sphere). In
pxaétical terms, this is approached by a cylindernwhﬁae diameter and length

are equale.

The above considerations indicate that many of the raquiremahta

are fulfilled by a coaxial detector whoste length and diaweter are agual.

5.2.2.3 Collection in the Sensitive Volume

Charge loss is mignificant in the ¢onaideration of the efficiency
defects shown in section 5.2.1. It is considered in.twu'partag namely that
due to a uniform distribution of traps and that due to a non-uniform distrie

bution of traps,

5¢2.2.3.1 The Origin and Effect of Uniform Trap Distributions

The mechanism of trappxng has been briefly considered in section
1.3.3 and its orlgin and structure in sections 1, j % and b 2ﬁ19 The major
uniform and unifarmly varying trap digtributions g&neral]y Qriglnate From
poor compensation, caused by poor drmft conditions, Thma ig frequently
'accompanted by a poor collecting electric field, Tharefore, Buch trap
distributions are a function of drift direction and are uniformly dlstribute¢
(neglecting material defecis) parallel to the n layer in planar and true |

coaxial detectors.

It is difficult to obtain an accurate and direct measure of the
degree of compensation. The final detector characteristics ave Qometimeﬁ
the most sensitive means of measuring compensation verlations (Lopes Dg Bilva,
Henck and Siffexrt 1968, Schell 1970) . The variation of €,, with reverse
Biaa ig an effective test of compensation in that poeor collection rapidly
becomes evident below 100V mn~ L peverse bias by a rapidly falling €,y o

3

Fig. 5.11 shows typical results for the 7.4 cm” detector, this being an

average performance detector.

Measurement of the electric field acroes a detectur‘ia also indice
ative of the degree of compensatioﬁ. The field may be simply measured
using the arrangement shown in Fig. 5124 The electric field profile
expected for 5 perfect planar detector is uniform across the intrinsic region.

Poenaru (1967) has calculated that for a coaxial detector with pexrfect compen=
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Fig. 5.11

The Variation of €pr with Reverse Bias for the 7. cm3 Detector
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sation, the electric fiela é (r) varies as the radius (x) where

and Mﬂ = detector bias

é( ; _..;' Va ~ T 7. = p core yadius
T, 3
T l“(;{) v 1 = external radius

Therelié a similar field variation for trapezoidal and cvlindrical geomeiries,
AS a demonstration of field measurement, the electric fiaia was measured for
a 30 cm5 trapezﬁidal detector. Figu_5°13 shows the variation observed comw
pared with that expacteﬂ for perféct compensation. Poorly fabricated:
coaxial detectors tend to have excess lithium towards the n layer and this
results in the poof field of Fig. 5.13. This reﬁﬁlts in the formntion of

poor collection regions towards the n layer.

5e2.20%42 inginm and Lffecty of Non~uniform Trap Distributions

Anomolous performance variations with_the pogition of irradiation

. were first observed in this laboratory in 1967 and by Chartrand and Malm
(1967) and were considered by Gibbons (1968) as potentially significant in
~the evaluation of the efficiency defect. Arnmntrout (1969, 1970), Schmidi--
Whitley (1969), Cappellani, Ostidich gnd'Rsstelli (1970) and Hencle ,Gutknecht
Siffert,'De Laet and Schoenmaekers (1970)'have also observed regions of poor
response in Ge(Li) detectors but have not satisfactorily explained these
findings. ' '

Schell and Nienhuis (1968), Cappellani and Restelli (1968) and
Armantrout (1969) have observed that certailn impurities form clusters in
the crystal lattice. The clusters are not necessarily associated with
dislocations or vacahcies'(Armantrout'19?0)e These impurity and defect
clusters are probably the origin of the anomolous variations considered

above.

These clusters are difficult to compensate and result in regions

of elxcess trapping. This may be brought about in two ways,

1) ‘The impurity generated traps are in sufficient strength in the
drifted regibna to absorb most of the generated ion pairs formed

in or passing through the cluster.

'2) The clugter remains uncompensated due to the degradation of the
~lithium mobility by the impurities. Fige 5e14 shows a proposed
model for the formation of this region. The region remains

essentially uncompensated as the lithium drift front proceeds




~The Measured Electric Field Across a Coaxia

Schematic Arrangement of the Voltage Probe

Used for Measuring the Detoctor Blectric' Field

D.C. Volts
Detector Axis O +Ve
il
f' @”“““j
Freon at -20°C V
= St " % 3 =
j - ; ;
i
H
I
i
i
i
B
!
H
i
i
1
i
!
T ———
' P < i e
-l
i
100
« ZCurve céxpected for
{ *, perfect compensation
o 0.8 "
K ;
o
]
B
0] 006 L
o
- \
- \ measured field for j
n Ok \ trapezoidal detector
E, .
el
fxy
0.2 |,
i S
0.0 i ] i P F] e
' 12 10 8 6 b 2 o
: ) _ Depth in Detector (mm)

.

‘Detector. .




108

Fige 5.4

Proposed Model of the Formation of Insonsitive Repions

in the Detector

1) Drift front passing
the impurity cluster
in the germanium

2) Drift nearly complete
A : and cluster shadows

formed

. 3)  Shadows remnvad_afﬁer
- cold drifting leaving
; inactive regions. in

the intirinzic region -
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througﬁ the crystal. Precipitated lithium (and hence
additional trapping) is added to sach cluster. HEhadows™
‘of uncompensated germanium are left behind which may be
removed by cold drifting. The final cluster formation ig
relatively unﬁffacted by drifting and is considered as .
inherent to the detector characteristics, Kecently, Walford
(1§?1) hag directly observed the formation of such a region
in a large planar detector. Poor collecting fields and

local field distoritions accompany the defect cluster.

Some gamma rays will undergo total collection, while others, interacting
near the cluster,’wﬁlllloae a considerable portiqﬁ of energy. The overall
effect is a detgbfor with a small épz and thﬂhéc&ssarily showing peak
aasymmetry, Thé regions, being inherent to thque?ﬁﬁh&ﬁm.ingot as opposed
~to drift defects are independant of'drifﬁ difaction_and'may bé.aonﬁidered

to be randomly situated in the détector volume. -

50202»393 Experimental Observations with Collimated Gewmma Ray Beains

. Multiple scatter events in the detsctor degrade the spatial
resolution of a collimated gamma ray'héamq . Tﬁ_nvercﬁma_this Dearnaley (1969)-
3ﬁggested the use of a highly collimated proton beam with energies up to
200 MeV. The region responding would then ﬁa little greatey than the
pérticle beam diameéter, Huweveng'thim Tacility was not available and a
437,

'co1limated gamma ray beam uéing Cs aa'described in section 4.%.4.2 wvas

used,

Tybicél detector respohses may be expéated to reflect a combination
of the effects of section 5.2:2.%.1 and 5,2:2.3.2, Fig, k.7 shows a scan
of the Tolt -::m'3 detector, scanned with the beam perpendicular to the n layers
The response variations are due to edge losses and trapping variations
independant of the drift directiomn.
Fig. 5.15 shows a scan taken of a 20 cmﬁ-ﬁbor quality trapeszoidal
coaxial detector. The observed variations are considerable both radially
and pafallal to the detector axis. There is difficulty in observing the
position of the p core. This detector had been ineffectively cold drifted
and had undergone some precipitafion, The detector was reprocessed by
heating to 38000 for 20 minutes and then pedrifted according to the tech-
niques discussed in section L.5.k, Fige 5.16 shows the scan talken of this

detector after treatment. The response is congiderably improved and is
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Fige 55-16

Gammn Ray Scan of the EO'cmj Detector after Trestment
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more uniform over the drifted volume (measured by copper staining).
Fig. 5.17 shows the improvement observed in QFI . These curves were
compared with the data of Fig. 5.4 to give the dotted curve of €.y expected

for a good quality detector,.

FMig. 5.18 shows the comparison of the c¢ross-section scans for a
particular plane from Fig. 5.15 and 5.16» In eaddition to the improved
. radial response and uniformity, the detector is much more sensitive near
the n layer. Compensation is considérably improved and‘reference to Fig.
5.13 shows that the material near the n layer is most sensitive to drift

‘defects.

The response variations parallel to the detector axis are still
considerable, though to a lesser extent and reflect the contours of Fig.
5.15. These non=uniformities are due to preferential precipitation regions,

whose effects are reduced by the detector reprocessing.

This detector suffers from drift and material defects though the

material effects are capable of being minimised by careful processing.

These results are illustrative of the variations cbservable in
Ge(Li) detectors. The efficiency defect considered in sdetion 5.2.1 may

be accounted for by the above results.

Previous measurements on Ge(Li) delectors have assumed that
drifted nﬁd sensgitive volume contours coincide, Fig. 5.18 illustrates
that this is not necessarily so. Large cefficiency defects are always
possible as the fine deyree of compensation nttempteﬂ in the cold drift is
difficult to judge and is very sensitive to fabrication technique and the

condition of the starting material.

5.,% Variation of the €eg with Source Volume

Once a detector has been optimised as far as possible in the
cryostat, any chaunge in the measured peak efficiency is due to variation
of & Ge This requires some consideration as large improvements in < g
can be obtained by careful system design (Kemmer 1968). In practice, a
wide range of source vnlumés are encountered. Their measurement is cone-
sidered in two groups, namely small (v 1 - 2 cms)'and large volumes,

b

5.%.1 Optimisation of €en forr Small Volume Sources

Many measurements (such as those in this:laboratory)'are made
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with small sources placed against the cryostat end window, Kemmar (1968)
has developed a well-shaped detector allowing suitable insertion of small
sources to give& g >» 0.5, Sihce then, the design has been optimised by
Santhanam, Webb and Monaro (1969), Glasgow (1970), Forcinal and Meuleman
(1970) and Verplanke and Verheijke (1970) who have wade systems capable of
accepting sources up to 8 mm diameter and with detector dead layers of the

order of 5 nmicrons.

The detector used by Kemmer‘(1968) has similar overall character-
istics to the 7.4 cné detector used in this laboratory. However, his weil
crystal has a value of 0.012 for €on for 37cs vhereas the value for the
7ok cn® detector is .0008; a factor of 15 lower. Clearly, when the source
shape and size permits the use of this design, its value in low level count-

ing (Glasgow 1970) is considerable.

503.2 The Measurement of Large Volume Sources

There are many common applications where large volume sources are
available (e.g. contamination moenitoring of milk and other foods, Potter,
McIntyre and Pomery 1968). Sample reduction, by ashing and other techniques,
may be used to improve ‘épn but is not always feasible and results in the
destruction of the sample, This section evaluates the variation of €gg

when measuring large volume sources,

_ This measurement is complicated by the great variation of detector
shapes commonly encountered, so that no standard geometry is available.
However, as a demonstration of the effect on a medium size detector,; an
experiment was performed using thé 7ol cm5 volume detector.

134 6

A liquid source confaining 0;50}&01 of Cs and DuSO}ACi of OCQ
of 0.5 ml volume was manufactured, An absolute efficiency calibration was
performed using energies and intensities from Lederer, Hollander and Perlman
(1967) with the source placed just by the cryostat end window. The source
was diluted with distilled water to form sources of lincreasing volume sur«- -
rounding the detector. Fig. 5.19 shows the arrangemenit adopted. The
distances marked were kept identical in an attempt to maintain a near optimum
and uniform geometry. The absolute full energy peak efficiency was measured

at each successive dilution and plotted in Fig. 5.20. Fig. 5.21 shows the

measured variation of Qpn with volume for different energies.

The following observaticns are made from Fige 5.20 and Fig. 5.21:=
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Figa ?,20

The Varintion of qu with Energy for Differing Source Volumss
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Fig. 5.21

Varintion of €pp with Source Volume for Different Inergles
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Fig. 5.22

Increase in Peak Counts with Source Volume,
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1) Self absorption in the source causes a stronger variation of

efficiency with volume for the lower energies,

2) Because of self absorption, the efficiency vs energy curve

(Figs 5.20) becomes flatter with larger volumes.

If the liquid source surrcunding the détector were of a fixed activity per
‘unit volume, the full energy peak count rate would increase with increasing
' source voluma, Fig. 5.22 shows the relative increase calculated from the
data of Fig. Suz1. The rate of incroase in peak count rate diminiéhés with
increasing source volume due to the poorer peometry and greateyxr mself abﬂnrp;
tion, In this instance there is little point in exceeding a source #oluma

of two litres due to the d;miniahinglreturn obtained.

In general, the optimum volume of source is dependant upon the
source material, the energy of interest, material inhomogenietias and
dotector size. The above data illustrates the behaviour of this particulay

counting configuration for the measurement of liquid sources.
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Chagter'ﬁ
nmtarm{hation of the Sunsitivity Limits of a

Ge(Li) Gamma Ray Spectrometm;

6.1 Introduction

In spite of the widespread use'of Ge(Li) spectrometars over the )
1ast few years, their low level counting capablllties have remained largely
unexplored. The studiea attemptad to date are limited in thezr basic
Iassumptioﬁ and application in several respects. Werner (1966) sets arbitary

confidence limits on the minimum detectable ‘pealk area. ‘Paulyy Buzzi, Girardi

and Borella (1966) use a Bimilar approach and in addition rely on the measure~

ment of symmetric peals. Cooper (1970) has used a similar approach to ‘that
in this thesis, bﬁt restricts its précision_and application by heglecting
peak fitfiﬁg errors aﬂd'usiﬁg_th@ one'pank neasurement techﬁiquée The techq
niqua-deveioped in this chapter allows any pealk measurement techniqué,_any

preset precision_and accounts for errors in the peak fitting technique used.

The expression derived for the sensitivity limit allows the pre-
diction of the low level counting capabilities of Ge(Li) spectrometers and

an evaluation of their paranmeters.

* There are several methods availablé for measuring the peak area.
In this chapter, a projection technique is developed and used to demonstrate

sensitivity limit calculations.

6.2 Definition of the Sensitivity Limit of Ge(Li) Spectrometers

Thera are two definitions, with fundamentally different uses, of
the sensitivity limit whiich are not distinguished in the published literature.
These are defined as followsi-

1) 'For'ani glven experiment, a certain minimﬁm precision is required.

The BenSitivity limit is reached (minimum acceptable activity)

when it is 3us£ possible to obtain the desired precision in a
given ¢ount time. It is quite possible that due to the required
precisiﬁﬂ, the peok tay still be quite clear above the background

contdnuum,

e

2)  The windimum dotactable activity is reached whon it is just possible i

to Wlatinguish and mopnsure the peak area in question above the back-
ground continuum,. In this case the resulting ﬂtatisticnl precision

is out of the control of the experlmenter.




Both definitions are_evalﬁnted using the same definition of

statiatibal precigion. This is defined as C, -

o standar@.dav;ation of peak area _ OB Jecn Bk

pealk area D

IfB. = background counts under the peak accumulated in a time T

and S = measured peak plus background counts accu_mi:latad in a time T -
then S = B + D

Ignoring any systematic @rrdré, equation 6,1 -is rewritten as

iy (5 + B)% ' (S.-a-B)%. 6.2
: D - s s = B . ecoco0od g-
B is:measured indirectly and allowance must be made for the additiomal

% %' . . .. A .
variance ( 03 ) incurred by the estimation of B from statistically varying

data. Equation 6.2 is hence rewritten as

(s + B +-w%_)%

C_= .D uoae_onea 6o3

The minimum detectable activity is determined by pﬂttiﬁg C Y (mection 6.h4,2).
This may be considered as the limiting case of the minimum acceptable activityl-

~and hence C can assume all values leas than '}u

G.,2.1" Under Stable Conditions

..Assumiug a high stability spectrometer, the peak counts measured

over a time T is
“ 2
D = -c:-"v (5 + B+ oy )% &OW"’.; from equation 6.3

- and when the desired value of C is just obtained for the peak

. Cisad s % = "g,'i'; (8 +B 4+ o2 )% ‘counts per minute
From the definition of absolute efficiancy (€pq ) in mection 5.2 the
seﬁﬁitivity limit in gamma rays emitted from the source per minute is Ag
where
| | y ik )5 .
e s* &*‘nﬂ . ! gamma rays or min. eescseme 60‘&
Re = €mC ( , iy ) ¢ el -

where suffix E dontes enaréy

dependance.




It is useful to determine A for a given background continuum
by a direct nmeasurement of B, energy resolution and €PR ° Hence substi-~

tuting for $ in equation 6.4 from 6.3 we obtain

i : Y ] : jf
G"' - 1 7 2 ﬁ‘)% sooene @0 605
ﬂEMCT(ZB 2(;“"' z(;(c."*sB "*"“-’ﬂ) .

Equation 6.5 may be used to predetermine a minimum acceptable or
détecﬁable activity for a given spectrometer, provided that the parameters
remain constant or calculable with and without the source in position. B
is determined by measuring those count.s that fall in the peak base region. of

intereat in a prior test on the 5p9ctromster with no source present.

If Rg = energy resolut;on of the spectromneter at enexrgy E

then the peak base width in channels = ....«.n; 6.6
) .where v = ratio of peak base
!Ji& Iwidfh fo R
d A d = keV per chapnel

This ﬁeak base width is used in calculating the value of B in equation 6.5.

In certain circumstances, the peak base width is a function of
the background counts and peak to background ratio (Pauly et. al. 1966).
This is because the pealk odges are more easily confused with the background

continuﬁm as the magnitude of the contimwum increases (tabie 6.3) . This

effect should be allowed for in the use of aquatton 6.5 and by the particular'

penk fxttlng technigque used.

6.242 The Influence of Gain. Shift

This is a frequent'occurrance,dqring spectral measurement and has
the effect of broadening the peak with resultant degradation of C and Ayp.
The dEQradatlon occurs through the increased background continuum included

under the peak, and posalble dlfflcultles 1n deflnlnq the edges of the peakp

The effect has w1dely varying consequences, depending upon the
uniformity of gain drift, rate of drift and the imminence of other peaks
and discontinuities. As & dahonatration of the effecty, a simple uniform

drift rate is assumed for a peak situated upon a uniformly varying continuum,

Let the channel shift of the peak be k channels during the count

time T, fThe increase in B to be accounted for is B where

.-=(Is + VRE)BT Lo 6.7

b = background. count rate in

counts/channel /min.

""b iww&t t‘lu PO*:ITNE- on Llle arachedis qoluTon le)
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» ; 2 2
This resulis in an increase in the value of 07, to ﬂ&w'the extent of which

is dependant upon the particular measurement technique usedo.

Substituting equation 6.7 into equat{on 6.5 gives the wodified

value AD where

AV

a;;é:%T('sz&]‘.ufi”g%( ke o7 i) ) e

The quantity AF variea approxlmately as the square root of the
peak ahift in high backgraund counting conditions, For this case, the
effect is similar to the broadening of resolution considered in section
[

: Do 3 &pectrum Maasurenmnt Tuchnique

' Savaral techniques are available for analysia of spectral inforn

mmtionQ These 'are divided into the analyais of the complete energy spectrum

and the analyaiﬁ of the full energy peak.

6. el Measurament of the Total Spectrum

Analysis based upon the total spectrum can allow the maximuin infor-
mation to be obtained about the. source. The common technique employed is
that of atpippiﬁg'from the spectrum thé_Spectral response expected for a
ﬁonoenergetic gamma ray normalised to the energy and intensity of each obser-
vable full energy peak. Shafroth (1967) has considered this in sowe detail
for NaX(11) spectromaters and similar techniques have been considered for
Gé(Liy spectrometers, in particular by Helwer, Metcalf, Heath and Gazier
(1964), Heath (1966), Helmer, Heath; Sehmittroth, Jayne and Wagner (1967)
and Barnes_(iQGB)u These stripplngs are effected mOQt commonly using least
'sﬁuaras:techniquea. The method is satisfactory when most of the spectrum
is source ganerated and the natural background contribution ia smalle.
Daffinultxes arelencountereﬁ though when the 3pectrum is dom;nated by natural
background events for then there is littlé advantage to be gained. A=z the
substance of this thesis is oriented to low level count;ng, the analysis

has been restricted to the full energy peak alone,

6.3.2 Measurement of the Mull Energy Peak

Sevorpl techniques have been evaluated for peak measurement using

computer assistance. The least squares technique is again commonly used




(Black 1969).  Ciampi, Daddiland D'Angelo (1968) assume a Gaussian éhape

" peak and £it this using a maxinum probability technique on to the full

energy peak under invesfigation. However, the peak_shape frequently
deviates from a Gaussian and systematlc errors can be incurred, Huang

~ Osman and Ophel (1969) avoid this problem by fitting a pre-measured peals

shape onto the test spectrﬁm. Thé advantage of hoth these techniques is

that overlapping peaks may be separated. However, all these analyses require
computer assiatahce and in low level ﬁeashrenwnts.fthé peak shape may be con-

siderably distorted by poor Btntistics.

Another technique relies upbn the projection of the cﬁntinuum from
either side of the peak to obtain a measure of the value of under tﬁe pealks
Thompson (1969) has developed a simple method but it is only effective for
a uniform hackground continuum., A more general version is developed below
which may be uséd.manually in its simpler version or more fully using a com-

puter.,

603+2+1 Calculation of 'the Background Under the Peak

Fig. 6.1 shows the measurement technique adopted for a full energy
pealk. A messurement of the continuum under the peak is performed by projecte
 ing a value from'the side windows WX and YZ chosen on each side of the pealk.
The measured value B has a standard devintion.of s where

oy = ( B o i&. ' cessnaca 6.9
An nth ordexr polynomial Is least squares fitted to the side window

WX nsi
w

. b
where ( ﬁ‘) == E: Bin ¥
5 X Nno

oeonB80 00 6.10

w AL
and (ﬁ;) = the polynomial value
X ;
of channel contents

.in channel i

Ogemeal, = polynomial constantis

for window WX
A similar polynominl is fitted to the window YZ

it(ﬁo

( ﬂl): e % L,‘in senef, 1 whmj'e b;--bﬂ

nwo

ﬁolynomiml constants

for window Y2
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Fig. 6.1
Peak Measuvement Technigue Adopted for a Full Lnergy Peak
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The window width is decided by the prevailing continuum coﬁditicns, and
in the absence of neighbouring peaks or other diséontinuities is usually
a maximum of two peak base widihs. Measurement has shown that in most
cases the increase in window width beyond this brings little i:mprovmnar'lt in

sensitivity,

Substitution of the channel contents into 6.10 and 6,11 enables
solutien, by determinants, of the constants By-«: &, and b,- «--b, 1o give the
W oy
least squares fit of (Lja‘)x onto the data points in WX and similarly for Yz,

i.2e -'i.f

=

Ve

- 5 m am

. Zi

5

d .
'l 2 o2 i _. P s el
X [ s s . Z . X :
] = e Q.DOOGBOD 6012
D o ! ' : { _
= h ' 1
Wk 3 ] | '
E.m-t Z.'ﬂ Z Aan-1 e
[ | & o= wm o e l Zi
):i“ _ _Z;""_ R M Z ‘a
where €& . = ratio of window
width to peak base
width, -
% Vig hE
Hence d = number of pairs of
i data points uged in window,
' o (el K v \
R e RN ) |
L 2 e
Z(“‘w EL ****** Z-Lm Y
] ¥ p " :
| . 1 Ve 4 - i
By == : : | L X le
‘ At i LT Ty an=|
E(\ li.) ‘Zl“ ------ Zt‘l _ ..Zt .
T ' el ¥ ol
Lity) Lo oo Tt Jrimn
.and for Q- «@uws so that finally _ oeseonce 6,13
gale Z‘. ' Z;"" E 3
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B ! ' ¥
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el @ A My ma
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’ :
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‘A similar set of equations are established fer'thaléunﬂtanta b Aake hﬁ.
w . '
('j and( ')Y are now evaluated at v = x and § = Y respectively giving

valuas of ‘;‘l M and ‘1\' °

'd(ﬁ)g and d ﬂ)v are obtained by dirferantiating 6 10 -and- 6.11 and both are'
il t‘-‘-"
evaluated at v = )( and i=Y (temed(éﬂ), and(d“l) respecttvaly).
~ A third order polynomxal (maximum possible for given data) is now fitted
between X and Y usiug tha equatxons

%

(c+Civ g "’)'x_'m i

G+ Gia Ca v I'Csﬁ)r e

?' - sccasnce 6&1‘!&.

wheére Co,Cy CaiCy -
‘are: constants of ‘the: polynomlal '
té be determined. i

(
(00 c+ 26i+ a6w), = (gﬁa')x, |
(

006y 26 ) = 3%%‘) -

The qohstagts_c, tolcs-ara evaluéted by. datermlnanta as for mo*“-—mh and
-V RR L N The background under the peak is
sﬂY ‘

L, N
iU (rexhes (-g:)c,*(‘f Yo (T ole o s

) niet 12 Xl o)+l
1 ME . w &
The aelection of the order of the poelynomials ( ; and (ﬂ ) is dependant
X
upon manual ox computer data handling. Manually, ordera above third order
are tedious to handle,.- Care nmat ba .taken in the computer analysis in that

above fifth orders, there can be 8 tendnncy for the fitted equation to
oscillate through the data pointa.

6.3.2:2 Calculation of oy

The statistical deviations of each channel _content}s cause calculable
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“ deviations in the constants 8, to'd, and bo tob, , termed a, 0 Gng  and

b,y

1:-0 h"‘_ [

. determinant containing Yi are written as

i
L

oy "y

-

"

-

T ( ‘“‘11))’%

The standard deviations of 6.16 give the clevmtionm in G =0, of 0, to Qe

=

)

-

by subst:.tuting 6.16 into 6,13, g:hring

In equation 6.;3, the standard deviation of elements in the

scescose D16

(Pul’| |t T T,
():i“ﬁ)v‘ 'Ei."‘,_l._, 1 Z;“? e
: | 1 LA B , !
(E 1(.1--\ ) Zi';“" SN0 Z‘”-% Eiu—n
T [ enefe
apd xfor a‘,-; 1;.0 ‘Bpg  Bo that finally | cecsenan 0,17
. _ : v
R. I 5 ) %
B | Eemme T
I EI" .Ei%"—-—-—. Eli-“_(zf_qi)‘fq.

%g = ; gl i E 0 “ﬁ:,
: = ™. B K UELY A Yo | Bed
£ Lo Bl

m met = Ln lﬂ"
A T e b s

and similarly for bﬁ to -t‘\e i

o

The constants gz 1o Qng and B to 5“ are inserted into -

equation 6.10 to determine the \rari&tions of tj,‘ and ‘1\’ and(aﬁ) and(a.il)

Equation 6ok is recalculnted with these modified values to determine the,

. reaulting de\riations of the constanta Cp-Cy 5 namely Coe t0Czs o  With
these constants o, is calcfu‘lated to he“”- {21 .
12Y= 1 L : z: .3 .
m(‘f X~ 1)"“’&* Z )CIE+ )CLS"' (E‘ )ng  Bxieh &8
ﬂ lul a;al ]

¢ ekl
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6.%5.2+3 Calculation of the Full Energy Peak Aréa

With a knowledgé of B and cq; y the peak area is simply calculated

1“1" A i2yel A ""‘5
. | a \2 . :"_G‘ w\m“ l&dé\ps-*"
Do Z‘is - B f( Z_‘_j.ﬂs +cr-) o, : duw 5
§ =Yl B 5 *0 cs{gq*y i ° se Do

whereﬂs = measured channel contents in channel i betweeu X and Y.

Where the_backgrouﬂd continuum is approximately linear or where .an
approximate'determination of counting limits is required a straight line
solution can be fitted which allows quick determination, For many applie
cat1onﬂ this can give sufficiently accurate results, but is dependant, in

part, uponi the number of channels in the peak. and the spectral complexitye

This technique of peak background measurement has been tried
ﬁatiafactnrily on several examples (section 6.&)._'0&. has always had values
less thmn % and- has had a limited effect. EGengraiij, = takes values of
N O 43 for ¢= 1 » Hence if this replaces O :.l.n equation 6.5 a reasonable

approximation of Ap may still be calculated.

6.4 Experimental Determination of the Sensitivity Limits’

This section demonstrates the use of the equations derived in

sections 6.2 and 6.3.

6.4.1 Use of the Background Projection Technigque

As a-check on the tehhnique of eétimating the_backéround coﬁ{inuum
under the pealk, measurements were made upon sections Sf continuum takan ffoﬁ
three apéctra.._.Table'G.i shows the continua used. A peak base width of
ten cﬁannelé is taken iﬁ the centre of eééh continuum, On each side of the

‘base width a side window is taken also of one peak bﬁse width, A simple
fit was:madéldn-thalsiqe windows t6 measure the peak base cdntiﬁuum as con~
sidered in section §.3.2.1. . Table 6.2 shows the resuita calculated for the
three continua. It is observed that a simple manual and linear fit on
relafively uniform_continua is sufficient to obtain a satisfactory value for
B. This is gatisfactory for a uniform continuum, but fdf curved fits
éompuier analysis is necessary. Figs. 6.20 and 6.2b show two typical fits

made by computer.’
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Tab;e's.

Thr-ee Continua used for Manual Calculatmn of the

Eac]: ground Projection Teclmiquta

i Sy Low | Medium High
: ) Background | Background | Background
330 2 . 220 T imaoy T = 100 min
1 2 208 2032 | v. =2
2 dy ase 1871 1T e =i
3 o | 252 . 2002 Rgp = 5 keV"
& 3 . 228 | - 1861 ; :
5 s 2:_56 we L i::::iw
6 2 . 25 | | 1845
7 1 217 1759
8 L 216 1768
9. 3 236 1794 AN
340 0 198 © o678 | A
1 3 229 : 1760
2 2 212 : 1689
3 5. 205 16k
4 2 g1z - | 558 | e
5 2 222 1543 | base
6 4 22k myg PR
7 5 232 - 1520
8 5 b1 1510
9 2 262 - 1530 -V
350 1 257 why | A
1 3 243 1391
2 3 2h1 - 1415
3 2 a5k | 1385
b I - 229 1421 | upper
5 2 267 1349 . window .
6 1 230 1256
7 2 251 1307
8 - T 235 1276
359 1 209 1192
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 Table 6.2
Data Calculated from Table 6,1

: . Difﬁeﬁenéé v | Yo
Background ] ; : - betweoan M, ®
Yevel Actual B | Predicted B Q‘;, predioted. B Wu;s
; : and. true B
low - 30 | - 26 | 267] - & .| s 6
medium 2218 2420 | 19.40 s202 | 50 53
high 16028 15936 | 47.40-| ~.92 | 127 | 131

T

6,142 The ﬁinimum Detectable Peals Area“

" For a glven background levél, anargf resolution, T aﬁd C the
minimum detectable peak area may be c51Cu1qtéd. ) Howeveg;'whan thalééatism
tical f1ﬁctuat¢pna of the background are similar to the peak height, it
becomes difficult to define whaﬁ a.paak is jubt'bbsarvablé. '-Thia‘hécomea
partly ohaervmr dapandnnt and varies from oxperimenter to exper;manfean

' As a simple demonatration of the min{mum detactnble peal urea, the

‘1"57c

'following aimple preriment was performed. 8 sourca wan counted in

. fixed geometry with the 7.4 cm3 detector. The gource was remaasured (for
idantical.count.fimas and source detector geomatry)-andla 6000 source was
moved in steps. towards the detectqr; thus inereasing the background cﬁntinuum
‘ while'mainﬁaihing the 13?05 counts in the peak constant. 'Thia was continued
untii the peak was considered unobservable. | Tﬂblg 6.3 shows the arsé of the
'pébkléﬂlculéted with increaﬁing background together with C. ,Selectéd spectra
(for differing C) are 5h6wn in Fig. 6'3. 'Sﬁbctrum 1 is Quite;clear.and
spectra 5 and 6 are still observable though becomlng indistinct for peak
measurgment. The peak in 5pectrum ? i8 just observable ( CwA .a? ) while
-thét.in épactrum 11 15 considered unobservabla. ~ As an approximate guide 4
At is taken that potentiul peaks calculnted to have C N § or greater may -

be backgrcund fluctuations and it is d1ff1cu1t to decipher the peak from the

continuum,

~ The clarity of the peak is dependant upon the number of channela
uged in the peak (ideally optlmum as considered in section 3 5a3)e It is
nbservaﬁ that the peals bnae width is reducsd as c increases (tuble 6.9).

uG.&-i Thé.ﬂr@diction of Sunﬁjtiuity Limits of Go(Li) Spectrometors

'ﬂﬁ\iﬁ@diuhiuu'uf Lhe wintuam necoptable activity dopends upon
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Table 6.§
Cunatant Araa Feak Remeusured on an Increasing Bagclkground
sﬁ:i;ﬁﬁm 5 Bl | e gﬁ:ﬁ c
o ; i Width
; . 234 7 | 159 18.0 (ghaﬁnels) 0.11
2 270 120 | 150 | 20.0 6 0,13
3 . 305 132 | 173 | 22.0 I
b 361 198 163 | 25.0 6 0.15
5 491 | 308 |82 | 29,0 7 0.16
6 * 627 | 475 | 152 | 34.0 5 0.22
7* | 821.| 675 | 146 | k0.0 5 0.27
8 - 1220 [ 1061 | 159 | 49.5 b | 0.31
9 2078 | 1860 |[218 | 6550 | 5 0.30
10 -1872  |.1660 212 | 61.5 A - 0.29
11 ¢ a7hy  |'ess0 | 213 | 7aes | a 0435

* These spectra shown in Fig. 6.3

the repeatibility of the paramétafs_of equation 6.5 in the prediction
spectrum and the source + background spectrum. in genaral eﬁﬂ,c' T and
Rp are maintained constant with little difflcultyq

Hoquer, the maintaining of the background continuum is difficult
if a Eignificant pért of the coniinuum is source generatad. In cases where
the maaor contribution is rrom natural background or other interfering sources
and the datector bas a good peak to Compton ratio, the continuum level is
reprasentativa of the source plus background measurement, within statistical
I variations, In this case difect predictions are wmade satisfactorily.
The use of equation 6. 5 is demonstrated by the following example.
" The Te k cm3 active volume detector was used to measure standard shape 57
SOurces made up with standard bottles in an easily raproducible geometyy.

137

In this configuration (P“ was measured tu be -0008 for Cs gamma rays.

The background continuum at 662 keV was measured for several dif-
ferent experimental arrangements (fable 6.4) for the 7. 4 oin” detector, Froiw
this data, the resolution and the measured value of ep“ » the minimum accep-
table activitiem of - 137,
buurccm of these ntrungtha vere manufactured from a standard liquid concen-

tratad ?‘wcﬂ aource and’ Lamfuuy dtluted in distilled water to an eStimatad

Cs were calculated for a pre-~chosen C and T (Table 64 b)o
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Fig. 6.3
Pealk of Constant Area Situated Upon an Incransiqgﬁpackground
100 . . )
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Fig. 6.3 (cont,)
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" Table H.%

Comparison of Predicted and Achieved Activities

Measured e
Backaround Predicted Measured g s Expected
Condition (i:;le{?r;ema;} Source Sirength Scurce Strength s e A5 e e Ag for C=3%
¥o shielid,
plus = Co 1501 cpm 70 nCi 68 nCi - 0.10 D.130 50 min 26 nCi
scurce '
%o .Is'_hield 3,9% com - 3.5 nCi 3«8 nCi 0e1C - 0.09 50 min 2,3 nCi
Scm lead '0.2 cpm 120 pCi 140 pCi 0.20 0.17 600 min 65 pCi
0.11 cpm 70 pCi 70 pCi 0.20 0.20 €00 min 42 pCi

Yam lead

et
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error of 35% and counted for the set times. From these spectra, the
‘activities were.calculated and tabulated together with C in Table 6.k,
It is observed that the values satisfactorily compare, confirming the

use of this eguation for thése-counting conditions,

The minimum detectable activity (Cnvi) of 13?05 was also calcul-~
ated and tabulated to show the level at which‘iSTCE may be considered just

obeervable above backgrodnd continuume.

6.5 The Effect of the Major Counting Parameters

Equation 6.5 shows that the sénsitivity limits are dependant upon

several parameters, namelys=

1) Energy Resolution (Rg)

2) Statistical Precision (c)

3) Background Continuum (B)

k)l Absolute Full Energy Peak Efficiency ( Qpn)
5) Count Time (T)

Each of these has a different effect upon A and consideration of equation

0}
6,5 determines the significance and effect of each parameter.

6.5.1 Energy Resolution

A good energy resolution detector allows superior spectral analysis

and obtimum statistical precision. The peak base width is expressed as

vRe, neglecting background effects and gain drift.

Let By represent the background continuum, in counts per channel,

under the peal, Then assuming a uniform continuum, the background B is

B = g.&..j_.ﬂ..ﬁ . : d counts I . . 'o;-ceaa_e 6920

A8 the energy resolution broadens, B is assumed to increase linearlfa
This simplification of the practical case yields the approximate effect of
energy resolution om Ag. - lquation 6.20 is substituted into equation 6.5

to give

cenenees 0227

d

. ' o
: .an nL..Zia \JR &- a j, | . -B' R u 2 \%
) ﬂgep;r C(_.__ﬁ!___ﬁ *?‘Cz*u‘;*zC(Ei*‘s KVRE , G;))
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All parameters are held constant while the energy resolution is
increased. Equation 6.21 is plotted for varying Rg, B, and o, v 0.4B %2
Fige. 6.4 shows the variation of_ﬁ@{éPa T with resalgtion'for di.ffering «
background levels and with.C = 0.10. The enérgy resolution range is extended
to cover both NaI(Tl) and Ge(Li) spectrometers. The background levels are
those ranging ffoﬁ low level experiments (Shafroth 196?,_Watt and Ramsden
1964);t0 high count rate e;periﬁents.

The following observations are made on Fige G.hi-

1) Very high energy resolution counters have the best low level
capabilities. As the reaolutioﬂ falls below 10 kef, the rate
df improvement in sensitivity increases rapidly. Halving the
rasolyﬁioh of a Ge(Li) detector has a greater effect than halv~

ing the resolution of a NaI{(Tl) detector,

2) 1In very low level background conditions, improvements in energy
resolution has less effect, except in the presence of interfering
peaks.,

3) Consideration of equation 6.5 and Fig. 6.4 shows that the effect
of energy resolution is strongly dependant upon the statistical

precision required.

6.5.2 Statistical Precision

This parameter has considerable effect on Ap and the precision
- should be cafefully justified before the experiment is performed. Fig. 6.5
shows the variation of Ag with C, plotted directly from equation 6.5, for

different background levels. All other ﬁaramaters areheld constant.
Tﬁq following observations hxa made on Fig. 6.5:=

_.1)' Aslc'increases;_nﬁ rapidly'ﬂecfeases at a rate'depending upon the

particular background level.

- 2) * At low background levels (B~ 0) AE'varies approximately as é%,
which is a'cdmmonplace result, Thus a factor of 10 drop in

brecision results in a factor of 100 impruvament'in-AEu.

6.5.3 Hmc&grouhd Continuum

The gbntihuum under. a peak has two bagic contributions, namely

nuturnllbmckground and that source generated.
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Fige. 6.

The Variation of Ag with C for Different B

Background Unde
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Natural bdbkgroyud origins have huen-intﬁnaive;y investignted

and documented (Eisenbud 1963, Adams and Lowder 1964, Watt and Ramsden 1964
and Shafiroth 1967) u#ing gas and seintillation detectors., In a given count-
.ing environment, there is a backgrdund flux of radiation Bpg, a& functieon of
energy. - As the flux intensity increases, there is a corresponding increase
in Bpg, the continuum measured by the deteéctor in that counting environment.
The relation between Bpg and Bpp changes if the:sgnsitive volume of the
detector changes. As an approximation it is assumed that thgjrelatinn
between Bpp and sensitive volume is linear, to demonstrate the effect of

gensitive volume size.

When I3 is largely’ source generated, background shleldlng has little
effect and can even degrade the apectrum through acatterinq in the ahield.
For natural background, s hieldxng is useful and the effect of shielding is

' calculable.

.ansider a spectrometer in which the shielding is increased while
the detector characteristics are held constﬁnt with the dominant contribution
to B béing from BFE. Equation 6.5-19 plottéd for decreasing levels of B,
Fig. 6.6'sh6ws the variation of Ag with B for ¢ = 0.1 and 0.01. Thé lower
background levels shown are- those typically recorded {(Shafroth 1967) with
very effic;ent shielding.

The-follow;ng obgervations on the effect of B on Ay are madei-

1) A large drop in background does not bring a corresponding drop in

' the mwinimum acceptable activity.

2) ~Fig. 6,6.111natratas the general result that little improvement
in achracy is .gained by making the signal to background ratio
greater than n, 1.0

It is seen that the applicétion of massive shielding produces diminishing
returns in improvement in spectral response. Bearing in mind the cost of
such ﬁhielding; the cost of a spectrometer should be carefully balanced

‘between détectors'and shield.

6.5elt Absn}uté Full Energy Pealk Efficiency

The effect of €gp on Ap is partly dependant upon the background
origins. ‘Source Qeneratqd continua can be cgnﬁiﬁerablau _-When this dom-
inates and (h“-liﬁ increared, the source geherated continua and peck counts

algo increase in rough proportion, partially offsetting the improvmﬁent-in Ao
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When the background is largely environmental, then an incrensa
111(s at constant sensitive volume yields an approximately correapondlng
decrease in &En The significance of .an optimised geometrical efficiency

for_low level measurement is thus evident. ‘When the only means of increas;

.ing(pﬁ Lda by increaéing the volume of the defector, the background level

will ﬂimilarly increase. " Fig. 6.7 shows the calculated variation of Ap with

qu for different levels of B, assuming a pre-optimised Qq
The rollowing observatlons are made on (pa i=

1) The optimiaation of geumetrlcal efficiency can yleld considerable

improvements in sensitiv1ty.

2) The inqrease of efficiency has its greatest effect when measuring

‘weak éctivitiea in low level envifonments.

The above calculatlons consider small sources placed near the
cryoﬂtat end window.. The case:often arises of improving the source counts
by incrqas1ng.qunnt1ty of source material (if available). The effects of

using larger volume sources are demonstrated by ﬁha data obtained in section

'5 3 2 for the ?.& cm3 datector. When épa was measured for'each volume

souicey -the natural background was also measured over.a 10 hour period for

that geometry with the source replaqed by distilled water and with the

addition of Semof lead shield. Using this background data, the data for

<;Pﬁ of section 58302 and sett1ng C = 0.2, Ag was calculated for differing
energies and volume sources, Table 6.5 shows the variation of minimum

acceptable activity fbr diifering energies and volumes.

From this data, the improvement gained (in cpm/nl) can be observed

when alliquid source is cthentrated'(séy by ‘evaporation) from 1660 m1  to

0.5 ml Table 6.6 shows the variation of minimum acceptable activity with

" sample reduction. Certain individual variations in the data are caused

var1atxona in the background spectrum. = Practical medﬂurementa may have
other variations due to denser source material, dtfferent enexrgios, and

inhomngenietiea w;thin ‘the material being neasured,

Consider the case when 1 photon is emitted per diaintegration.
Then sample reduction (assuming no activity 1033) at 569 keV 1mproves the
sensitivity from 0.34 pCi/ml to .08 pCi/ml while for the 1333 keV line the
sensitivity is improved from 0,27 pGi/ml to 0411 pCi/wl.  These general

‘levels could be much improved using larger crystals and better Bhieldihg.

It is ohserved that in spite of large volume reductions, the

seneitivity is changed ﬁy less than mniorQQr.of magnitude, moking low level
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Table 6.5

Variation of Ap* (exgresaed in ¥ /min from source)

with Energy and Total Source Volume

~ Source | : - ' _ ,
V?;??e :569 keV | 605 keV. 802 keVv ?1?5 keV | 1333 k@V. 1365 keV
VI 229 254 333 4kho - 415 356
180 | ko2 541 619 700 | 635 615
380 | . 540 623 783’ 835 | 750 855
800 784 825 . 1070 1010 875 1040
1160 957 ;056 | 1280 1090 920, 1175

1660 | 1270 1230 | 1625 1090 985 2220

* for C = 0.2, T = 600 minutes

5cm thick lead shielding

. Tabla.ﬁ,ﬁ

Variation of Ag (in ¥ /min / ml of Eource}'agza liguid source is

Evaporated to Concentrate its Volume from 1660ml to 0.5ml
(Calculated from Table 6.5) '

Souxce | . . : ' I
‘ v?;??é 569 keV | 605 keV | aozlkev 1173 keV | 1333 keV 1365 keV

0.5 | 0.177 | 0.153 | o0.20 0.27 0425 0.21
180 0.242 0.33 0437 0.42 0,38 0.37
380 | 0.33 0,37 0.47 - | 0.50 0.45 0.52
800 | 0.47 0450 0.64 0453 0.53 0.63
1160 - 0.57 .0.60 0.77 9'66. 0.55‘ 0.71
1660 | 0.7 0.74 1.00 0.66 0.59 1,30
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activity measurements without volume reduction possible.

6.5.5 Count Time

. The effect of count tame is simply assessed on the assumption that,
within statistical variations, a doubling of count time doubles the value of
the background continuum to be accounted for. Fig. 6.8 is a graph showing
" the variatidﬁ of Ap with T for differing background levels, Virtually any
actiy;ty may be measured if one is prepared to wait long enough and the
system stability is sufficient. - The choice hf count time for low level
measurements is ultimately governed by the numbers of samples, cost of
spectrometer time and apparatus availability, unless a short half life iso-
tope is being measured, The greatest effect of count time iz for low back-
gfound levels (Fig. 6.8). It is also observed that a doubling of count

time-daee net correspondingly reduce Ag.

The above analyais is valid while the isotope half li:e is long
compared with T. The case is now considered where the half life is compar-
able. with T. IAn optiﬁmm count time is calculated on the basis that if the
count time is too short then the statistical precision of D is impaired and
if it is too long then o5 is impairedthrough excess Bls  An expression may-
be'derjvﬁd for C where B and D afe functions of T. This is differentiated

with respect to T and the minimum value determined to give the best T.

The optimum cholce of T depends upon a foreknowledge of the isotope
expected. An exact optimum is difficult to calculate if there are many
differing isotopeg measured in the one sample and the continuum is also time

dependant, As a simple illustration the following example is considered.

_ Consgider a full energy peak having an initial count rate Ap.decay;
ing with a'decay constant‘%p situated upon a background continuum with a
constant count rate under the pealk of b; and a decéying component with a

decaying cnﬁwoﬂent initially of b, with a decay constant A}

The count rate in the full eﬁergy peak at time T is d, where

de = d '@-—%»T '
t‘ o Gesa000B 6022
The count rate in the background continuum under the peak at

time T ls b, where

bt‘. """"‘blt. + l:b'.,tc', ) . 1. 6.23

cee008 b0
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* -Integration of 6.22 and 6:23 yields D and B at Time T,

Ii'é' : D“ %[ 1 —— -@.- nT] ' * - aea'e-not.o 6&3‘;!:
1 . Al:] g
d ; ;
Enl B = bﬁT + -9 [1 — -ka ] fcuao--- 6@25
Mao, (= T8 = (.&_*_E')a (D*RE’) L samwiewe G
P . D Ui :

e e (neglecting O, )
'Substiitutihg 6.2k and 6.25 into 6.26 ylelds '

- __”] 2bT 2*"[14--“"“T]_

L ""*‘ . z [1 . %“M_‘_T | 6.27

c ia a min:lmum wheni“_c- = () and hbnce T optimum.

Differentiating 6. 2? w:).th respect to T and equating to O gives

?%l';.,[l ”](a T Zb.‘fzb —ka)l

..-—.,..( [1“ _-*)“" ] +-ZL“T i %%:[1" QHMTJC_'“’;)WT) | 6.28

.- This reduces to give

4oy T ak(i= ) M
RPN E e b, )\b(lw ">‘°T) sninisie Bl

- If the background is purely’ conatant then the decay constant }q, ia infinite .
" “and hence for a decaying source count _upo_n a’ constant continuum 6.29 reduces
to ' )

e | || BT
d ........._._....“T 1

& -—k p 5 i - sesoanBe 6-30
zbn L ' . L] : .
Eqiaationa 6.29 and 6.30 are illustrated by the following exanple.
Consider a Bpectrum in which b,, = b = 50 copems and d, = 10 copem.
Let; c—‘-f;:l-; 60 mins and Q. " 3-— 120 mins. This data is used to show the

variation of ¢ w:l‘i;h T in Equation 627, F,.’g.g'-. 6.9 shows a graph of C against

T for a cqnatant back_g_ro_und and a decaying background component, Minima .




, 1! Fig. €.9 _
Calculated Example of Ap wvarying wi‘!;h 1 for. Short Half Life Ezperit_ﬂent

Ce5 " A = Case Calculated for Constant Background {b, =Dy ) T
! B = Case Calculated for Decaying Background (bt =be+ be ¢ )
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C l
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are observed at the values calculated from equations 6.29 and 6,30,

From fig. 0.9, it will be observed that the miuima are shal low
g0 that provide the count time is approximately correct, the experimental
precision will be optimum.. Because of the shallowness of the minima, a
limited{numbar of differing half life isotopes may be counted in near

optimum count time conditions.
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The Low Level CnuntinQ:CQpabilitima of Ge(Li). Detectors

7»1 Introduction .

The lowest level measurements performed with Ge(Li) detectors |
'reported S0 fér were carried'out'by Pﬁélp55 Hémbf; Shore and_Potter (1968},
Potter et. al. (1968), Cooper, Wogman, Palmer and Perkins (1967) and rmost
'recantly bv Lewis ‘and Shafrlr (1971) who atta1ned 1evels nf the order of
several pfi, using a mixtuve of massive: ah1a1d1ng and ant1cuinc;dence shield
_ing. There hnva algo. been sevnrml low. lovel applications, such as that by
Aurhrog and prpart (1967) who mimply used ‘an unshielded Qe(Li) dvtector to

measwre £allowt samples £rom the Chinene nuclmnr toatsg

‘Beveral counting'tanhniquaﬁ are applicahle to both Nal(Tl) and .
Ge(ld):gyﬁtamﬂ. The low level counting capabilities of scintillutorﬁ_haﬁb !
b@eﬁ ﬁpli invasiigated and deSeriSéd {Waft and Ramsden 1964 and Shafroth
196?)1 Santag (1967) and Nielsen and Perkins (1967) have astablished very
low level apectromatera meaaur;ng piaorurie activities. However, the
myﬁtematic optimisatipn_of Ge(Ll) detectors for low level counting ‘has not
béen’deabriﬁed to daté. Such an evaluation has been periormed Ln thlﬁ

chapter by uae of the following criterion, If the introduction of a par-

. ticular counting tachniqua (i,e. coincidence instead of singles counting) is

to be advantageous, then. an improved aansttivzty sust be observed foxr~ ‘the
Bame C and T for that source. - In mnny_caaea, this is determined by appliw_

~ cation of equation 6.5. Ay is cniculﬁtad for the Ge(Li) detector in the

_ init{al renfiqurﬁ%ion. ab is then x&aalculatqd for the 1ntroduct10n of

the new tachnlqua undey the samg Huuxcu conditions. The ratio of the two .
must be at least unity and in pract1ce considerably greater to account for
thé additional'éxpenge.incufged. . The ad&antage'gainéa.hy using new equip~ -
ment should be substantially better than thai gained simply, say, by an

iﬁcreage_of éount-time'with_fha initial technique.

7.2 The Use of Massive Shielding for.Ge{Lil'Datgptora'

The use of high Z materials tolshialﬂ'datéctbrs from natural and
éosmic'radiation ig the most common and réadily apﬁlicable technique. Very
little detailed information is available on shlelding ui Ge{Lx) detectors and

heuce axperimental worlk was underteken.
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Fige 7.1

Shield Arrangement for the 7.k cm? Detector
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7201 General Regquirements

In princlple, the $hie1d1nn studies undeitaken with other 1ypeb
of detectora should be applicabla to aem1conduutor detectors, For neasurg-

ments in this laboratory lead has formed the basis of shield constructione

The unavnidable use of a cryostat providas an 1nherent shielding
prohiem. This entazls e:ther complete encloaure of the asaenbly ox the
”use of a cryostat with a long cold flnger ta insert 1uto a lov background
enclosure. Eithar method m;ght result "in dagraded background levels due
'to active materiala in the cryoatat, espec1ally K in ‘the dewar insulat;on
(Ridley 196?) or panetratton of radiation 1ntu an incompletely shielded '
enclosure. Of the two techniques, the latter is preferrved due to the
! ﬁﬁa;ler bulk to ﬂhieldlnﬁd #he easier task of-liquid nitrogen fillingQ
Inladdition, thalmqterinl contamination of the part of the pystem withiﬁ
the enclosure in mnfm easily:cun?rollad py Buitahié 3electipn_of manuiactﬁrn

'ing materiala.

7422 prerimental Reductlous Obtained with Laad for Ge(Li) and
NaT(Tl) Datectors

Reproducibility of hﬁckgxound levels and reductions between
laboratories -are frequenfly impractical so that for this ekparimeﬁt, the
spectra obtained with Ge(Li) detectors have been compared with those from

a 375 om diae. X 2.5 em thick NaI(Tl) scintillator in the same enclosure.

- Measurements have been undertaken with‘ﬁhree Ge(Li) detectors of
-0.6, 7ol énd 2Q cm? nomiﬁhl sensitive volumes, The.saﬁe cryostat was ‘used
in qachlcéﬂe éxcept.fof the 7. i o deteqtor' installed ih‘tha'dripfeed
,cryﬁatﬁt-éhown in Fige 2.2v ThL NaX(71) datactor was placed 7.5 cm from
the Ge(Li) detector to minimise interacting scatter, Fig. 7.1a shows the
.equ;imental arrangemept adopted for the 0.6-cm3 and 20 en detectorsiwhile
Tige 7Q1§ shows that for the 7.4 cm3-detectora Spectra were taken' from

each detectoﬁ after a change_in the shielding thickness.

7+2.2.1 Results for the 3,75 em dia, x 2,5 cm thick Na¥(Tl) Scintillator

Spacfra were token from each detector as the shielding thickness
was increased in steps from O to 10 cm of clean lead, Fig. 7.2 shows the
bgdkgrouﬁd spectra obtained‘for the scintillator up to 2.5 MeV. The total
count rate up to 2.5 Mef'is high in conmarisdn with other labcratorie31

being o Ffactor of 8 up on’ counts recorded h? Miller, Marinelli, Rowiand
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Variation of L for the 0.5 cmd Ge{li) Detector and the Scintillator

‘ (from Figs. 7.2, 7.3)

'_ /}?- S5cm Clean Lead

: _ L 50cm Unelean Lead
1 i
2.5, : i //L- ‘Main Isotopes Removed
1 4 g// . from Store
] " "
p” re e - - - ra . = No Background shield
9-0+25 0e5 «0:75 | 3-1.25 . 1651475 2:0-2:25 3,55 3.5

Energy Range {(Me¥V)

1104

o e e 200 CIean Lead
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and Rose (1956):fnr the same size detectaor and energy range. This i attrie
buted fo'thp 1oca£ion'of th@ labqraﬁary And A nearhy isotape store.
However, the overall reduction abtained Lompareﬁ favourably, giving a
fotal count xate reduct1on factor of 22 from 3810 cpm to 150 cpma- The
or.r.glna rJ:t the peaks appearing in the radur;ed spectrum are prob'xbly due

to contamlnants in the lead used,

7 2 2 2 Resulta for the Ge(Li) Detectors

The results were, as far as passible, abtalned in 5imllar cone
difidnslto the-acinpzllator. big Ta3 whpwa the background recorded for
the 0,6 cm? detector. . The total bnckground count for a2 5 MoV energy
_ranga was redubed by a factor of 11 from 1?0 cp,y w1th no ﬂhimld, te 15 cpm

with' 10 em loads

Parkar (1969) uaas cuunis/cm3/ un;t time/unit energy to specify
o a low 1eve1 environmsnt. 5 This may be. used in this znqtanca to effect a
comparlaon betw&en the geintillator and the semiconductor by comparing their

-count ratea per’ cm? of sensitive volume for equivalent enexrgy ranges.

L. Fige Tel is.a graph of the variation of the ratio L for different emergies

and shielding cond1tious for the 0. 6 cmd detector and the scintillatnr,

counts/cmﬁ/hin/ 25 Mav measured by the Ge(Li) detector :
counts/cm5/min/.2§ Msv measured by the NaI(Tl} detector

where L=

It is observed that the Ga(Li) datector has a higher count rate per unit
~volune than the acintlllato: for all ennngi@s up to 2 5 MeV,:

The experiment was repeated with the 7.4 em? crystal (Fige 71b)s

F:g. ?.5 shows . the background recorded for 5 cm lead ahielding compared
'with the Bcintlllatnr in the sane enclosure and with the’ energy range axe-
tendad to J.O MeV. Some 3?05 contamination in the lead is evident,
L was plotted for this detector as for the 0.6 ‘cm? detector and is shown.

in Fig. ? 6o The total background count. rate dropped a’ factor of 15 from

32 cpm to 25 epm (Taple 7.1). This detector shows maller L values than
thoae for the 0.6 em? detector and less variatiom with energy for the 10 cm )
shield thickn&saa

_ " The abovm experimenb was also rcpeated for the 20 om? Ge(Li)
detegtur.- Fige 7.7 shows the background gpectra with the energy range
extended to 5.0 MeV to obskerve higher energy Eackgrqund variations.’ Unférn

tunately, it yas‘hdt.posdiﬁle to extend the energy range for the 0.6 em?
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jhblg;&xi

qupgriﬁon of'Backgraund Reduction Mactors foyx tha Detectors Used

! ‘No Shielding 0ew Lead _ Baﬁuground“I
pptagtqr. (epm) (cpm) | Reduction Factor
NaXI(T1) | S AT 22 over 2.5 Mev

- (29em?) - 300 o9 | 20 over 5.0 Mev
Ge(Li) s : ‘
0.:6cm3 L o A : A%
* 7 ohem3 ' 582 . 25 45
L * 20.0cm? 759 5% 14

* Cofpared over 5.0 MeV Range

detector aince re~ingtallation of thiﬂ detector inte the horimontal dripe
1eud cryoﬂtat was not fcuﬂible. A bavkgrouna rLdnct1uu of a fartor of
Cak was nchieved with the total couunt rate changlng from 759 cpm to 53 cpm

for the 2.5 MeV runge and slmllarly rox the 5 Mev range.

Fige 7.8 shnws the variation of . L for the 20 cm® detector over a
,range of 5.0 MeV for different shield thicknesses. The variation imn
cnunt&/cm3 of sensitlve volume is not as marked in this case as for the

- 046 cn?d detector.

: ?.2;2;3 GeneralIObservations on-Hesults

1) Mora effective’ background reductaons are abtained for NaI(T1)
than germanium for equivalent thzcknesses of . lead shioldlng
(Table 7.1). '

2) Some peaks observed by the germanium were not necessarily

. observed by the Nal(T1) (Fig. 7.7 compared with Figs 7.2)s

3) TFoxr the detectors used, the: Ge(Li) detectors generally exhibit
more counts pef unit volume than the NaI(Tl) in equivalent
canditionﬂ.  The diff&rence is d@pendant upon energy; shield-

ing thiukunss anq datector silze,

4) _It was found that substautipl improvemonts in background counts
‘were obtained when the lead bricks used had thalr faces sanded

off which removed surface contaminants.
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74242k Discussion

! For the 0.6 cm® detector, observations 1) and 2) iq section’
7.2?2°3 infer an inharﬁnf noise aoﬁrcé ﬁssoqiated with the datector, not
reducible by shielding, Obpervation‘zl appéars erfoneqhs whén~it is
- considered that the use aof gérmanium detectors demands high purity mﬁteriéls
Iand that the higher Pffacxency NaI(T1l) détector should rcadlly detect. nearby

contaminaL1onq

For the 0.6 cn detector,'ubsarvation 5) is not coﬁaiatent with
the ratio of H.V.La. (Fig; 545) of germanium and Nnt. However, fur tha
20 om? detector, whose dimanaionﬁ are sindlaxr to the Nal(Tl) detector uae:l°

there is a rough conglitency in results when compared with Fig, 5n5'

NP The 7ed cﬁ3 detector gave variations of 1. that fell batween that
for:the 0.6 cm3 and 20 em? detector. Tha-expldnntion.for this may lie
~with the incomplete Bhieid ﬁurrounding the detectors and with the waterial
.Ithlckneaa requlred to absorb a high energy cosmi.c particle. "Applidation

of 5hJalding w111 remove most of the anvirunmental radiation sa that the -

."remalnder is associated with the shield and detector contaminants and high
_.en9pg§ peﬁetrafing partiblés'$n{éfacting directly with the'detector oxr in

.théjghie;d. A hiﬁh enefgy parﬁicle (E> 10 MeV) may only deposit pért of
its enefgy in a detector if insufficient sensitife_materiul ig Qvailablea

The resuliing pulﬂe-isiﬂupﬁrimﬁoﬁed on the lqwér>energy pact of the back~

grouﬁd spedt%um giving hxtrn-cuﬁnta at iowerlenergieﬁ and fewer at higher

anerﬁiea.. .For'thicker detectors the nfrect'wpuld be smaller and ocourts
iun at h%ghar energies{ _ The smaller the detector the greater the likely

effect. ' - ‘ .

From an_investigatién of tﬁg 1eékage current. in a Ge(Li) detector
Apmantrout,(i?ﬁﬁ) hqa“pqinted out that pulses could be. generated by a
detector dué to sudden minér surface breakdowns giving chargé pulses. The
onséf of tﬁese pulses may be well before a general voltage breakdown point.
This shoﬁ1d féau1t in puisaﬂ at the lower enefgy end of the spectrum. This
will also be dependant upori the particular surface treatment and hence vary

graatly between detectors.

7.2.3.-Improveménﬁa'in the Minimum Adceptab;e Activity Using

Massive Shielding

The hﬂe of masgive shielding always imﬁrovqs Ap, since B is reduced

while the other pavanaters rowain constout.
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Prom a knouladgc of the hmckgrnund lLVQlﬁ measured in ﬁect. To2e2
the valuas oi GCP“ for the, doiautnra UHad and thoir ﬂuergy r@dﬂlmuiﬂﬂa, the
1mprnvements in sonﬁ1t1vity limites may be tﬂjculafuda I Ag was caleulated
for various ene:giaa before and after the application of sh1a1d1ngo © Fige
79 shows the variﬂticn obtalned for a count thb of 10 hours and C. = 0.2

The fGJIOW1ng observationﬂ are made on Fige 7e9t~

4y & large drop in background doea not result in a correspondingly
" large drop of detection 1imits (Tahles 7 1 and ? 2¥s

" R)  ‘The shielding is most effective at lower enargies (> 1.5 MeV).

' 3) The lower efficiencies at higher gnargiéé for-émallér detectors -
are compensated by lower baclkground counts and superior energy
resolution, This.may be appreciated by consideration of Table
Vel andlﬁig.”TQQ which show only a mexd mum reduction factor of
‘four in Ag at 0.5 MeV hétwean the shielded datedtura, in apite

of large differences in eva i

- Table

Sensitivity Predictions for the Detectors Used

e . ¥ Reduction
Dotect R Enirg¥ Sop ok Fagtor
atecior eB0LUt101N 37 v .
s " (koV) - B¢ in Ag at
: 0.50 MeV
NaX(T1) 93 002 505
0.6cm? 5 00005 2.3
'?.4cm3 b5 -0008 1.7
- 20,0cm? 17 .00065 A

) : The results of Table 6./ vere obtained for the 7.4 cm’ detector
in the shiéld deseribed in section 7.2.2.

7424k Results Expected for Larger ngtectors

The,édvant-of higher performance déﬁectofs with €., exceeding
fhat-of'3.75'cm dia x 2.5 cm thick NaI(71) detectors allow sengitivity
Timits well beiow those daﬁonstratmd'in Fige ?;9 to be achieved. Considar
A Ge(Li) detector with € 54 similar to £hat of th NgI(Tl} used and an

energy resolution of 2.0 keV. Fig. 7.10 ghows a graph of the variations
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of Pxpected ﬂenattivity with euargy assuming Lhe Same bmckgronud as for
the Nal(Ti) detectors The upper line represents sensxtivxty limits for

a convanh;onal Ge(Li) detectors The lower line represents senaitxvzty
limits ror a coaxial well countef exhszttng a ‘greater absolute efficiency
thpugh of similar active vulum&o For the baskground levels measured,
activlty measurements of a few pCi are possible (1 pCl = 3¢2_1(pm asaﬁming-
% i b( em1tted per disintegrat;ou). Bauhground reduqtlons'of a factcf of .
50 - 100 ‘should be possible so thet the above detectors -in' improved.

. eﬁvirohmehtslshould have improved aanﬁiti?ity levels. Coopery Rancitelli
and Pe;kiﬂs'(1§69) have aﬁccaaded in detecting 1 pCi of 15?03 in A000 min
_:cnunt txmo with a simllar detector to the aolid one of Fig. ?.ﬂDe

. Accurate predlction is difflcult but it is evzdent that 1arge
( pj50'0m3) high resolution detectors carefully designed should be capable

of dccurately meaaﬁring several pCi in times of 10 hours.

These reﬂulta agree with those of Phelps et. al (1968), Cooper
et ﬂln (1968), Potter (1969) and Lewis et. al. (1971) who bave measured

)705 for small (< 10 cmﬁ} BOUKCas .

ac;&vit&ea in the range 2 - ho_pclgof
‘Unless longer counting_timeﬁ can be'tolerated (:{2000 minutes) sample
reﬂuctiphlappeafs'ﬁndvoidab;e if limits of less than 10 pCi total activity

for C = Q.1 are desired.’

743, Thae Ube of-Cuincideuce Tachniqu@ﬂ in In@roviﬁg Sensitivity Limits

Colncldence techniques are usoful for deturmintng gamma~gamma oy
particlengamma evan&s in a high random background count rate, Tie technique
ihas been uaed with Ge (Li) detectors with some success (Malm, Tavendale and
howler 1965, Ewan, Graham, McKenzie 1966 and Ostertag, Miehe, lenclk and
Biffert 1968). ‘However, .the loss of ceunting efficiency (Shirley 1968) -
has rostr;cted their use to medium activity (/v 1}401 - SO}JC:) measurements,

'Th;s sect;on evaluates the use of the technique for lover level measurements,

? Ja1 COﬂdltlonB for 001ncidence Counting °

A mxnimum of * two detectora are requtrad dapendtng upon the numbesr
of coincident emignions. o4 = ‘}./ « B - ¥ , or ‘Y - ¥ measurements may
ba bhdertakeﬁ'Bqtisfaqtprily by asuitable saluction'af the appropriate detec-
tnrs.gnd igotopea; The -same counting priuciples apply to all éoincidenaa

 ngasurements. Consider the case for two detecltors;-
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cc;ncldcucv reqclving ttme cf the uppdrntuﬂ,

i‘.e't- T

i

'B1 = backgrcund count - under thc pcah Jn tlmc T iu
3 the singles mede for dctactcr 1,
By = background cnunt undey the HEFR in tlme T in

the singles mcde for.detcctor 2a
“'Phen in the coincidence mode, the accidental coincidence count rate is B,

| : A
. 2 B.Bo .
where Bc}“ wémémaé A : g dsevsace Fol = Wapsira (194

T .
-Bﬂlcccuﬁcs-only random bdckgrcund-ccunts and hence assumes tﬁe beat Laﬁe.
1f one detector has no energy didcrlminatlnn, then By is extcndcd to
_acmcmmtthntﬁnlcmmt.< ' _
it Qpﬁﬂ m abcolutc full encrgy pcak efficiency nt cnergv Lt cr detéactor 1
_ aﬁulépaa = abaulutc full encrgy pealk afric1@ncviku‘detector at energy Ep
y _of 1ntorcst

Then thc efflciency in the coincidence mode assuming nn spatlal correlaticn
Eﬁ éc = ePﬂ! él’nﬂ. . - = casao0an ? 2 ok ‘.i'apstra (1966}

; Thc usc of - cquatious ?.1 and ? 2 allcws the calculctlcn of the expcctad
coincidence efficiency ccd background of the dotectors hefore ‘the expcr:ﬁent

is pcrfcrmcd. chce effective prcdicticq is possible.

The detector ccnfigurntlcn adopted dcpends upon the angular COx'e
‘relation of thc emittcd ‘particless Due to the lowered counting efficiency
(cquaticn 7+2) thc greatest posgible nttcnticn éhcuid be paid to. optimiscficﬁ
of the sourcamdetcctor goomatry yet without incurring multiple scattex
between dctcctors (Gics]cr, NcHurria, Warner and Kelly 1971).

7.362 Critcfia'for the Use of Coincidence Ccﬁnting
‘As stated, the introduction of a new counting technique st

‘result in an imprcvcmenﬁ in Agp for the same count time and- statistical

precision, Foxr coincidence counting this criterion is easilj determined.

If Ai'fepresents the iminimum acceptable activiﬁy of a particular

isotope for detector 1) in the singles mode then from equation 6.5,
< -‘- | L * f % :
; a o o\ 3
ﬂl‘m('j‘ﬁ‘(zal* _ﬁ_a +U:“‘|' ZC(?B"‘ ‘{' w"t'%‘) ) eacscoo0s s 793
und similarly for detnctcr 2).

. - * Benallor
o0 b qamma L 155107 furclﬂﬂ\'WT

- oAt Ing)
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‘ Whhn detactarﬁ 1) and 3) are, uséd 1n caincidence th@n the

: m1n1mum acceptnble activ;ty in the ooinc;deﬁne mndn im Ay "wheére.

. ' ﬁ'“ w ' A s )%

E I : | ' ’_hv substitution of 7 1 and

-'.3?3 into 645 where cg; is the_
1pegk measurement varlanpe

wnder coincidence conditions.

Y Equation‘?.& determiues-A for a fandom backgrouﬁdfcontribufipn an& usingi
the dua] parameter ana]yﬂer dascribed in seqfion HBeDoBs in fhélcaae whef@
a single parameter analyser in used’ then the. coincidance spectrum from ong
g detector is observad using pulees réceived from the othar detector éyatam
gaied‘on to ﬁhg.ral@vant tul; energy penke .Lquation 7°h isxmodifled when

. a ﬁngﬁgrquﬁd contribution qgnﬁaihing coincident events is present.
.Qéiuciﬂénge counting is advantageous if

Ay R

'K‘; - 1 und/or A“""" o N | | . . -- ...._aoonb ?95

c
In practice, thls ratio should be substantially greatexr than 1 to austlfy

" the not xnconalderqble-cost of coincidence equzpmentn This is partly

'dépéndant upbn-the‘importanéa of the éaméla'under test,.

7.3.3 Sonsitivity Limits with e = ¥ Counting
. It ﬁha isotupe being measured is the only e{ emitter, themn the
effective background count may be of the order of 1 count per hour: . Hence

to a gnod approximation, thig contribution may be ignored remult;ng in a

minimum acceptable activity of Ay where

F,\“ d éﬂ. C‘T : ! . ; p A ?GG frﬂm Qqu&tion 6-&5
' ' vhere é“ = absolute full energy
peak efficiency of the

@ detector,

-U81mg a garmunium detector, in coincidence wiih the ¢ detertor, tha

'criterton of equation 7.5 benome$

A o g1 e ¥
i g—mwi.‘C(ZB:ff& i

3 wi
Aea

S .
4.2.%(‘8[5'4- q.g%ﬂf..é.“)") D1 weesense 707
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oK - ?( ﬁoincidénce nuaaéurements hlave bé@n undertakeh'l with molid
state detectorﬂ to :i.mprove 't.he cpum,ing capaht‘l:mues of the specirometer; in
parhcular by Borodetmw, Merdinger, Armbrustt.r (1966), Nelson and Zyslowski
(1966) and Lalmric., Ajdacic. Pai: and Petrovic (1966). As a denmnstrut:.on of
-'_-the technique tlm small Ge(Li) datecwr (0.6 rm5 active volume} was used.in
‘tha configurat.iun dewrihed m ‘mn..tmn 5.2«'3 to maﬁure 2“1\1\1 by Y : couuting '
Icmd by & = Y cmnci.denc:e counth;g._ For the 60 lmv gamwa rays and C set -
to Ou.. ‘and ’I‘ 6 10 ‘hours the mim mum acceptable arhwtv wasg 830, pm. in. the
singles mode uud with no massive ﬂhi@lding. Co anidence cminting was then
. performed by the add:.t I.an of a 8ilicon surface humier dqtactor for which
G._‘ = 0o 6" ' for tha 0.6 cm»"’ detector was 0,01 at 60 keV uivingﬁﬁq -000)9,
. For flle same C and Ty Ay~ was found to be 15 pCi, giving an improvament.
.factor (equation 7. 7) of 55. :

- The high counting efﬁciency of the sur:face barrier detector for ef
parttcle's reaults j.n this being an ai‘féotwe 1ow level tachnique for Ge(Li)
. detectors;. If the silicon detector alone were used to detect the o4 par~
ticlaﬂ then, in the above condif:&onn, Ay ™o [V 15 pCJ, which is wuch- 1ower
than A1 or Ac (aasuming adequate source prc.par'atlon) * The critermn of
equat:lon 7«7 would indicate that for tiua parttcular maam;remnt the silicon L
' détector iz the best choice, unlaam tlm oK - }f trans:.tmn or ‘( enexrgy ware
of pnrticulnr interest, . Theae m:aultaa are dem aded if mldittonal particlc
haclcgrnunda are: pmmnt although the high ~ ef:t‘i.m.ancy 5hould still result
' i.n a substantial i.mprovoment. : '

’ .3.4 Sensit:u.vity Limita with ’g7 o f Counta.ng

"5 -¥ em::.tters ax‘e vary common rudionuclides. Low level speg-:

trometry with [3 b’ coincident meaauremants has been undertaken, by

' Imglert E‘\rerling, Ealcins ‘and Hatch (1966) ‘and Rudal (1968) using scmtxllatorsa’g

Tlm oriterion fur its advantage is similar to ihat of sect:l.on T 3.3a Hmfave_r ;

the m\tural back.ground of,g particlea is much graater i;han that' of o

part icles.

Aaaq-_ming that the 2 detector (_or_ absolute efficiency€g ) is

used purgly to effect coincidence counting, no background . coincident events
.' are present, and the results are measured. from the Ge(Li) spectrum, the 1
mivlinum aecapt,&bie' activity of the Ge(Li) detector in the coincidence mode
in Agp where ' ' ' :

| I - R - L . I‘ : 3l ‘f
& 1 . (H‘T B 'Bﬂ _-_“ ,..?' ,_,I.,( 16 E!'JBQT X CFE' A * . »
qép_ om FfT T +‘2C‘ * G * 20\ sl T i It : )




S P

and vhers q::w is thp naaamﬁt}reuiaﬁt var,i:_mce for the coincident pealt,

yjelding Lhe critar ion of A mnszl/’af- Qp }’[

ﬂc;; F ﬂi.p i
Tt ie possible. for(ﬂ, to appruach 0e5 :a.i' murm pbsorption ia small, '.'I‘l}e
eny * A5 background

résulting coincidence efficiency can uu.n approach 0.5¢
; L g ; : & : il - .
reductions greater than a factor of 10" are often posaible with coincidence
counting -then, where applicable, the introduction of the technique generally

y.ﬁlmldé substantial improvements.

&aquminn a substantial bdckgruund reductlon is achleved then the

express;on for Mg, ¢ may be appr::ximatel)r rawr:attan as

ﬂ&pm(ePRIGﬁc T) . ik : aueo'-‘o_-.'?tg
$ubati.'tutiun of typical values (aay €p 70633y &pqy =3 % 1077, C = 0.2
and T =600 winutes) gives Ac‘, reaching easily obtainable values of 1 40
coinnident evenits per mxnute, ‘which could represent activitien ag low as
Ay 20 pm. : ' “ '

With the appropriate isotopes and source preparation, this technique
.BhOWE promise for low level ‘measurement for appropr;ata sources and source

-pr- pﬂrat ion.

Tedeb Sénsi-ti:vitv Limits w-:ii:h ¥ = ‘af Counting

Y - K countlng with Ge(Li) detectors, has been used for medium
activity maasurements, Ostertag, Miehe, Coche (1968), Bwan et. al. (1966),
Palrr_ls, Wmugopala, Wood (1968) and Malm et. al. (1965), with s_ome BUCCess.
I-lowa\iar, '-i;hel ln,w- Coinaideiace efficiency using two Ge(Li) detectors pihc’e’ﬂ
Eevére limitatinna.nn the coincidence eoﬁnt rate, and coincidence measure-~

' n:e-utm have heen peri‘ormad by replacing one o.f.‘ the (ae(Li) detectors with a

1_-Nn1(T1} scintillator (HﬂmayYa 1966 and Miche ﬂt. als, 1966) or a plustic

Bcj.nti llator (Chuﬂe 1968),

The criterion for the advantaga of ‘{ 1{ coincidence counting
is calculated as in section 203.29 As an illustration of the problem of
¥ - ¥ counting, two Ge(Ld) détc_actors (7oh cwd -an;_i 20 om? nominal volume)
were used to measure the coinciderce gamma rays from 6000.,. Table 7%
shows the characteristics of the two detectors :nc-maﬁz_md in the singles mode.
The 'mincident evenls were measured using the experimental arrangepent of
sactmn 34242 with a raamlv:tng time of [ = 1}). sec. Table 7 A shows the

experimental and predicted var::.atiun'a of efficiency and bnclcground in the
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co:naidenae node., The backurounﬁ oaunL vuta Thag been roeduced by a fu,tnr
uf 70,000 for the Z0 cin? exystal but has resunlted in an overall loss of
-efficiency of a factor of 1§DOn In cons@quenceg'the m;n;mum acceptablg
activity has heen dégraded from 40 nCi. to O.QB}nCi,Ia factor of 25 (for -
T = 100 mln and ¢ = 0.,1). This result could he 1mproved with larger

detectors and/or lnngar vountxng ttnwa in the lower energy range.

Table 7.3

Singles-chacteristiba of Two Datectors Used.for

60

Coincldence Measurcment of “Co

- Packground*. Cage 1 . CORES S
Detector | pow oo .| count under [Ag (1=100 min | Ag (=600 min| Resolutien
f.‘a.fi.icngy CEeE -] sy | w0ssY :
1417 MeV Wik |
3 LA I k73 cpm 23,5 nci - ko7 nCi " 5.0 keV
743 cm? - : : .
. 133 MBV I O 1. .
‘ 00052 397 cpm. i 25.1 nCi ! ls8 nCi 5.0 keV
1,97 MeV | . |
: +00090 2467 cpm | 35,9 nCi 8.2 nCl ~ | 17.0 keV
20.0 cmd NG [ B :
i ] 1433 Mev | : ,
L0076 | P09 cpm 4140 nCi . 8.5 noi 17.0 keV

* Artificinllﬁ hiuh with interfering sources

Unless excesalve (10 to 105 count s per F?cnﬂﬂ) interfering-backm
} gruund count rates are enuountered, dotuctora of this efficiency are not
suitable fpr coxngldence counting below 1}101 for count times of less than
Iioo'min and: 50 nCi for 10 hbur count times. Por larger background rede-
uutions, the: rLﬂanlng tlme‘T' mny be improved by two orders of magnitude
“to a iew nanoseconds (Pigneret, Samueli and Sarazin 1966, Graham, McKenzie
andIEwnn 1966, and Balland, Pigneret, Samueli and Sarazin 1968).  In this
circumsﬁnnpe, the random count rate way almosi be neglected provided that
there are no interfering peaks or scatter betweeﬁ crystals. In this case

the sensitivity 1imit Acis. varies as

ﬂm n (ém QPM ct T) - L e 79




Tﬂble ?o;'i e

_Restlts of ithe Two Detectors in . the Coincidence Hode -

T ; Case i Case
Peak Experimental | Predicted Experimental | Predicted . An Agq
: ' ' Background Background Efficiency { Efficiency | {P=100 min | (T=50C
_ _ C=C.1} C=0.2} -
1,17 MeV ‘ | _ _
in 7ok cmd : ' : -5 =& 1. :
z - 2 - 5 - - x?‘ o i & 3
1.33 MoV 0.026 com 0,033 cg:m_a_ . 0.55x10 0.L6x0 0 98},{(:1 62 nCi _
in 20 cm?
1.33 MeV | |
in 7.4 cmo = : e ~6 ; -6 . .
P o it M o c «50xi o&TX 296 i CI nCi
i Lyl 0.0396 com | 0.036 cpm | 0.56210 0.47%10 ) ’é}" 60 1
in 20 cm3 :
_ 7+k cw® Det. 20 cm> Det.
Background reduction factor = 13,000 70,000
Efficiency reduction factor = 1,200 1,860
Ap degradation factor (Case 1) = Lo 25
' ctor (Case 2} = 13 7

Az degradation fa

_ﬁ!.i;_
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7546 ni-ac:us,aion

g The los- nf effxcieucy in the uoincidance mode dominates the
'choica of a c91n01danae technique to wmeasure a wealk activity. Thia is
particu}arly_ao for ¥ =¥ weasurements with tvo ha(bl) detectors where the
aenhitifify.may'he seriously reduced; ; The;sitﬁation can be improved by

using a scintillator instead of one of the Ge(Li) detectors to dimprove Ag.:

ot and (b = ¥ coincidence uounting,'whare appropriate, can
offer low sansitivity limits due to the large background reduction while
maintaining reasonable values of é and Qaﬂ pruvided suitable source

preparation ia posgsible,

In ganaral, coincidﬁnca Lerhnlquea are used where there is a large
intﬁrfmrinq sonrea’ gannrated background whereas massive ﬂhielding is used
'when the source total activity is small and naturnl backuround doninatas.

Cnlculat;pn with equationg 7e1 = 749 are a guide tn the choice of techniques

7.% The Effécti&éness of“Pulsa_Shapé Discfiﬁiuatidn

The technique, first introduced to semiconductor detectors by
’Fuhaﬁen (1961), has.ﬁat'limited use in some laboratories.  The technique
- operates bf réjecting slow rise time pulses from the detector, which are

gengraily due tb charge,lbgs-and cause spectrum degradation.

R 4.1 Buukﬁyound Reduction Obtainad

1he potantia] raduction obtainable is dependant upon the pnrticular
detector uaed. . The pourer ‘the quality of (he datector, the greater the
Iraduction expacteﬁ with this technique. Widely varying resulte have bean
' reported. Micha@lis and Schmidt (1966) and Tamm, Michaelis and Coussieu
(196?) ubtained background reductlons of a factor of three, while Abe,
Kawnnmra and Mutsuro (1968)-and Swinth, Phtll;p and Hoitink (1968) obtained
factors ‘of impr0vement of 0.2 to 0 3 over an energy range 300 - 1800 keV.
They also found ihat the reduction was significant only up to 0.7 of the
'energy of the peak bqing examined. Strauss, Larsen and Sifter (1966)
© demonstrated Qedu¢£inn factors of 2, independant of energy. The reductionsg
qchievéd in thia.labpratory (Parish 1969) are energy dependant, being about

0.2 for most energies, increasing to &4 at lower energies (100 keV).

7eke2 The Sensitivity Limit Improvements Obtainable

Tho application of pulse shape discrimination always results in an
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impﬁnvem&ptfin Bensitiﬁity as B is reduced with no ﬂ@gradation of the other
pafametérs;_ In the ﬁpplica+imn~of pulse shapé,diﬁcrimin&iioug no loss of
cuuntipg eiflciency mhauld be observed. Usihg.the {mprnvemenfffactnfs of
gection 7.l.1 son511ivity impxovomantq are calculable and may be saparated

roughly into two categorieyt«

1) 2R»> - g 2 « ¥n this case (high background conditions) a change
in B dnminatem the other pnxametexs and equnt1nn 6.5 may be con-
sidered roughly as . A i
2 /B
B, Ay i ™ :
: _.E QP“CT =B i eosscana 7610
'.Conaidering'tﬁe"mmximum published reduction factor of B reducing to

i gives an improvement in Ag (for same €pq C and T) of a factor

offu,fd

2) 2B << E%w « In this case (low background conditions) a change

in'BlcauBea only a vexry Bmall éhange in Ape Hence the technique

is unmuithﬁle for low. level measurements.

?.4.3 The Significance for High:Qualiﬁy Detectors

:D#e to the rapid in@rovgmant7in détector'quality and size (in the
.past two years) available on the commercial market, the effectiveness of
':pulse-shape_diacrimina#ion as a background reduction technique is reduced.
“The potential sén@itiﬁityiimprovements are small éonmared with alternative

‘techniques.

Howéver, it should also be noted that this technique'is the only

" one available that does not impede experimental access to the oryatalo in
addition, the technique is’ useful for diagnostic measurements on crystals
-and when cambxned with collimated gamma ray beam techniques, may be extended

for various uses.

7s5 Anticnincidenc@ Shields for Low Level Meaaurements

' Antlcnincidence ahxalds have met several ﬂpp]lcatlons (Arnell,
Unrdell and Hasselgren 1966, Camp 1969, Cooper and Brownell 1967 and
.Lew1m et al. 19?1) and are now a relatively common feature. in the field
ol ﬁ'- roy spectrosnopy. This section c¢onsiders their effectiveness for

low levael ‘aetivity measurcments,
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7e5.1 Bagic Operaitional Gonditions for Low Level Measurenents

Tha_anticnippidénbe shield sarved the dual pufpaae functionlaf
the reduction pf'soqrce.generntéd Compton pontinuqm in the detgctor and thd
rejection of mome patural baquroﬁnd_evéntﬁbf The source placed inside the
shield for-ﬁp@immmbg;ﬂ results in the lowest level measurement (Wogman,
Robertson and Perﬁins.i96?landlphelps.at. al 1968).  The continﬁﬁm reduct-
ﬁion is a“miktﬁfé of Comptoﬂ'aupbraaﬁion and natural background suppression
“and. for very low level measuremantﬂ (< 10 pCi) is dominated almost entirely
by the latter. ;

The othar major area of appliratton 18 tar agttvxtlea - 0a5}aCi
whmre the source is external to the nhxelﬂ and collimated (Hasaalgren 1966,
Kantela, Martilla and Hattola 1967 mnd Grenier and Pousler 1968) .,  These
latter measuramantsused mainly for the Comptun supprassion mode) are often
usad for activation analysta and nhalyaxa of. gpent reactor fuel elemants.
‘while the prlnciple of operation of the shield is simllar fox buth high and
. low activity measurament the results (through daffarent continuum crigins)

. require different c0391dgrat:onm.

TeHal inﬁerna1f$ource Measuremants

The use of’ antico:ncidence sh;eldlng for wealk activ1ty measuremwents
,reliea largely upon the affectivenesa of the shleld for natwral background
suppression. Fhelps ot. al (1968 and Cooper et. al (1968) bave used anti-
cninc:denca methudﬂ for weals activity moasurammnts and tYplfy the results
, gen@rally obtained for internul Eourca mnoasurenents. A general Burvey has

heen.undertaken on these spectrometers by Canm (1969),

.Tha shield itself has some natural shielding effect thwough the
Isheer bulk of the’ scintillator, but the main. affectlvenems is obmerved by
meaauring the hackground spectrum with the shield switched ‘on and then off,
.?he measurements of Cooper et. ale (1968) typify resu1t§ with a 2ft. thick
NEiozlplas{ié phosphéf- Table 7.5 shows the calcﬁluted improvements from
Cooper's data as a function of e;:erg;y for a constant C, é?ﬁ and T. When
the mainlcontinuum contribution is from natural background thenlthe sensi=
tivity improvement is as in column (3}; When there is a significant contri-
_ bution from Compton scatter, then a greater reduction is achieved -

colums (3) and (4). AL o

The maximum improvement -in sensitivity is roughly a factor of

Lo altornatively a factor of & improvement in precision is obtained for

activity mneaswements up to Ouﬁ}xci.
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Zabla 7.3

Qppraximate Inprovements Gained by the uge

" (Cooper et. al. 1968) of a Large Plaﬂtic‘NEdﬁE $hield

¢ - N {oy < (3) (h)
: Reduction factor | Sensitivity P on; Sensitivity
Energy 2 - Continuum
" (MeV) for natural Twprovement it ony Improvement
background . factor e Factor
g 7 ) . Factor
0.200 F B 1 el | e -

] 04400 e s, 1.5 14,0 347
0.600 C umn = ;L S bat
e | C Bd o 166 Ll 1640 4.0
3005 - . &8 Ol A S
1.200. | #ef | 143 10,0 ' a1
1.400 | 1.9 - 1.4 1040 3ol
1,600 ) 1.8 " 133 1040 361

Internal gource measurementa can be complicated by the

'rejectnon of coincidence events as this results in partial suppression of

" goincidence gnmma 1'ayS. The effectlve value of épa ig reduced and this

. must be taken into account when daterm1n1ng the contrabutlon of these 1sotopesﬂ
* However, Camp ﬁ969), Cooper, Rancitelli and Ferkins (1969) and Cooper (1970)
poih@ oﬁt that this can have certain advantages. in identification of unknown
isotopes by preferential supﬁre#sion of dominating isotopes,. and in removal

of escape peaks.

Very careiul optimtﬂation of anticoincidence techniques has

' reﬂultcd in the abova workers obtaining 10 -« 40 pCi wmeasurements regularly

137

and Cooper et. ‘ale (1969) measuring as low as 1 pCi of Cae

715.3 External Sourca Measurements

Thc use of the shield with an externally placed source is generally
'reﬁtricted to higher activity sources due to the low €y inherent in this

gmometry. The dominant mode of-auppr9351on is largely Compton suppression,

A range of reductiona have been reported for different shields
which depend upon the deﬁlgn of the shield, the size of Lhe Ge(Li) detector

and the type o£ mcintillatar used. Reduction factors have varied from two
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(Coopar and Brownéll 1967) ta sixigen (Kantele and Suominen 1966). Camp
(1969) has ebserved that the reduction ulso depends significantly'upon thae
ratio of sensitive to insensitive material in the Ge(Li) detector. The
_resultﬂ oi Coopcr eLu ale 1968 typify the reductions ohta{nabla and Table

P 5 (columns (2) and:(4)) shows the ruﬁulting raduction and the approximate
sens;tlvity limit imprnvemen; derived from the tise of the shield. In this
case, the improvements gained are not' affected by'coincident gamma ray emis=-
siona-aé in the cﬁse of internal ﬁnurcﬂ-meﬁsurgments although'escape peaks

will still be suppressed.

Minimum acceptable activities for thls arrangement are in the

range. n01 to}&cn and hence is not suitable for very low level measurements.

7.5,& Th? Combination of nnticoincidence ang Pulse Shape Dzsvrimination

Techniguea

The overall peak hhlght tn Cumpton aedge ratio of an antlcoxncidence
spectrumeter iﬁ tha product of the peak to Compton ratio oi tho detector and
ihe reduotion ohtatnnble by the shield. Hence a 2031 peak to Compton det-
ector in a shield giving a 16.; reduuthn factor results in an overall peak
to continuum ratio of 3&011. - The éoﬁbinatién-uf pulse shape disériminétion
and anttco;ncldence shielding does not ylcld a similar product relatiomship
(Swinth at. al. 1968). This is due to the fact that some of the Compton
scatter eventsimppresﬁed by the shield are also rejected by the discriminator.
As the effects of pulse shape dlscrtmlnatton are marg1nnl for good detectors,
the conm1nathn of technlquea only yialda murgxnal improvenent over the use

of the ant1coincidence sh1ald alone.

?.5.5 Hiﬁcuamion

ﬁntiroincidunce ﬂhtelds, though’ gunorally 1nmroving Ag, vhen used
for natural hackground reduct1on have liwited ranges of improvement.  Larger
1mpr0vements ate obtainable when the Compton suppression mode is SJinflcante
The most versatile shield for preferent1a1 suppression of coinu1dence ganma
vays (Hasﬂelgren 1966) is one which can be adapted to both internal and
axternal source.measurements, The combination of masgsive anieldlng and
anticdincidenﬁe methods has resulted in the lowest level measurements yet
made with a Ge(Li) detector to date, Cooper et. al (1969), who measured
1 pCi of 13?Cs. :
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7.6 The Use of Pair Spectroueters

The techﬁiqua of pgir'ﬁp&ntrﬂmaﬁryluminélScintillators (Pringle, .
Rbulgtgn and Stundil,‘jgso) ig wall eﬂtnh}ishad'and!wau'first dempnstirated
naing Ge(li} detectors Ey Fwan ahﬂ‘Tdvauﬂﬁle (iQﬁé)o  Ita application is
limited (ﬁouminen and Kuntele 1968) both in unexgy range nnd ﬂenqxt\vity.

The mathod is ﬂvaluated balowo

7.6,1 Conditions of Use for the Pair Spectrometey

~ The pair spectrometer is of use only when the dﬁubla.escapé peak
pff;nlency of the detector is szgnifxcant ( > 1.5 Mev)..' The'ﬁouble escape
peak efficiency of the spectrometer is a function of the detector sensitive
_ volume andthpmh, the geometrical efi:clency of Lhe two scintillators and the

presance or any ingensitive materials

Therglare two modes of uperation foxr a pair spectromatero . The
first is the. rejecfion'of triple éoincidance events.  This gives suppra&sion
of douhlu escape paaks and gome continuum (including - Compton events) sup-
pression for no ‘change in €pq for ‘the central detector, In the second mode
triplé'coincidenﬁe events are accepted, Tﬁis gives an escape. peals 3p¢ctrum_
with large dontinuuﬁ reductions;j The mode reiies on the use ofeécape peaks
for intena1ty and energy determinations of the 1n1tial incident gamma. ray.
it ia puaﬂible to collect events for both modeq‘ﬁmultaneously (by a suttable
arrangemant of electronlc modules) and store the 1nformat10n in separate
halves of the pnlae héight analysor. The choice of operating mode is a
functiqn of the energy of. Interest, apectral coamlexxty and the double escape

_peak effi01ency of the detection 3ystem.

7r6.2 Change of.COuntinq Parametera Dufiug70peration

The obaerved variations of count ing parammtgra are a function of

the mode or operation adopted.

?|6'2| 1 Rejection Mode

" This partlculnr rmode is commonly used (Grenier and Poussier 1968}
and can be 31nm1tnneously opexated and combined with the anti Compton mode .
(Auble, Beery, Herzing, Beyer, Ltherton and Kelley 19677 Camp (1969) has
investigated the operation of these spectrometers. Camp (1969) obtained
unod;reéu}tﬂ_fnr a caﬁaful;y optinised éystam giving ﬁubpreasion factors
of EO on the doﬁblé escape peaks, and a single escape peak reduction factor

of 6, independant of energy above 1.50 NeV, The continuum waﬁ reduced n
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factor of 12 above 1.0 MeV and a factor. b at 9075 MeV. . This was obtained
wvith Lhe "spllt halves“ arrangament shown 1n Piga 7-11. Chaaper arranQEa
_ ments (Fige 7. 11) using two 7.5 em x 7.5 cm NaI(Tl) scintillators and an
“exiﬁting GL(LI) detector can be made with the»loss of a certain amount of

. performance .

‘There is no reduction of Qpn for this counting mode.

70602+2 Acgeptance Mode

Tﬁe chuice-of this mode is dependaﬁt upnn.the ahsolute double
escape pgak-efficiencj (éﬁp ) of the deﬁtral’datectur, and the absolute
efficianéylof detection of the two annihilation quanta ef the acintiilatérs
"(€g ) Canp (1969) estimated an upper limit for & of:0023, but in general
this is smdller,_beiﬁg 0.05 using the 7e5 cw x 7.5 cm NaI(Tl)'seiptillators.
The absolute double escape pehk efficiency of #he pair spectrometer is € .o

where -Qq“ =QGPP€; . and'henca has values ranging 0.05 &€, to 0:23 €ppe

A large #ontinuum,raducticn may be effected wiih this technique.
Camp (1969) using. the “split halfes“.system achiéved energy dependant
reduct;ons vafying frpﬁ a factor 55 at the double escape pealk of interest to
a maxinmn of 350 betwéau 0ﬁeape'peuks. The energy resmlutlon of the ﬂyatem

vag unafiectud for both opurntiun&] modes of the apaectrometer.

74643 . The Lffectﬂ on benaltiv1ty Limits

The effects on sensit1v1ty llm{ts are only roughly calculable for
pair spectromgters due to. the ‘difficulty in the accurate predicition of the -

variations of @f?iciency and backgrounds.

7+643.1 Rejection Mode Effects

The ihtrodﬁction @f this mode always results in an improvement in
sensitivitf as B is radﬁcédlfbr no loss of’éé“-. Hoﬁever, the inherently
poor source detector geometry (Fig. 7.11) invalidates the use of this
techniqué-for very low level measurements. Honce, this ialused'(ﬂlexanderi
¥iroude, ﬁmusﬁar and Sharpey=-Shafer 1968) for highor (,>.1}ACij activity
m&asufwmnmt&. In tﬁfs cﬁse, where the continuum'lével and conplexity
dominates equation 6.5, the moximum improvement fnctgr.ia given approximately

as’

; for the same C and T and .
. 3.5 . . ) _
from the data of Camp (1969).
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Lt

This compares with that of the anticoincidonce shield and the combination

results in this improvement heing extended over several MeV.

7e66%5.2 Acceptance Node Effects

The intrnductlon of this modL doea not result in an imprcvemant

‘ unlesa thu background redubtion ‘achieved more than offsets the results of
dxffez&nces hetwmen (p“- and (Dgp-e fhis. problem may be considered as
follows. "The senﬂitlvity Limit din the singles node is Ai for a given B,
{pﬂ v RE c and Te Thg resulting pair mode, operntion gives. Ap for levels

-of Bp thh Rg, C;. T remalning congtant, The’ 9ffic§ency loss exactly balances .
Lhe background reduction when

L. éwfa(fﬁ«*‘z.!‘é‘*%.*"?.c(%'a 4 R c ) ) N C o ‘
ap . <Pﬂ(239 iac‘.l"' *EC(SB -""""‘O"‘w' ) )'!'1 °°I'°°‘°',?"13‘_

© hut or course must be e = for advantuge. The variation of maxinmm tolerable

efficiency loss ( .n! ) for a given background reduction (ﬁ“) is observed by
Iplottxng these ratiggrﬁrnm equation 7,11 with typical paramgter values in-
serted. Fig. 7.12 shows the result, recalculated for different initial
.1evals'of Bi; The curves may be considered as the limiting values governing
tﬁe‘éhoicc for a new counting system, in”practice, this analysis can repres-
eﬁt any cqunting'tegﬁnique by replacing €n£; and Bp with'thelexpected values
of the proposed counting technique, The overall efficiency reduction factor '
must always be less than that shown in Fig. 7.12 for improvement to be pos-

sible.

The following ohservations are wmade on IFig. 7.12 and the data of

'section 7 6. z.ua—

1) The erficiency reduction factor that is tolerable is greater for

higher background levels.

~2) For a factor of 5 ordérs of background reduction only 2 orders

of magnitude of'efficiencf reduction at best are tolerable,

7) The major benefit of this technique is the removal of intexrfering

peaks giving simpler spectral analysis.

) Tﬁa levels of Camp (1969) (section 7.6.2.2) gives the following
results: |
: One pdir specﬁrometgr gave an gfficiency reductianlof 12,5 and a
continuum rédqcfion of 100. However, the resulting sensitivity

vas degraded a factor of 0.30. for anothexr spectrometer with a
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reﬁﬁlting;effiéiencf reduction factor of_S andg a backﬁround '
'redﬁction-faétgf af 55, the resulting senaitivity level was
’ improved a factor of 2 (ignoring the impruvement due to
 vemoval of interfering peaks). This generally is the mini;
mum tolerable 1mprovement acoeptnbla in praciico (1gnoring
I.afrects of 1nterfer1ng peaks) as this. small 1mprovemant can
often be obtaiped in the singles mode by an extension of
cgun# tines . Wi{h thesge apectrometers} gﬁreful desgign is
“paramount for. improvement of any significance to he observad.
 The poor uh#oluie.eﬁficieﬁcy-of both techpiques liﬁits Ltheir

useful measureménts to uctivityllavel& greater than several

}LCi.

Te7 Compton Scattaring (Duoda) Spectrometera

Y The use of the ‘duode duoda was Tirst introduced with Ge(Li) detectors
by Sever and L;ppert in 1965q . Since then, varlouu-forms have been tried with
'varylng degrees of Buccess, in particuluf by Broude, Hausser, Malﬁ, Sharpey~
Schafer and Alexander (1969) and Larsen and Strauss (10?0). Their use and

the results obtalnad are now considered.

‘7+7«1 ‘The Configprations Ennountéred

Two detcctors (or 1ndapandnnt1y operating qections of a single
_Gc(Li) detector) are used, placed near to each other and coincidence events
from the two signifies collectlon of multiple scatter events. The incident
radxation mst. be culllmated on to one section or detector only, thereby
resu;tlng in a poor value-afép“. Fige 7.13 shows some of. the configurations
fgﬁficated. Theluaefullenérgy range of these devices is limited to regions
where the.tonmﬁon crossmsébtion interaction is significant and multiple
5cattefing with Comp:ton evénts is siqnificanﬁ (Oo& MeV = 2,0 MeV). The
varidtion in geom&try affects the angle of scatter acccptable causing an

uddltional enexrgy dependance of the results.’

7e7:2 The Parﬂmeter Variationa Observed for the NDuode

The technique has an lnheruntly pnna <:Pﬂ due to the nﬂbeﬁnltj for
" pource colllmatiunu The conflgurationﬂ ﬂhowu in figs 7.13 cover the range
of systems available and are used to illustrate -the resulting parameter
variationg. Table 7.6 shows tﬁe efficiency and.background ﬁedugtions in

the contimuum obtained for the various geometries,
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" Table 7.6

oy,

Mlnlmum Background Levels where tha use of Each

Duodp heq_ps Lo be Lffactive

'Bﬁckgrounﬂ Efficlency | Minimuwm initial backgrdn-
Author Reduction Loas level where duede gives
Factor Factor an improvoment (C=0,2)
Kraner and Chase 19 4 alwvays gives a
(1968) i degradation’
Palms, Wood and
Puckett (1968) 20 5 108 counts
Sayers and Da;ckar - always gives a
(1968) o 26 5 degradation
Gruhn, Kane, Kelly,. ' B s
Kno, Berzins (1967) 109 10 . 10% counts
Kantele and A 9 .
Suominen (1967) 5000 100 107 counts
Hick and Pepeln;k | L I L
(1968) 3500 30 - ko 7 x 10% counts

The continuum is dominated, as in pair spectromeiry, by source generated

events and the technique is most useful in removing this contribution.

However, due to the coincidence requirements a larde natural background

reduction is also.effected.

If_is.pbaerved {hat-the.greaier the continuum reduction, the

greater is the efficiency reduction,

angle of .scatter accapfad by the detector.

This is a function of the range of

It is possible for the overall energy resolution of system to be
degraded as the use of effectively two detectors and preamplifiers requires

very. careful matching.

727¢3 The Conditions where Sensitivity Limits are Improved

The inherently 1ow:ﬁpa instantly invali@ates the use of duodes

for low level measurements. . Howevel, these devices may be of use in higher
background conditions, this beinu;decided by the criterion of Fig. 7.13,

For a giveg detector there is a wminimum background count under the singles
peak for which the introduction of the duode mode instead of the singles
wode of the incident detectar just improves thﬂ‘counting sensitivity,

Table 7.6 shows the calculated miniumﬁ backyground levels for each duocde.

It is observed that the use of two aof these systems always gives degradation
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while.tﬁé kemaindér are of uge oniy in very high background levels. The
rontrn&t ig ohtdlned by Lomparlsnn of the reaults of Kantele and Suommnen
_and Hick and Pepeln;k whére although the farmer obtain a larger background
reductton facfor, the{r gredter ef£1g1ency loss makes dits usge contraversial.

‘The duode of Hick and Pepglnik is usable to activities of a few }&Cld

7.8 - Ihe Cowparison Between Ge(Li) and Nax(le'netectors

General comparisons between Ge(Li) and NaL{7T1) datectcrs are
frequently m:ulaadﬂng due to the diitering applicuttons, experimental con-
figurations, spectral comp;ex;ties and environwental conditions commonly
gncouﬁtgred, -However¢.pqumafiﬁona-ﬁay he ﬂmdm.for a specific measurement
aéJin‘the follo@ihg low éctivity measurements with a singles spectrometer.

capable of use withnboth aemiconﬂuctor and scintillation detectors.-

A 7.5cm dia. x i.Scm thiek Nal(11). sclntlllator background spectrum
was nma&ured for GDO minuLes in a massive shield“ made of 15cm thick pre var
The background counts under the expected positions of the 3705 and

60 Background levels for

Co peaks were measured and tabulated in Table TePs
'Nuulear Enterprises &Dcuﬁ and a 1DGcm5 Ge{Li) detectors were evaluated from
“the conalderatlons of section 7+2 and tabulated. (Table 7.7). &:Pﬁ was

' meaaured at dtffercnt source~detector distances to obsprvn the effects of
optimum ﬂud parallel beam geometries. Table 7.8 shows épﬁ-for each
detector for 1 em, 20 cim and 40 cm source~detector distances and also shows

Ag calculated for each geometry and detector.

able 7.7

'Backgruund and Lnergy Rasolut1on Characberistlcs of Three Detectors

. , Continuum in| Continuum in
. ey Tnergy .| peak base peak base
Retector Resolution | Resolution i e SALH wt
. (0.662 Mev) | (1.33 MeV) 5.662 May 1053 Hev
PadCm % Te3CM | 49,0 kev 99,0 keV | 9920 counts | 3600 counts
Nal(11) % - .
hocw? Ge(Ld) . 1.8 keV 2.1 keV 40 counts 9.5 counts
100¢m3 Ge (Li) - 2.2 keV 2.8 kev 108 counts | 24 counts’

" gl Nuclbgr Enterprises Ltd., U.K.
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“fable 7.8

The Variotion of Ap and €pa

for the Detectors of Table 77

at 1§?Ca'and G?GB'Ehergiea for C = 0.2, © = G600 min.
éourcew : : , AE(ng) Ar(dpm)
Detector | Na3 (11) -&pcm3 100¢m> gﬁ%{g?; Loem3 100cm3
Distance Ge(Li) Ge(Li) | © Ge(ri) | Ge(rd)
Bcs| 00118 - | 0.0055 | 0.0k ' 10,5 19.7 9.5,
1- ¢ 6 T — - , 5 .
Co 0,063 Q.0029 071 13.1 29.0 ib,5
Y] 0.0032 | 0.00016 | o004k | 385.0 680,0 395 .0
20 cm fO ; ——r et e s ' . -
0.0019 | 0400009 | 0.00022 400,0 940,0 490,0
" 13?05 10,0009k '_0.00.005‘ 0.,00012 | 1310.0 | 2160.0 1040 ,0
40 o 60 . .
; Co| 0.00054 | 0.000026 | 0,00006 | 1420.0 | 32800 1665.0

It is observed that the scintillator has a high sensitivity in
the absence of interfaring peaks and is roughly comparable to the 100cm’
Ge(Li) detector. However, the presence of more than % = & peaks below
_ 1e 5 MaV may. sarioualy degrada the scintillator performance, The detector
:chuica is sirongly influenced by the spectral complexity, The levels in
Tablm‘?.ﬁ can bé-varied by using larger detectors, longer count.times and
reducing tﬁq ﬂuufpe detector distance below 1cm$ The above levels are
 supported by the data of Cooper-et. al (1969) who achieved levels of 1 pCi
_ withlﬁ Ge(Li) détectpr and of Sonhtag {1967) and Nilsson and Perkiﬂs (1967)

" whe measured 0.2 pCi with scintillaﬁorsu

" Other comparisons may be médé for practical cases by substitution
of the appropriatg data. Ep“ mat be predicted accuratély due to its
direct relation with Age Drrors in the prediction of B are minimised as

B has a rnnL relation with AE.

To undertake a full compariadn, the above brief example should
be recalculated for a wide range of deteptor sizes and system conditions,

accounting algo for mere complex spectra.




Table §,1

Summary of .Counting Technigues snalysed by the ‘Criterion. 'ieéhniqae

Technigme

Useful Activity -
Range Measurable
{C=0,2, T=130 hours)

{ X Sdto;}e .
Restrictions

Effectiveness
with Energy

Effectiveness with

 Background level

¥=ssive Shielding .

| A 5pCi to AU 20kei

no limitatiom

411 energies -

. ali levels of . .

“Background

snticoincidence Shield
+ Hassive Shield

(i} Intermal Source
{ii) External Source

) |
A 1pCi toAs 0.5)Ci

‘¥ - coincidence
Suppression

A 50 keV
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e ; t best only usable
. Ay r = -
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Conclusion

. A suhﬁtantinl ‘amount of attention has been pﬁld in this work to
measurement ‘and diaqnosls of detector characteristics and faults, This in
due to ‘the inheren@ fragxlity of the Go(Li) detector system and the difficulty
in diacerniﬁﬁ ﬁn organised fault finding and correction procedure . firom present

literature,. Dirﬁct measurenents (leaknge éurr ent, detector cnpucifv, ato.)
allow the experimonter to ubtain optlmum parformunce and undertake nacessary

repalrs and reconditioning.

bmphaals has also been placed'upon the.detedtor abzolute full energy
peak efficiency due to ita'primé significance in low level activity measure-

ments and its easy degradation through poor fabricaiion technique.

This thesis has brbadly dafinad.the inherent low level capabilities
of séfexallcounﬁing-fadhniquas-usiﬁg Ge(Li) detectors. Table 8.1 summarises
these cap@bilities._' The data is calculated for detectors in the range
: 20 - 4Ocm? sensitive volume and % - 5 keV energy resoiutiqna Variations
frpm theaﬁ'gstim&ted sensitivitiea are obtained for detectors outside these

ranges and/or the use of different C and T.

Fnr a ﬂpecific spectrometier, accurate predictions may bhe made using
: its expurimentally measurod parameters and its wminimum detectable activity

is determined by settlng CAs % in the calculat;onaa This may also be used
to evaluate further extensions to be added to that specfrometero The
Lechniqueﬂ whlch are most effective Toxr low level counting are those that
'maintain a hlgh value of Qpﬂ 5 Thesa are massive shxeld;ng, anticoincidence

Bha.elding and, where applicable, o, =~ ¥ and P - 2{ coinc:.denca systems.

A conaidcrable amount of further. work is requxred to fully evaluate
hackgrouhd levels of &e(hi) detectors. Using the techniques developed in
this thesis, a full low level counting avaluation of be(Lx) detectors, in

camparispn vith other types of stchors, may now be uudertakene
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Apyendxx 11

Some Isotopes Suitable for Calibration of Ga(Li) bpentrnnmtura

1t has become apparent that with the higher enoryy xasolution off

Ga(L1) dctectors, many gamma ray energies prcviously used for .ealibration

of scintillators are 1naduquataly known for semlcondnctor detectors. - The

. following table contalns ﬂome readlly obtainable lsatopaﬁ of known 1ntehsity

and energy ‘that have been successfully used for semiconductor calibration

purposes.
Energy . % . ;
Range Isotope - Half Life Reference
(keV) ;
8.98 Xeray machine - $livinsky, 1969
50 =400 _1353q ?;8 year's -Gurfinkcl,'196?
60 ahiAm 458 years Mowﬂtt, 1969, Paradellis 1969.
; : ~ Tockan 1968
. 87 i L70 days Donnelly 1967, Campbell 1971
89 . 176Lu -Ia;l_years Donnelly 1967
90=3500  Bge 120 days Gearke 1971
92-1650 BaBr %5 hours _Gearké 1971
. 128-1409 1§2Eu‘ 12.4 years Mukherjee 1969, Mowatt 1970
122-136 Teo 2?6 days Michaelis 1968, Mowat 1969
B 15 ; | Drexler 1967, Paradellis 1969
Campbell 1971
i i . ) . s .
2% 1824 15”1";;1 16 years Paradellis 1969, Tokcan 1968
145 ;1106 2.5 days ' Black 1967, White 1968,
| A " Campbell 1971
165 13%¢e 140 days " Donmelly 1967, Black 1967
Campbell 1971
188-2446 226 pp in 1617 years Walford 1968, h’allac9 1969
aquilibrivm with Mowntt 1970
daughter productls
i dlhw!ﬁﬁm 1$1Bm 115 days Paradellis 1969
| *180m A ‘ : y 1l
m;-é’ﬂ i 545 hours Kano 1967, Mowatt 1969,

Paradellis 1969, Sprouse 1965




195

Calibration List (comt,}.

Energy. 22 ;
Range Isotope Half Life Reference
(lcev) ;
54 S
320 cr 27.8 days Blaclk 1967
how Py 127 days Paradellis 1969
_&13m1b90 . 398Au 2.69 days Blaclk 1967, Domnelly 1969,
_ : Campbell 1971
433727 108"hg 5 years Kane 1967
L77 The 53 days Black 1967
513 855x .6k days Black 1967, Campbell 1971
569»1&3G 20781 8 years Black 1967, Fox 1965
583=2614 2QBT1' 3.1 minutes | Kane 1967, Henck 1968
662 13?03 28 yeaps Donnelly 1969, Henck 1968
. Michaelis 1968, Mowatt 1969,
Barker 1967, Tokcan 1968,
Canpbell 1971
2035 ANK : ) j y. z
690- Hg 46 days Michaelis- 1968, Mowatt 1969,
AE ' Tokcaq 1968, Qampball 197 1.
768 P 35 days Black 1967
83k Sy 324 days _ Barker 1967, Black 1967,
© Michaelis 1968, Mowatt 1969,
Campbell 1971 '
9&5«3440 ' 5600 72 dafs Barker 1967, Gearke 1971
”892m1118 QSSQ Bﬁ.éays Black 1967, Freeman 1966
93k 22y 350 years | Black 1967
1115 652n 245 days “Black 196?g Canmbell 19?1
11?3~i333 6060 5.35 years _Baxker 1967, Freeman 19606,
' | 5 Henck 1968, Michaelis 1968,
Mowatt 1969, White 1968
1222+ 1554 ﬂagTa 111 days 1 White 1968
1280 gzwa 2¢6lyears' Nack 1967, Freeman 1966,

Kane 1967, Michaelis 1968,
Mowatt 1969, Paradellis 1969,
Tolkean 1968
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 Calibration I.-i.ﬂt- {cont,.)

E.nlar'gy I : . il
Range Taotope Half Life Referance
(ke V) . - '
12901298 My 1.8 hours “Whito 1968
1'368;27511' 2:*1\1&1 14.9 hours | Kane 19_6'."" :
| 15962909 . ﬂ*OLa : 40 hours Tokcan i968
1836 L . 108 days :_Black. '1.96?, l-lanc-:it_' 1968, |
i, ‘Michaelis 1968, Mowatt 1969,
;‘l‘o}tdan, Canpbell 1971
2.6‘1;4 _ 228'1“11 " | . ., 1:91 years ';(‘ane 1967
100010000 | >Fce(n ) er " Kane 1967, White 1968
3560 B (p o6t 1;')6[_,1. s s | Youﬁg 1971 -
4!*:5.8 3 mla.( ‘3.") 120 - . bs1g11p 1967
'fifiigo' 1,51\1(13 NS }120 Al 4 You‘né 1971
5240 '160(3}1&,9&.) By © oW _.Ca'mp 1967
52;?0 ':l_l&N-(d!p)iﬁl\_I " _ Camp 1967
SE;BBI -Mc(d_,mptp)‘lﬁ,b{. ‘_' '-*. ICamp _'1*56? o
6130 e TPl B T Young 1971
2480 gBa(p,‘{ ]#_}I}e sl g™ 'Ydunlg 1971
7639-—'}162{1 I56F§_{11,"¢')5;?Fe .Primetoﬁn Galmll_a;‘l‘ech- 1968 |
9170 130(1)4‘{)1!*?4 | - Young 1971, Camp 1967 -
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Appendix IIT

Anomolous Effect in a Ge(Li) Detector

Intrudugi}nn

Unexpléined pheﬁomennlare frequently observed in the character=
istics of.Ge(Li) detectors. Some of these generate degradation of_perféru
mance ; while the effect reported here résulted in an. imprdvement in the
'dateutor performanceo This effect, of nagatlve differential ra$1stance,
pwag obﬁarvpd in two plunar Ga(Li) detectors mounted in this luborutory,
the f:rst ahowing o h% current reduction, the ﬂacond showing one of 33%0_
Fawcett and Paige firat reported ‘the phenomena in n typp germnnium in . 1967,

Thia appendxx deﬂcribea n brlef inveqtlgation of the second detactoro

The Phenomenon

Both planar Ge(Li) detactors were of slmtlar dtmenslons, having
drift dethS of ﬂ; % mme and with total volumes of approximately 3 cnP;
Both were also_mountad using qonventlonal techm1ques and contacts were
eétablighed-with indiﬁﬁ foils and'indium—gal}iﬁﬁ eutectic; The first
defectbrlwaﬂ urgeﬁfly required for other expérimenté and hence could not be
'évaiuated fully. The second ﬂetactorlwas ﬂﬁbaequently mounted in {he'same '
ciryostat and thﬁ effect was observad when routine manquromcuts were taken-

after cooling.

-Fige ;IInl_ﬁhnws_the currentevoltage and tha‘capncitynboltage‘
charactéristics measubed. Above 260 voltsa, a shnrp'curként.decreaée is
obﬁérved that iﬁ stable and reprcducihlé. As ﬁ check on the éffectiveneés
of charQﬁ collection and ‘the field across the intrinsic region, the peak to
Compton ratio, resolution and pulse height output for 6OCu were measured with.

increasing bias,-the results being plotted in Fig. II1.2.

This data is typlcal of nurmal detectors. shoulng that the bias 16
beinq ﬂatlsfaotorily applied acrnas the 1ntr1n31c xeglon after the onset of

the negative alope in the current characteristic.

Fawcett end Paige (196?),observed,th¢ effect between 27 = ??QK.
Hence it was decided to observe the behaviour of thé detector in this
tempqratdre range by raplading'the liquid nitrogen with liquid heliﬁm, and

after evaporation of the helium, measuring the characteristics as the dryostqt

©wWArmE up.
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-iThg cryostat was designed for use with. liquid nitrogen, and hence
.fhp lowest tenmperature obtained (measured by a thermocouple. placed nearlthe
defectnf) was 3?0K¢- Fige IXI.3 shous the currantfyoltage-characterisﬁie
plotied at temperatures between 37K and 135K above which the chﬁfaéteristie
shhp@ waﬂ'lost. Tig. 11Xl.4 sﬂows the variation of ihelonﬁatithreshold with

temperature. A minipum thyeahold ﬁoltnge i ohaérvad gtﬂJiuﬂoﬁa

After the detector had approached rnom tomperature, Liguid nitrogan
was added to retufh itltu‘??oﬂa Outgassth in the cryostat however rcsultod
in surface contamination giﬁing the dotector lgakage characterlstlc of
Fige T11.5 at ??OK. The oriqinal shape shown in Fig. IIX.1 can still be

observed superimposed. upon the excess.leakage due to the contamination.

‘The surface contamination was removed by warming the detector once

more to room temperature and pumﬁing the cryostat witﬁ a molecular sieve pump.

'Fig; TI1.6 shows the resuliiné cﬁrrent—voltage charagferiétic aftexr the crystal

had been returned to 77°K. - It is observed that the original characteristic
is regaiﬁed.' The typical slow current fall. with time at constant veltage
(for ‘the crystal at 77°K) is also observed in both Figs. 11,5 and 6.
Discussion

This effect has either bulk, surfoce state or deotector contact

origing,

Turing a warming and cooling cycle, the compensation profile and.

surface states mﬁy'change_so that should the effect originate from either of

. these, the curve shapé is permanently affected. For' this. detector, this is
not the case. The behaviour of this detector is normal with the exception'
of the current-voltage charactarlatlco The remaining posqlblllty by this
argument is tﬁat of the.contacts; . Ridley (1967) has considered that the
applied contacts mxght have an additional junct1on, 1nadvertent1y generated
say by oxide layers on the indium or germanium, precxp;tat1on in the n—layer
or -contamination on the n or pelayer. ~Such effecta would change the charge
injection prop&ruies, though they would ‘paleo be expected to result in potenw

tial ‘drops across the gunctionﬁo

Bonchnﬂruevich(iﬂﬁ?) hag devaloped a theory explnining thnt A Bpace

churme m{ght be built up in tha intrinsic roﬂion1 giving an electrical domain
that rapels inJacted charges _ The conditiuns huwav@r to set up such a otate
would be highly depandnnt upon the eunmansntion profiln and tntrinﬁic ragion

gountours maling it highlv seneitive to warming and coocling.
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Conclusion

IL ig difficult to detarmina the ewact origln of this anomolons
defent. The demounttng of the d@tector revmalad no unusual conditions.
Should such an effect be reproducible then it could 1ead to improved detector
performances since the winimum 1eakage occurs at a raasonable value of

collcction field.

This problem is illustrative of many of the unexplained effects
sometimes observed with Ge(L&) detectors. 'Dnly partial measurement is,
posaible. without interference with the- d&tecﬁar euv;ronment causlng permanent

'changes in detector charucteriatican
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Appendix IV

The Use of Scatter in Determining the Depth of a Source in a

Homogeneous Mediwm with a Ge(Li) Detector

G.V. Walford and C. Laubereau®

_Introguction

Néarly all applications with Ge(Li) detectors rely on measurement
of full energy peaks, utilising the highienergy‘rasolution potential of the -
spectirometer. However, the high energy résniutioﬂ potential also allows

accurate  definition of the scatter contribution to the spectrum.  This

'appenQix describes one'hpplicatiou utilising scatter to determine the depth
of & aohrge.in'a'homogaﬂédug'ﬁgdium, This has possible application.in medical

‘measurements in thmpf,dépth nnﬁlyﬁis and similar types of problem.

Theory

For a gamma ray to be registered in the full energy peak of a
spectrum its entlro energy muat be ‘deposited in the sensitive volume of the
detector. If the gamma ray undergoes a low angle scatier (Fig. IV.la) then .
it is removed from the pealt to é position below correspandipg to the energy
loss of thelscéttér event. - An increase in medium thicknésa'increasas the
proportion of scatter events ‘and decreases the proportlon of full cnergy peak
events (Fige IVe.ib). '

A measure of the Jcatter is effected by the ratio G, def:nad in

Fig. IV.1b and ity variation with depth is calculated as follows.

_Consider a layer, thickness dx, x ingidé a wedium thickness: g

The forﬁqrﬂ low angle scatter from dx is dS,

where JS“’I)&“"‘

and L = incident gamma ray flux

be

at dx

for a defined cnergy range

of scatter.

R Inst;tut fur btrahlansohuLa,
Gasellschaft fir utrahlenfurschung.
8042 Neherbery/b Munchen,
Ingolstéddter Landstrasse 1,

Went Germany.

forward scatter cdefficient

PR T I
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If.}mt_a total interaction coefficient for that medium and energy, then

@sge IVl is rewritien as .
IR “hg 3¢
d :
SRE /h x|
The scatter reaching the detector from dx is approxzmately

“ u( *) Y T
-cIS‘a}Aﬁ Isa' }*d%

Integratlon of IV.2 for x vnrying 0 to g glvea the total qcatter,g+ v

) r;e_uqas' Iv.2

raaching the detector defined by the value of the forward, scatter coefticient

Dl
.Hence St = ];'.0‘2 3)-‘(,;; _'
The total scatter events in the energy window (AC) is apprdximately-
seecee IV.:’)

SL;GP'S & EJS _ " vhere -Bs = additional continuum
‘ : | 52 not associated with
the medium

"The counts in the peak region (AB) are

faQ00 8 Iv{f
QFI'IOJz ' ’f‘Tap | where_ESP = additional counts not
' ‘ ' associated wlth the

source,

Therefor@ it ‘is usaful to define the rattu G of the counts in the region

ABg ﬂc as . . "‘}l..."-l's, -
. i ‘EWI@- L2 . i'"Bp . L5 | . IVE-_-.
éﬂ‘[oghc& ‘ﬁ+Bs 5T . seovoe o

Bp is ignored ag it is generally small cumpared v1th the peak countsa. Bs--
Ixs frequent]y Lomparable with the scatter cumponent. The variation of'q
with g depends upon the choice of AC and henua)dc o In ﬁeneralg'the-peak
area has always been found to béiaevefal £imea-;arg@r than the scatter -

component and hence, G will have én appfoximate variation with g of o

The above analya:s is valxd if the variation of ( and }lt is

small in the encrgy region BC@

If Bg can be-ﬂubtraptéd ‘then thé ratio'G can be kewrittén as
Mty ,, I ' N
G f‘-mm - (“{ }‘c\] 1 xv“,ﬁ
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Both équations IV.5 and IV.6 are of use. Bguation IV.5 holds if the

scatter component Bg cannot be subtracted directly.

- As g increases, G decreaaes. S With .a precalibration;'the dapth
ﬁ " ‘of the source in an unknown medium.may be determ;ned from a 51ngle Measures .
. ment, whtch can be used to correct for source attenuatinn. 1mﬁ range AC
1nc1udes all scattar up to a certaln maximum angle, defined by the energy
' loas of the scatter event. Caraful p081110ning of C allows a desired degree

of "self«co]llmatton“ to be achlaved.

IExgerimént- _

To d@monatrate the technique a 13?05 snurva was mvnuurcd at a
fixed dintanca (25 cm) from a Ge(Li) dotactor, and full energy peak counts,
scatter and hence G, were measurad, Water, in 1ncrnaﬂtug thickness ; was
inagrtéd between the source and detector (lig. Ivain) and the apprmprintp

_ pafamatéré measurad;l' Water was chosen in this 1nhtauco to provida an
approyxmate t1ssue ‘equivalent abuorber. For @ach watex thtckness, G was

measured forlseveral values of AC. The detector (acttve volume ol cmp,,

3?.

4.5 keV resolution on Cs) ‘had a peak base WIdth of - 10 keV at 662 keV.

" AC was measured in térmﬁ of peak bhase widths below the full energy peak.

The experiment was repeated with a lead collimator to determine

the feasibility of extended smource measurementay

'Resﬁlﬁg
Frig. Iv.a qhowq the variation of G maamured for different water

thicknaasus and ACe A markud vnriation of G iﬁ obﬁerved over all water

: th;cknmasas usad and all AC. The_var;ation is approzimately logarithmic,
accdfding to the theﬂfy developedu . Fiq. IV.3 shows the.vnriation of G for
tha experiment repeated wmth a' cqllimatar 1nserted next to tha detector.'
With the’ collimator in place, G vas calculated only for AC = AB.  Variat-
ions in G are still opserved, bqtbare reduced due.to.the additional scattef

from the lead,

‘The collimator wag simple, beang a 5 mm dlameter hole drilled
. in a 5.0 cnlthick lead block. For a sourcandetector dlstance of 25 citly
‘the spatial resolution was approximately 2 0 Ci, Careful de51gn would

: 1mprove this figure an order of magnxtude, though thaq would impose restri-

ctionl upon AC since the maximum 5catter1ng angle WOuld be limitad.‘

[t
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The technique is worleable in thn conditions set by this experiment .

1t is posﬁlble to take a thickness measurement without touchxng the absorbing

1)

2)

3)

4)

iedium, For the terhnlque to. becnme of practical use, the following pointa

‘must be considered:

Aggggggx. The calculation of G involves tﬁe comparison of two
countu vhich results in a standard deviation for G. Counts in
excess of 103 mst be accumulated in AC and AB if the depth is -
to be determined (without collzmator} to within 5% standard

deviation gince a amall vnrintion in G leads te-a larger vari atlon

in calculated Lhicknesa,_

Whon collimated, the detector had an abselute full energy

peaklefficiency for 13?03 of 3 x 10 S'résuiting in an uncertginty'
in G of 20% for a mma}* Ci, mource and T 2 5 min. ;'For larger
detectors (>40 cm5) and - for larger sourca strengths (compat:ble
with- organ uptake measurements} then the unecertainty in G can be

improved to 2% giving a;thiékneas mepsurement deviation of Ay 4%,

Hgﬂig. i This axpériﬁent was performed with water. It iﬂlpoapible

40 use other materials (Peterﬁon'1§?0)oj Sincé this mefhod relies

only on the Compton effavt ‘the. scattering uraaa—sectaon depends

only on the nunmar of electrons in the abaorbnr _ Hence, remulta

Vbhauld be expectad to be mimilar for varioua elaments if the thicik~

ness is expressed in electronﬂ per ¢m3. Furthér experlmentnt1on

. s naqeas&ry o experimentally'détermina,the variations for dif-

férent modia and for different energies.

Energy Variation. The forward Compton scattering cross-section

(per electron) is independant of energy. Hehce similar results
would be . expected for other energies. It is interesting that
the method is'almpaﬁ totally iﬁsensitive %o'totél absorption
procgs#aé (photbelectfic and paivr production) in the absorbors
The_mathpd "picks ouf" the_Camptbn-effect even if it is only a

small percentage of the total number of interactions.
Collimation. If a source profile is fﬁquirad, then collimation:
is essential. Careful design is required to’ optimise ?pﬂfiél

resolution and minimise scatter from the collimator material,

' The'uﬂé_of a collimator alwaYQndagrndés the precision of Ge
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Instrumentation. Instrumentation may be arranged to give direct

readings of depth and source attenuation., ‘Fig; IV.& shows a
5chematicllgyout for a proposad syste. &fﬁer"amplificatioh by
the pulsé amplifier (NE&603}; the pulaés are fed to two single
channel analysers, one set on AB and the othier on AC. The outputs
are then fed info two ratemeters (NEAGO7) smet to give a logarithmic
Output.and the resulting voltages are then fed iwtﬁ the'énnlogue

subtraction unit (NE4656). Here, the log 31gna]$ are subtracted,

“and the difference is proportional to log G The output scale

can be directly callhrated in depth or-attenuation factor,

Conclusion

This experiment demonmtrates the use of forvard scatter measure~

. ments with Ge(Li) detectors to measure source depths in media, Several

other applications may be cons;daradv some in medical wmeasurement.

The instrumentation ia 3impla and can be constructed from readily

available uhitﬂ.

- Further work is required to fﬁlly define the pntgntial'nf the

-technique.



213

&pnvndlx V

.A Proposed Detectnr Configuraﬁion Combining Well and Duode - Geometr:es

Introduction

This detector design is propoé@d to obtain the maximum-rléxibility

from a spectronmeter, thereby g1ving opt1mum use for a wide range of maasure—'

ments, Well counters (sect, 5. 503) have been developed to opt;mlse source-
detactor geometry and duodes (sect. 7.7) %o ixy to improva the resulting
peak to Compton ratio, The cunmination'df these geometries should allow

a nunber. of possible counting confiﬁurntiunﬁ.-

Praposed Strlcture

A co-axial detector iz used (elther single ended or tirue co-axxal
gaomatry)lwith the p core removed to make a well copnter. _The n—layer 15
sPlit'tb givé the geometry of Fig. Vela.  This results in two aepa?atelf
operated halves (Fig. Ve1b) for the one detectpr;' A}rangement of tﬁe end
cap (Fig. V.ic) allows iﬁsertinn of sourbeé into the wélls The electrlcal
coupling of the two halves can be auch that the uutputs can be separate or’
summed. .

Methods of Qperation

There are three basic modes of operation for this device.’

1, Both halves summed together, with the source in position (1) or (2).
In this mode, the detector opéfétes as a conventional well detector

~with an optimum source-detecfor geometry.

2. Both halves operating in coincidence, source in position (2).
.Colncidence gamma rays only are accepted allowing preferenttal
60 L6,

measurement of such Yr-'f sourcea as  Co, Sc. The proximity

of each half to the.source gives a high geometrical efficiency.

%, Both halves in.coincidence, s&urce in position (1) or (3).
This mode is used for only non-coincidence gamma rays, utiliging
ihe principle of the duﬁdao It is appfeciated (sects 7+7.3) that
the duede offers little real advantage. Hovever, the ﬁrinciples
of operation involved illuatraté a wide range of physicul-ppocesses

and as guch can be a valuable tgaching aide
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© Bpectrometer Construction

The coaxial detector is fébricated by cutting the wall in the
‘inget and then diffusing the litﬁium either in'tha_weil,ur on the outside
cifcuﬁferencco Lithium ig drifted, in the fixst cgée £rom the well outwards
énd vice-versa for the second case.,  When theflithiﬁm has ﬁrifted throuqhgj'\
the i-p contact is re-cstablished by gold evaporation or a gallium diffusion.
The outside layer is then split as in Fig. V.'lb. by a diamond saw, or ﬁltrém-

sonic drill,

Flg. Vo2 shows the mounting urr&ngemeﬁt._ Tﬁe'revarse bios is
dppliad to the well, the two aplit layers paing'ﬁh@'ﬁignul contacts. Signals
ufc routed to the preampliflier tnﬁut stages as shown.  The detector is héld
in an adjustable crudlo with n uylnn strap. ° The cradle is electrically”
isolated from earth with a ceramic Lnsulator; horon pitride being a suitable 8

waterial foxr this purpose,.

- Ingots are readily available up to 55 mni-dia. so that large systems
can be made with well diameters in excess of 12 mm and still allow 15 mm
dirift depths. Resolutton capabilities of 2 =~ 3 keV zhould be possible w1th

the sum oeratton peak to Compton rattns of 30 to 1 obta1nableo

ggpclusiug

this system, thoﬂgh more expengive (ﬂJZQ% estimate) than the.

. equxvalent vnlume conventional detector, allows several typeq of npplxcatton
that are only poasible with two detectors. In addtimon, tha sourcemdmtector
geometry iﬁlaptimised to its fullest extent, a;lowiug thae widest range of

source activities to be measured.
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