Section 1. Abstract.

A gamma-ray spectrometer employing a solid state gamma-ray
detector of lithium drifted Germanium has been assembled

and spectromstry results of good resolution have been obtained
with the system for the gamma rays and positron annihilation
quanta resulting from the radioactive decay of the sodium=22
nucleus, It has been found that the energy resolution obtain-
able with the system is similar to that in the systems of
other workers and is somewhat better at the higher energies
measured. Results have also been obtained for the intrinsic
efficiency of the detector for gamma-ray detection as a function
of source to detector distance and at different energies of
gamma-radiation.

This thesis contains an account of this work which should
provide a useful introduction to the subject for anyone carry=-
ing on the author's work, as well as some detail on some of the
finer points involved in the data analysis and theory of oper-

ation of the spsctrometer.
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Chapter 1.__Introduction,

In this chapter a brief discussion of the featurss of nuclear
physics which explain the operation of solid state detectors will
be given, highlighting the reasons for the performance obtain=
able from Ge(Ld) devices in gamma spectrometry. An account of the
main steps in detector development which have lead to these devices
is also givem, followed by & short description of the work umder-
teken by the author at Ottawa University to develop a semicomductor
gamma-ray spectromster,

The operation-of lithium drifted germanium detectors with their
imherent high resolution energy measurement capabilities relies,
from the nuclear physicist's viewpoint, om'two well known areas of
text-book nuclear physics. These are the mechanisms by which gamma-
rays imteract with the matter of which the detector is composed, and
the statistical theory underlying the attainment of emsrgy measurements
with emall standard deviation. The problems in solid state physics
assoclated with attaining the high resistivity intrinsic region in
the detector, where the radiations are stopped, are left aside at
present,

Gamma-rays interact with matter chiefly by three well known mech-
enisms, in each of which photons are removed from their .origix‘ml peth
by a single interaction; this fact implies, incidentally, that the
intensity of gamma rays in anarrow beam will fall off exponemtially
with distamce in traversing matter of uniform composition and
density. The three mechanisms lead to separate absorption coeff-
iclents which cam be added to give the total absorption coefficient
which multiplies distamce to give the exponment in the exponential

intensity-distance relation.
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Each of the three mechanisms involves production of secondery rad=

jation, electrons which then loss their energy by multi-interaction ?
processes in the material, and the relative efficiencies of the three
processes depend both on the energy of the incident gamma-rays(E),
and on the atomic number of the medium(Z). All three processes
depend linearly on the mumber of absorber atoms per unit volume(N).
The largest effect in the low energy region, around .100 kev, is
the photoelectric effect inm which a gamme-ray transfers allcof its
energy to an electron which is initally bound in an atom. These
photoelectrons are produced in matter by gamma-rays, X-rays, and even ,
visible light, as in the photomultiplier tube cathode., The probability |

of photoslectric absorption, expressed by means of the linear absorp=

tion coefficient,(z(photo)), varies as
N /BP0 emaL | i

A photoelectric interaction in the detector is registered by a l

pulse in the electronics which contributes to the full energy pesk

in the pulse spectrun stored by the analyser memory. (For a descriptio®

of the common spectral features in multichannel analysis of gamme=-ray

spectra the reader is referred to the very useful section on prin-
ciples of pulse-height analysis in the instruction manual for the
512 channel analyser published by Nuclear Data Imc.)

The second mechanism is the Compton effect, in which a photon strikes
an electron and ejects it in ome direction whilst being scattered
with reduced quentum energy in another, The change in wave number
of the photon, from k to k', is given by

1/k* = 1/k = (h/me)(1-cosC),

where C is the scattering angle of the Compton scattered photom. The
corrospending change in emergy of the photon occurring at the scatterisg

event, from E to E', is given by
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B = B/ (1+(1-cos). E/nc),
The Kleim-Nishima formula givss the abserptiom cosfficiens, z(Compt.),
for the Compton precess at emergies above 1 Mev. as approximately

oqual te

-25. NeZ/E( 1n2E/ nc? + 1/2 ) cn.'l,

135 x 10
Thus z(Cempt.) has very mearly am inverse dependemce on E, and a direct
dependence on electren density, each electron in the absorber centributing
independently. As explained earlier, this sbsorptien coefficient enly
applies strictly in the case of attenuation of a narrow beam, whers sisgle
interactions remove quanta completely frem the beam, Fer detectop effs

iciency calculations allowance must be made for the fact that successive

Cempton scatterings of the same photon can give rise to cemplete abserptiea

in the detecter and a cemsequent charge pulse which appears te the elecire =
nics just like that from a photoslsctric absorption af the gamma-ray. T4

In such cases z(Compt.) is effectively decreased and z(photo) imoreased.

The third process, pair productiom, eccurs when ganama-rays are "
annihilated in the vicinity of a mucleus, creating an electren and
positron pair. Simce the rest mass emergy of the pair is chz, the
ninimun value for E for which this eccurs is 1,02 Mev, Pair preductien :
fron ganma-rays abeve this emergy results im electrons with total
kinetic emergy almost equal to the excess of E above the rest mass
energies, since the muclear recoil emergy is very small. The pair -
productien absorptien coefficient at energies near the threshold
2 ).

Simce the mean lifetime of the positron is very short im matter,

for the precess varies as N, 22 ( E - 2nc

ending in the inverse process to pair-production and consequent emission
of two gamna-rays ef energy equal to the electron rest-mass energy,

(ncz) , all ganma-rays of energy greater than 1,02 Mev, are

accompanied
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by some of energy 0,51 Mev when they are absorbed.

From the above some important factors relating to gamma-specte
rometry with semiconductors emerge, First, the ratio of the photo=
electric coefficients for Germanium and for Silicon is about 40
for energies in the 100 Kev regionm due to the strong Z dependence
of z(Photo)s Furthermore, the ratio of z(Photo) to z(Compt) varies
a8 Z4 for a given energy, and the ratio of pair-production cosff-
icient to z(Compt.) varies as Z, These tendencies indicate the use
of Germanium(Z= 32) in preference to Silicon(Z = 14) in order to
achieve greatest absorption with least interference in spectra by
Compton backgrounds,

The ion pairs, created by the slowing down of the high energy

secondary electrons in the high resistivity depletion layer of the

detector(diagram 1), are collected by the electric fisld existing ‘ ;
in this region due to the application of a high voltage to the
slectrodes. The number of ion-pairs and thus the charge collected

at the detector's electrodes, and eventually the pulse height in

volts, after linear amplification in a charge sensitive preamplifier
and pulse-shaping main amplifier, is directly proportional to the
energy of the photon which gave rise to the ions, for a given det-
ector material,

This proportionality between signal amplitude and deposited energy
arises from the constancy of the average energy needed to create an
ion pair, with respsct to the energy deposited in the crystal by the
radiation, This constancy means that, whatever the energy of the rad-
iation, within reasonable limits, a constant fraction of it is used to
create ion pairs in the lattice which can be collected at the elec-

trodes as a charge signal; the remainder of the energy goes to excite
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atoms without ionisation and is thus dissipated in thermal heating
of the lattice,

However, since there is this variety of ways in which the rad-
iation's energy can be expended in the lattice, the actual number of
ion pairs formed from monoenergetic radiation stopping in the det-

ector is subject to statistical variations which, in the hypothetical

limiting case where ionisation becomes a rare event amomgst the
other energy dissipating mechanisms, would obey Poisson statistics.
In the present situation we do not however approach this extrems and

the variance in the number of ion pairs created during a detection

event is smaller than its value in the hypothetical limiting case by
a multiplying constant known as the Fano factor, The means of deducing |
F from energy resolution data is given in chapter 3, and the results

obtained for the F valus of Germanium are im section 8 of this '@
theﬁiﬂo '

Since the average energy needed to produce an ion pair in

Germanium is only 2,85 ®Ve, compared with about 30 ev. for gases ‘{
and 300 ev, per photoslectron in a scintillator-photomultiplier g
combinatiom, the signal is about 10 times that in gases and 100
times that at the photocathode of a_photomultiplier; the statistical
fluctuations as a fraction of signal from the detector will thers-
fore be less by a factor of three over an ion-chamber's signal and
about twenty over a NaI(T1)-photomultiplier signal, Thus, by using
semiconductors, considerably greater energy resolution has been
attained in nuclear particle spectrometry,
The development of the Ge(Li) detector has folloved a logical
series of events in the use of semiconductors first for detection of
heavy charged particles, with p-n Junction and surface barrier det=

ectors, and thence, with the ability to produce detectors with
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thicker sensitive regions by means of the lithium drifting process,
for measurement of elsctron and gamma=ray energies, initially with
Silicon as the basic material, However, the low photoslsctric |
absorption coefficient for Silicon restricted the use of that

material, for gamma=-spectrometry, to the 100 Kev, region, The

first instance of the use of the Lithium drift process in Germanium *
is recorded by Freck and Wakefield(1) who made a detector with

an area of 1.5 cm? and thickness 1.5mm., which gave an energy res-

|

olutiom of 3.2% at 662 Kev, This was followed by the work of Webb

and Williams {2), and Ewan and Tavendale, much of whose work is

discussed in their comprehensive article (3); they developed
larger detectors and obtained much higher energy resolution in ‘TS
gamma-ray spectrometry,

The ehief advantages of the Ge(Li) gamma spectrometer over the It

sophisticated curved crystal spectrometer of Dumond are its relative
simplicity, higher intrinsic efficiency, and its ability~ to record an
entire spectrum at once rather than as a single channel device,
Comparing with the much used NaI(T1) spectrometer, energy resolution .
for measurements above 500 Kev, is about twenty times better,

.6, energies can be found with a precision of 0s3Kev, as will be
shown in the present work, instead of , typically, 6Kev. with
NaI(T1). In addition, the collection time, around 30 nsecs., for
charges released by ionisation in the detector are an order of
magnitude faster than pulse rise times from a scintillator, This
enables smaller coincidence resolving times to be achisved in the
detection of coincident events. However, the full energy peak
efficiency is generally much lower for Ge(Li), due to the limited
depth of depletion layer attainable at present, Newer, coaxially

drifted detectors, described by Malm st alia(4), are being manu-
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factured at present with similer volumes and efficiencies to small
sodium iodide crystals,

In the present work, energy resolution measurements have been made
on gemma-rays with known energies in the range 122 Kev,(Co 57) to
261/Kevs (T1 208), with results close to ths values obtained by Evam
and Tavendale(3) in measurements at 122, 1333, and 2614 Kev, By
means of finding the channel numbers of the peaks recorded by the
analyser as & function of the energies of the corresponding gemma-

rays, and also the channel numbers of peaks produced from elect-
ronically produced pulses of known heights, gamma energies are

correlated with pulse heights in volts, The resulting detector

response relation is very nearly linear and is used to find unknown
gamma energies by interpolation between primary standard energies, '
In this way the Na-22 gamma-ray has been remeasured with similar 1

precision to, and in agreement with a measurement using identical

techniques by Robinson, Stelson, and McGowan (5), and the energy

of annihilation quanta has been found and agrees with the rest mass
energy of the electron as established by Dumond et alia(6), to
within the standard deviation of about 0,3Kev,

An important parameter for any nuclear radiation detector to be
used for absolute counting measurements is its intrinsic efficiency
or the fraction of particles or rays striking it which are eventually
recorded by the systeme The photopeak intrinsic efficiency has been
calculated for the Physics Department's 3.7 cc. cylindrical detector
a8 a function of source-detector distance and for gamma=rays of two
energies in the 100Kev. to 1Mev, region. Results agree with those of
Ewan andTavendale (3), made for a fixed distance between source and

detector,to within 7%,
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From the quantity of full energy peak half width data that has been
obtained for various sources, the Fano factor of the detector mat-
erial has been deduced from the linear relation existing between

the square of th§ statistical uncertainty in an energy measurement

and the energy itself. This relation arises from the statistical nature
of the number of ion pairs, mentioned above, ang is discussed at

greater length in Chapter 3(c),
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Chapter 2, Apparatys.

(a) ter,

Semiconducter radiatien detectors are solid state versiens of the
classical ieaisation chanber which works en exactly the sams primciple:
the productien ef ienisation and the collection by am applied electric
field ef electron-hole pairs oreated by the energy depesited by the
detected radiation im the lattice of the semicomducter o This electron-
hole pair collection corresponds exactly to the similar precess ef
collection of ion pairs in the gas of an ionisatien chamber.

However, as menticned earlier, greater energy resolution, i.e. relative
uniformity of pulse amplitudes arising from detection of monoenergetic
ganma-rays, is achieved with semiconductors than with gases since, en
average , about ten tines as mamy charge pairs are creatsd for & given
quantity ef emergy deposited .

Diffusion of a donor element, say phosphorus, fron the vapour phase
into a piece of high resistivity p- type bulk Silicea er Gersanium is
used to preduce the p - n jumotien detector which will detect radiatioens
which stop in its depletien regicm. Howsver, the thickness of %his
region, when the device is mamufactured from readily available mat-
erials, is linited to about half a millimeter, and thus suffices fer
detection ef mediun energy electrons or heavier particles only, and
cannot be used for gamma- detection . In a case where the a-region
doping is very heavy , as in all radiatien detecter situations, almost
the entire jumotion veltage drop appears in the p - region and the
width of the depletien layer is given by

W= (KV/2reN, M2, ket A, 28,
where K is the material's dielectric constant, V is the veltage applied
across the jumctien , and N‘ is the net density of charge carriers

vhich is iaversely proportional to the resistivity. ( It can be shown

g
‘l
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that the depletien regien extends e either side ef the jumction
of p and » materials in the junction counter amd that the extensions
on either side of the jumction are directly proportienal to the respect-
ive resistivities im the two regions away from the Junction, (Ref. 4),
Thus, in jumotion amd lithium drifted detectors where the resistivity
of the p-material is much higher: tham the resistivity in the heavily
doped m - region, the depletien layer falls mainly on the p - mat-
erial side ef the junctien whem the reverse electrical bias is present.)

The width of the active region is thus limited by the voltage
which can be applied to the jumetion without some form of electrical
breakdown, and by the number of acceptor sites.

In Silicon and Germanium prepared by the mormal zone refining
processes sufficiently high resistivities cannot be attained to
give deep depletion layers, with the depths of 1/2 em, or more
required for gamma rey detection, However , high resistivity mate
erial oan be mads by effectively cancelling out some of the negative-
1y charged acceptor sites in the p-type bulk material with positively
charged lithium ions located interstitially in the lattices

This is achieved by the so called lithium- drift process in
which Lithium is usually evaporated onto the surface of the p-~type
semiconductor material and is then allowed to diffuse into the surface
at & temperature of about 400%, forming the thin n* layer showﬁ in
Illustration 1. Applying & reverse bias then causes positive Lithium
ions to move from the thin swfaece diffused region into the bulk of
the detector, compensating acceptor atoms en route. The low
ionisetion energy of Lithium atoms and the high mobilty of Lithium
ions in semiconductor lattices allows this process to take place at
& reasonable rate which is also simply predictable. The theory of this

process is well documented and a clear account is given in the very

17.
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informative paper , by F.Goulding , Reference 11. Depletion layers in
planar detectors with depths up to 1 cm, are thus quite commonly used
now , and with such active volumes a reasonable intrinsic efficiency,
of the order of a few percent for full energy gamma detection , can
be achieved, An added advantege with thicker depletion regions is that
the capacitance is not so great as to seriously degrade the energy
resolution given by the electronics . The Junction capacitance for

a Germanium detector is given by (1,40 AN ) pfd. end thus is about
11 pfd. for the detector used here. A further 3 pfd. bas to be allowed
for capacitance arising from the metal encapsulation and 2.4 pfd.

for the high voltage lead built into the cryostat,

At room temperature Lithium atoms tend to precipitade at vacancies
in the lattice and thus become electrically inactive o This effect
appears to be greatly reduced at liquid nitrogen temperature ,
presumably due to the fact that Lithium ion mobility in the lattices
dccreases as the temperaturs is lowered . This is ome of the reasons
for use of a vacuum cryostat in which the detector is mounted and
operated at reduced temperature , as described in the next section of
this chapter, ]

A further experimentally important quantity associated with a det-
ector in operation is the collection time for charge carriers making
the complete transit across the depletion layer, which is given by

T = ( W /v ),
whers u is the ion mobility in the electric field due to a voltage ,
V, across the layer of .thickness W. Using mobility data in Ge at
77K the collection time and thus the pulse rise times for charge
flowing from the detector is about 1, nsecs, for an applied potential
of 900 volts , as used in all the work described here.

/8.




(b)s The Cryostat,

For the successful operation ef Lithium drifted Germanium detectors
they must be cooled well beloy room temperature for two reasons, First,
at roon temperature Lithium atoms are sufficiently mobile in the
Germanium lattice to prccipita'u at vacancies and thus become electric-
elly inactive and fail to produce the necessary compensation at the
acceptor sitea of the patypo base material to form the intrinsic
region, Secondly , bccaua_q of the smallnus of the energy gap bet-
ween valence and coﬂduction bands (0,66 oV. at 300%,), the number of
thermally gonzratod oloctron holc paira, and consequontly the reverse
current in tho diodo when an oloctric field exists in the depletion
region, is conaiderablo. This rovcrao currant producu a contribution
to the overall sproading lnd concu.ling of the wanted signals which
results in the limit on enorgy resolution o“btainod in the syatem. This
reverse curront nuat thorefore bo kept to a minimum by cooling the
detector , prcferabl,y to liquid nitrogon temperaturo, when the reverse
current should be in tho rogion of 10'9 to 10 aaps under operating
conditions, (v. Rnfs. 1 &8 ) Musuremnnts of reverse current wers not
made by the author , but since the dotector operated with the energy
resolution oxpoctod under optimum conditions 1t vas assumed that reve
erse current was sufficiently low. The silicon device will operate
satisfactorily at room temperature , but for reasons mentioned earlier
cannot take the place of Germanium for much nuclear physics work,

For these reasons the Germanium detector has to be mounted s When
operating , in & cryostat capable of reducing and maintaining its temp=-
erature for extended periods near that of liquid nitrogen. A cryostat
of the type shown in Illustration 3. was used, built to the design .

given in reference (9), and the detector was mounted on the pedestal

9.
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of aluminum which gives minimal back-scattering because of its low

m 88 number, The pedestal was attached and cooled to the temperature
of one end of a Coppsr"cold finger", the other end of which is
immersed in liquid nitrogen kept in a 25 - liter Dewar, a sufficient
capacity for the system to be left untended for periods up to 10 days
or 80, The temperature reached under operating conditions at the
detector was measured by means of a Copper resistance thermometer,
wound around the shaft of the pedestal. The calibration » by
Dauphinee and Preston - Themas , of this typs of thermometer wound

on a Copper calorimeter, was used as the basis of present temperature
measurenents (REfce. 10), However , in this case the Copper wire was
wound, with the very minimum of tension in the wire to preserve its .
slectrical characteristics, on to the aluminum pedestal of the cryostat;
dus to the difference in constructional material s tween wire and ped~
estal a small degree of differential thermal expansion was introduced.
However, a check on the accuracy of the thermometer was made by
immersing the co;pleto pedestal and coil assembly in liquid nitrogen,
and rescording the temperature given by the ratio of coil resistance at
that temperature to the resistance at 0°C, Thus the temperature of -
the immersed coil was found to be about 100°K, and this was accepted

as sufficient evidence of the thermometer's satisfactory performance

in the relevant temperature region. The difference of the reading from
liquid nitrogen temperature may well have been due to the fact that the
coil was completely wrapped in masking tape to keep the coil secure
whilst suspended in a vacuum flask. When the pedestal was incorperated in
the cooled cruestat, . at working conditions of between 10-3 and

107 torr air pressure inside, the coil temperature was found to be
almost exactly the same as in the check measurement, i. e. at about

105°K. This temperature is in good agreement with that found by

A0 .
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Chasman and Ristinen for their evacuated cryostat, (REF, 9 ), about an
hour after immersing the lower end in liquid nitrogen. In order to
protect the Germanium detector from possible thermel shock during these
preliminaries the detector was simulated inside the cryostat by means
of a cylinder of mild stesl of identical dimensions to those of the

actual detector. In order to maintein these temperatures inside the ..

cryostat for appreciable times,and with reasonable liquid nitrogen
economy, the asssmbly had to be evacuated by means of a rotary pump
to about 10"3 torr and then finally pumped down with molecular sisve
built into the cryostet , to pressures in the region of 107% torr
where heat transfer across spaces of the dimensions of the inside
of this cryostat is very iow and is by free molecular conduction ,
rather than the thermal conductivity mechanism existing at higher
pressures , together with radiative transfer, Radiation is actually
the predominant mode of heat transfer in air at these pressures,

A calculation given in Appendix 2, shows that at 10-3 torr free
molecular oonduction and radistion account for about equal amounts
of heat transfer , whereas at lo.l’torr radiation is predominant

by a factor of twenty. At these.pressures the thermal conductivity
decreases linearly with the pressurs. ( Refarence C ).

It was shown in the author's work that the temperature at the
detector site rose only as far as 125°K, even when the vacuum was as
poor as 107 torr and 145°%K. at 0.5 torr.

Once the vacuum had been produced in the cryostat it was monitored
by & vacuum gauge operating with either a thermocouple type gauge head
or a Balzer jonisation gauge head . Beside achieving low liquid
nitrogen consumption a good vacuum is also a good assurance against

the deposition of any electrically conducting material on the outer

al.
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surface of the detector capsule, thereby possibly reising the leakage
current to & level at which it introduces excessive noise into the
signal pulses,

One extra requirement of this cryostat is a low capacitance lead
fof HeT. and signal between an insulated terminal on the cryostat case
to the live terminal on the detector, ( Illustration 3.) As a
preliminery to constructing such a lead inside the cryostat, the
theoretical capacitance was caleulated for possible configurations
involving variations in lead diameter , insulation material, and
lead to case spacing o The lead finally used was of very fine

Tungsten wire, 3 thousandths of an inch in diameter, glued insids a
secticn of polythene tubing in such & way that it was under slight ' .
tension, and thus possible capacitance change or vibration arising .-
from disturbance of the cryostat was avoided, The polythens tube and

- wire vas then attached to the inside of the cryostat cass and the
ends of the wire , which had been previously Copper plated and tinned,
were soldered to the respective terminals. As a final check the capace
itance was measured using a Boonton Q - meter and found to be 244, pfd.,
rather higher than the calculated figure of about 1 picofarad but
nonetheless compatible with the mutuslly parallel capacitance of the
detector, i. o, 14 pfd.

Finally, mention should be made of the fact that mounting the det-
ector in the cryostat in such a way that the detector was at room
temperature for as short a while as possible was a process requiring a
certain amount of ingenuity., It involved mechanical mounting of the
dstector, with a mounting ring and screws, to the pedestal, soldering of
the H.T. lead in place, then final assembly of the cryostat with detector
in situ, checking for electrical insulation between H.T, lead and case

after assembly, and finally the fairly lengthy procedure of evacuation to
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around 10-4 torr. The latter process involved first the evacuation from
atmospheric pressure to a pressure in the region of 10'3 torr with a
Baler's rotary vacuum pump, simultaneously with heating of the

stainless steel tubes of the cryostat and the contained zeolite adsorbing - .
agent by means of a hot air blower; after it was estimated that degassing was
complete, the cryostat was allowed to cool to room temperature and then to
liquid nitrogen temperature by immersion of the cold finger in the vacuum flask
of liquid nitrogen. During the heating of the stainless steel tubing with

hot air, the Copper cold finger extension, which screwed into the bottom

end of the cold finger indicated in diagram 3, was immersed in an ice-

water bath to keep the dstector at its upper end as cool as practically .

possible during this time. The temperature of the detector was also mon=

itored by means of the Copper resistance thermometer during this period .
to ensure that it did not rise significantly due to the heating. Upen 5§
final immersion of the cold finger in liquid nitrogen, the time taken for
the upper end to reach its equilibrium temperature of around 100°K, is about
ons hour (Ref, 9 ), an adequate period to ensure that the detector does

not suffer from thermal shock during the cooling from room temperature to
100°K,
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(c)s Elsctronic Equipment .

In order to fully reap the advantages inherent in semiconductor
detectors the ancillary.slectronic equipment has to be well suited

to tneir characteristics. This applies particularly to the achievement

of optimum resolution and speed of response in the detector's output
signals . A block disgram (Illustration 4.) of the electronic
equipment used is given in section 7.

Since the events detected are measured as pulses of electrical L

charge collected at the electrodes of the detector s Which behave also

as the plates of a capacitor, the heights in volts of pulses appearing

at the detector electrodes vary with the capacitance of the detector |
as well as with the quantity of charge in .the pulse. Since the depth gﬁv&
of the depletion layer is a function of the applied voltage , the “ijd
detector capacitence varies with any fluctuations in the high voltage
supply « A voltage sensitive preamplifier would thus be of little use |
to amplify the signals coming directly from the detector , and & .. .. lff%
device which gives an output pulse whose amplitude is proportional as
nearly as possible to the charge in the imput pulse is needed, This

is achieved by means of a feedback capacitor , Cf, in parallel with
the first amplification stages of the preamplifier , which causes tae
input capacitance to tue amplifier to be ( A+ 1), Cf. This can be
shown by an approximate analysis of the feedback loop, assuming infinite
input and zero output impedances, and open loop gain A, The design of

the preamplifier is therefore such that ( A+ 1 ).C_ is much greater

£
than C , the combined detector and stray capacitance from the connecting
lead,( q. v. ), and input circuit .capacitance of the preamplifier .

When tais inequality holds true, any changes in the detector capacitance

due to variation in thickness of depletion layer are effectively swamped o




by the large capacitance appearing at the input.of the preamplifier,

The output voltage signal from the charge sensitive stages is then
given by '

o= WG,

and is typically about 50 Millivolts per Mev. of gamma radiation energy
deposited in the detector when the feedback capacitor in the preamp-
lifier is 1 picefarad. The open loop gain wes 5000 for the preamplifier
used here, making ( A+l.), Cp considerably larger than the total input
capacitance to the preamplifisr of about 20 pfd., including detector
capacitance.

The remainder of the electronic units further process the pulses .
from the preamplifier which have height in volts given by ( 8.Q / G, )
when charge pulses, Q, flow from the detector into he preamplifier,
with feedback capacitor Cp determining the charge sensitive gain, and
& further amplification by a factor "a" applies for the stages
following the charge sensitive part.

A further overall voltage gain factor, G, is applied by the main
amplifier , togsther with some pulse shaping, discussed below, giving
an outpﬁt voltage for pulses at B (Illust. 4.) of (GaQ / Cg). The
biassed amplifier is then capable of removing tae lower portion of
the pulses, below a voltage level which cen be adjusted by an
external control , and then amplifying , by gain factors up to 20,
the remaining top parts of the pulses. This process enables series
of pulses which differ only slightly in height at the input of the
biassed amplifier to be clearly distinguished at the output. With the
instrument used here the range of levels over which biassing could
take place was O - 10 volts . Labelling this arbitrarily set level
as L volts , and the gain subsequent to biassing as g, the pulses

at C and T have height

(GaQ/C,-L) .8
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Pulses at this point, of differing heights corresponding to the
various values of Q, for different quantities of deposited radiation,
are recordsd in the 40) channels of a multichannel analyser, the
nunber of the channel in which a pulse is counted being linearly
related to the mean of a small rangs of heights of input pulses,

The number of pulses recorded in any one channel is proportional to i.
the spectral density of pulses in the corresponding region of detector
pulse heights. Neglecting the finite width of the channels theanalyser
is designed so that there is as near a linear relation as poasible
between the pulse height and its corresponding channel number,

Since the pulses are required to pass through the electronic
system with as little change in shape as possible , except for
deliberate pulse - shaping in the main amplifier, the inputs of the
various units must be impedance matched to the interconnecting cable s
which were of 93 ohms characteristic impedance in all of this work.
The input impedance of 125 ohms of the main and biassed amplifiers
thus necessitated parallel resistors at their inputs , attached with
B« N.C. connectors and T-junctions, to reduce the apparent z(input)
to 93 ohms, This avoids reflsctions of parts of the pulses at
terminations of the cables and the resultant "ringing" of the pulses.
Slight variations in heights of pulses originating from monoenergetic
gampe~reys arise from the various sources of noise discussed elsewhere
in this thesis, but these variations require other methods of reductian
which are often difficult indeed to achieve : the literature of the
last three or four years shows the great volums of work that has gone
into developmsnt of these high resolution systems by leading workers.

These latter variations are manifested in the finite widths, usually -

W




of several channels, of the Spectral pseks recorded and displayed
by the analyser, when the electronic pulser feeds the system,

Differentiating and integrating pulse shaping circuits are used in
the main amplifier in order to prevent pile up of pulses and to
improve the signal to noige ratio of the pulses by attenuating a part
of the electronic frequency spectrum over which only a little of the
signal is spread but which contains a significant proportion of the
noise. The differentiating circuit s in which the input gignal is -
applied to a series combination of resistance and capacitance , and
the output teken from acrogs the resistor only, acts as a high pass
filter which does not redyce noise , but shortens the duration of the
pulse, bringing it back to baseline level rapidly after reaching its
maximum amplitude. This reduces possible pulse pile-up when counting
rates are high, The integrating circuit , however, in which the output
is taken from across the capacitor in the R=C scries combination,
does reduce the noise fraction in the signal since it acts as a
low pass filter and the fraction of the noise occupying the high
frequency region is attenuated. In the author's work the amplifier
was used with values of shaping time constants which were experiment-
ally found to give the best resolution in spectrawhich were recorded -
by the system for pulses from the electronic pulser adjusted so that
its output simulated Co - 60 gamma ray pulses from the detoctdr.

There are two chief sources of the total noise apart from that - -
associated with the statistical spread of the detector signal, which is
discussed in chapter 3. They are (1), the shot noise in the reverse
current flowing in the detector , which is effectively in parallel
with similar fluctuations in the input current to the first anplifying
device, and (2), the noise developed in the first anplifying device

which can be treated as Johnson noise in the equivalent input noise
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resistance in the amplifying device. Besids these sources there is the
surface leakage current on the detector which contains noise that is
not of a well known type such as shot or Johnson noise. It is worth
noting here that the .elsctrical noise sources » which in the better
preamplifiers introduce a line width (F.W.H.M.) of about 2 Kev.
energy equivalent, are equal in magnitude to the statistical effsct
in Germanium for gamma- rays with energy in the 1 Mev. region , and

that below 100 Kev. these sources are easily predominant,

A 4
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Chapter 3, Results,
(a) Intrinsic Detection Efficiency.

Spectra were recorded for gamma ray sources of known activities,
(They were calibrated gamma sources supplied by the Division of
Ressarch and Laboratory of the International Atomic Agency in
Vienna,) For each source the total counts under the full energy peak
were found from the printed date output from the multichannel
analyser for various distances between the source and detector,
in each case with the source on the axis of eylindrical symmetry of
the detector. The sources were selected so that a single gamma-ray
was involved in each measurement, thus eliminating possible comp=
lications in allowance for background resulting from the Compton
distribution region of the spectrun of & gamma ray of higher energy
which might be present otherwise, The photopesk from each gamma ray
was made to occupy as many channels of the Victoreen 400 channel
analyser as possible by using a biassed amplifier after the main
amplifier, The use of this device is mentioned further in chapter 2
of the thesis, Results were repeated at two distances with one of the
sources, using first a retort stand clamp to support the source close
to the stand, and then supporting the source at the end of a card-
board tube which separated it from any material of high atomic

number, This procedure was carried out to ensure that the photo-
peaks recorded did not contain counts registered for gamma rays which
had been scattered by material surrounding the source,

The total counts recorded in the measured live time of the
analyser was corrected for background by subtracting the arca
under a straight line interpolated between the asymptotic parts of

the spectrum outline curve at the high and low energy extremes of the
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photopeak. Examples of the spectre are given which show this, The
resulting total count was checked against the area of a true Gaussian
peak with the same peak half width and height as the experimental
peaks, Agreement within the statistical error in the total counts
indicated that the shapes of the peaks recorded, and the background
allowances, were satisfactory, The expression for the area under a
Gaussian peak is 1.0665p°f where P, is the count in the peak channel,
and f is the peak half width in channels, This corresponds to a prob-
ability distribution for the numbers of the counts occupying the
channels given by

o8 = {Wo@Em] af-- Nty

vwhers p(E) is the count in channel number E, N is the total counts

under thepeak, Eo the channel number for maximum counts and ¢~ is .
the standard deviation in E. It can be shown that i
B(E) = p, = W/e2m) 2, |
Lo _N__= pg(on Y2 p(000) /2 ¢
The radiocactive sources are effectively point sources at the dist- f%
ances which have been used, since the active material is placed bet-
ween two thin polyethylene discs in the form of a drop of liquid initially,
Thus the inverse square law can be applied for the reduction of radiation
intensity with distance. The intrinsic efficiency, defined as the
number of pulses registered in the photopeak as a fraction of the
nunber of rays simulteneously striking the face of the detector facing the
source, is therefore related to the overall efficiency, defined as the
number of counts in the photopeak as a fraction of the total number of
photons leaving the source in the same time’by the simple geometric

relations

(EEE) jpyoh = GWERL(BEE) .
where R is the total distance,made up of the measured distance between i

source and the outer surface of the cryostat aluminum cap, and the i
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"window" on the detector itself, shown in diagram (2), and A is the area
of the datector face.

The errors resulting in intrinsic efficiencies are the statistically
combined result of errors in the known source strength, the gamme ray
per disintegration factor for each source, the statistical uncertainty
in the total counts from the spectra, and the error in measuring the
distance R, Results in tabular form and graphs relating efficiency to
distance are given in section 8, together with an explanatory note on

the formula used for computing the efficiency,
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(b)+ Gamma=Ray Spectrometry.

The equipment was set so that the spectrum of a group of gamma rays
from various sources could be recorded and stored in the analyser's
memory. The sources were selected so that the energy of the gamma ray
to be measured £oll . somewhere within the range covered by the group,
Spectra were recorded and the channel numbers corrssponding to the
various gammas present were read from the visual display. Spectra
were also recorded for pulses from a pulse generator covering the seme range
of pulse heights as the detector signals from gemma ray detection,

Peak channel numbers were taken for the peaks recorded by the analyser
for the various pulses whose heights in volts were accurately meas-

ured by & differential voltmeter, In this way gamma energies and pulse
heights in volts were related graphically to channel number and thus
both known and unknown energies were related uniquely to voltages known
with an accuracy of one part in 5000, The plots of E versus pulse

height in volts are extremely linear, indicating the linearity of the
detector's response, i.e. the number of charge pairs collected at the elec~
trodes with respect to the energy of the radiation. This linearity allows
simple interpolation (see Appendix 1.) between the known energies

of two of the calibration lines to obtain an unknown energy. The

channel number versus gamme energy relation , which is more simply
obtained, is not expected to have this feature since linearity of
amplification and analogue to digital conversion processes is also
involved.

Graphs are given for energy regions as follows: between 835 & 1332
Kev., using Co=60 and Na~22, Mn 54 and Zn-65, and between 1173 and 1332
Kev, using Co-60 and Na-22 only, to find the higher energy gamma-ray
from Na~=22; and from 238 to 612 Kev. using Thorium(B+C+C"), Ir-192

and Na=22 to find the energy of the positron annihilation quanta.
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Energies assigned by this method incorporate the uncertainties in the
known energies of the calibration lines and the reading errors of the
peeks in the spectra, which in this case amounted to a quarter channel
width in all cases, in analysis of the statistical combination of these ;
errors to give the errer in the final result is given in Appendix 1. to
this thesis, The quality of the results in comparison with the work of
others is discussed in chapter 4. Numerical results found were 1274.1
+ 0.2 Keve for the 1173 to 1332 Kev. data,1274.2+ 0.5Kev, for the 835 to
1332 Kev. data, and 511.0 + 0,3 Kev. for the 236 to 612 Kev. group, The

maximum non-linearity in the detector response relations recorded is

0.5% in the low energy range and 0.1% in the higher range,
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(¢)s The Fano factor for Germanium.

The resolution which can be obtained with the gamme~ray spectrometer

is limited by noise arising from two sources, namely the purely statistical
effect of the fluctuations in numbers of ion peirs produced in a det-
ector by monoenergetic gamma rays, and secondly all sources related to
signal fluctuations arising in the electronics of the system, such as the
detector leakage current noise, It is the first effect , which is a
fundamentel limitation, which we are hers concernsd with, Since all

gources of noise are random, and are statistically independent of
one another, the total effect can be computed by adding the megnitudes
of the various sources in quadrature, Thus, in order to find the experimenw
tal magnitude of the statistical variation in number of ion pairs the
sffects of all other sources must be deducted from the total. Denoting the
various noise quantities, (full width at half maximum in kev. ,or
equivalent numbers of ion pairs) as Ntot.’ Niet.s Namp. for the total

noise, detector noise, and amplifier noise respectively, we can write

2 _ 2 2
Yot = Vigy * Damp

Now Namp can be found by using electronically produced pulses with

& very high degree of uniformity in height in place of the normal pulses

from the detector, and observing the recorded spread in heights of

these pulses after passage through the electronic system, To be quite
rigorous here, the biassed detector should be attached to the preamp=
lifier when this measurement is made in order that reverse current and
surface leakage effects should be present, Thence measurement of Ntot.
for pulses produced from ionisation in the detector, with exactly the
same amplifier pulse shaping time constants, givesN;ot, by subtraction
in quadrature, Ndet. arises from the statistical variation in number

of ion pairs produced in the detector when monosnergetic radistion is

stopped in the depletion region, It is due to the fact that the prod=
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uction of ion pairs along the paths of primary and secondary radiations in
the crystal is a random process, analytically similar to the radioactive

decay process in that the number of ion pairs produced along & given length

of primary radiation path is subject to Poisson statistics just as

is the number of disintegrations occurring in a large number of radio-

active nuclei in a given time., However swhereas the latter process
is strictly random, the former is not since if all the energy were
used in producing ion pairs in the crystal and there was thus no
energy lost in excitation processes which do not contribute to the
electronically observable signal, then thers would be always an exactly
similar number of ion pairs produced when a gamma=- ray of a given !
energy was stopped. The degree of randomicity in the process is in !
fact linked to the degres to which ionisation events are rare, Thus i
we can say that in this physical situation ionidations are not comp=
letely random processes but are to some extent statistically
dependent on each other and the variance in the numbers of such events
is consequently somewhat less than the variance if the process were
purely random., The factor by which it is less is the so called Fano
factor,

Thus, if E is the gamma energy and w is the average energy needsd
to produce an ion pair in the lattice, which will be treated as constant
with respect to E, the total number of ion pairs produced will be
E/W and the variance will be (FE/W), where F is the. Fano “factor,
since E/w would be the variance if the number were distributed
according to Poisson statistics, The standard deviation in number
of ion pairs will therefore be (FE/w) 1/2 end Njet(fowohoms) is

ihil 2
2-35(FEVV where E and w are measured in Kev, Thus if Nget, is

plotted ageinst E for measursiiants made with various gamma

energies a straight line with slops 2,35%2,85F should result,

Rz i
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2,85 being the average energy per ion pair in Germanium (Ref, 3, p.
2287).,

The energy band gap, between valence and conduction electron bands,
in Germanium at 100%, is 0.75 ev. and thus the degree to which energy
is lost by lattice heating effects, outside of true ionisation processes,
cen be found by comparison with "w". Reference A cites (ps 22.) that
Fano has shown that Fis in general less than (1-pi) where p, is the
probability of an ionising collision. From the above data for Germanium
P is seen to be less than about one in four, this figure corresponding to
a sequence of events in which one collision resulting in ionisation is
followed by an average of about three excitation collisions each absorbing
energy close to that needed for ionisation, Thus, according to Fano's
theory a value for F in Germanium less than 0,75 is satisfactory., The
results obtained here( Section 8) yield a value of 0,57+ 0,10 for the

Fano factor of Germanium,
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Chapter 4. Discussion of Results,

The results for the intrinsic efficiency and Fano factor of the
detector and the spectrometry results together with the energy res-
olution of the data obtained at various energies are given below,

together with results obtained by other authors.

Gamma Energy | Data of Chaplin{ Date of Eywan and Tavendale,
Ray (kev.) | Intrinsic Eff- Efficiency | Given in Refert
iciency of the , corrected ence 3, for a
Source 3471 ce. to jee. 4ee, detector,
Detector, (Refs 4)
203
Hg 279.1 8.32% 9.0% 9.7%
os™7 | 6 | L. 2,031 1.9% i
j?
ALl efficiency measurements have been taken at a source-detector g:
distance of 12,5 cms. Gi

The volume correction has been made by assuning a direct prop-
ortionality between detector volume and full energy peak efficiency.
The evidence for this relation is given in Reference 4. The agreement

between the above results is within approximately twice the standard

deviation in the author's results., The Fano factor for Germanium has
been found to bs 0,57 + 0,10 which is rather higher than the results
quoted in references 3 &.11, but is below the theoretical upper limit
of 0,75,

Spectrometry results are summarised in the following table together

with the values obtained by others,
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" Source of earlier Farlier “resent Result.,
Rﬁsulto Resulto J.A.Chaplin.
(Kev.)

Reference 5:
by Robinson, Stelson

and McGowan,

127416t 0.3
127446 + 0,3

12741 + 0,2 (1),
127442 + 0.5 (ii),

" Reference 6;

Cohen, Dumond et alia,

511,003 +
0.005

511.0 + 0,3

The results from reference 5 wers obtained with a very similar

apparatus to the present one, i.e, a Ge(Li) detector based spectrometer.

The author's two results given for the higher energy have been det-

ermined from separate calibrations over the same energy range, and

interpolating betwsen the same primary standard gemma-rays, However,
the first result was obtained from spreading a 159 Kev, range of gamma

energy across the 400 channels of the analyser, whereas 498 Kev. were

occupied in the same region in the less precise result. tence the

greater accuracy in the first case, since the definition of any spectral

peak is at best (1/4) chennel when measured by eye on the oscilloscope

display of the analyser,

Energy resolution was found to be as follows for three well spaced

lines:

33,
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Line Energy (Kev.) 122 1333 261,
Gamma~Ray Source. Co=57 Co-60 T1-208
Present Resolution, Re43 3,70 5.04

(fovs hum,)(Kev.)

hesolution obtained in

Reference 3, 2,05 40 5.5

Thus the present system has given somewhat better resolution at the

higher energies than the system used for the results given in reference

3 s
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Section 7. [llustrations,
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Section 8, Data Tables, Graphs, Appendices,




(a)s  Intrinsic Efficisncy Data preceded by explanatory note;

|

graphs giving intrinsic efficiency as a function of source-

detector distance for mercury-203 and caesium~137 sources,
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(a)s Full Energy Peak Intrinsic Efficiency Data for 3.71 cc.

planar Ge(Li) Detector.

Explanatory Note on Data Tabulation,

The overall efficiency for detsction of gamma-rays of
energy I is given by the following ratio:

Number of gamma-rays of energy E recorded in the
full energy peak of the spectrum : Total number of gamma-
rays of energy E leaving the source in the same time.

Thus, if the total count in the full snergy peak,
corrected for background, is N, and is accumulated in live
time T of tne analyser, then the full energy peak counting
rate,(n), is (N/I), and the overall efficiency is (n/S).
Here 5 is the source strenth in gammas emitted per second
at the time of measurement and is related to the calibration
source strength, So’ by

S = Sooxp(-0.693t/‘l‘l /2),
where Tl/? is the half-life of the nuclide and t is the time
elapsed since the reference time of the source.

The intrinsic efficiency, which is the ratio having the
ratio having the seme numsrator as the overall efficiency,
but a denominator which includes only those gammas incident
on the detector face, is then given by

n.la(R?'/ S.4,

where A is the area of the face of the encapsulated detector

which faces the oncoming radiation, and R is the total distance

bstween the source and the corresponding face of the detector's

active volume.
The relative error in the intrinsic efficiency results is

given by the equation,

7.
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(Standard Deviation in Efficioncy/Efficioncy)2 =
(1/6) + 4(8.D. in R/R)% + (8.0, in 5/5)
whers the relative error in S is made up of the given calibrated source
error and the srror in the gamma-rays per disintegration factor,
If 18 and f are the meximum channel counts and the full width
at half maximum, measured in channels, for each peak recorded, then

(1.066pof) is the theoretical count rate for a Gaussian peak with

parameters poand f. In the following tables P, was also corrected

for background.
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Data | Source | E(Kev. )| Activity|Reference|S with |Measurement HH\M
(ucie) Date percent Date
error

A Hg-203 |279.1 20.92 1.i.67. [58445x [Jan.5-6,1967| 46.6+.03d.

10%21.4%

B |cs-137 |661.6 [10.25 1.1.65. [30.65x [Oct.15-17, | 29.82+.11y|
10%+2.1. 1966

¢ |[cs-137 |661.6 [10.59 1.i.67. |32.35x Jo.«n.w@uuo‘ 29.82+.11y.
10%+2.14 1566

N.B. The window on the active volume of the detector, measured from

the outer face of the cryostat (x), is 0.472 cms. in all cases.




Q
»
N counts “R T P £ Overall Intrinsic | Error HoomvaH AH.oovaMlzv\z A
(background | _ems.| mins.] cSunts channels| Efficiency | Efficiency | Percent
corrected). -1 (x107%) Percent. in x100%
MH-H.HOH”K«M\
52,400 5.55] 2 560 85 9.32 547+.13 | 2.3 50,800 -3.0
82,600 10.63] 8 880 88 3.27 7.90+.13 1.7 82,700 +0.1
50,960 15.71] 10 699 72 1.62 8.50+.14 |1.6 53,600 +5.2
126,540 20.79} 40 1377 89 0.945 9e24+.14 | 1.5 124,000 -2.,0
83,100 25.87) 40 988 78 0.624 9e39+.14 | 15 82,250 ~-1.0
B
75,554 3.77 1 149 41 4.10 1.38+.05 | 3.5 6510 -1/
11,283 6.82 4 263 35 1l.53 1.69+.05 2.7 9800 -13
13,496 1047 8 253 35 0.713 1.86+.05 2.5 9440 -10
12,480 15.47) 20 | 297 39 0.339 1.93+.05 |2.4 12,340 ~1l.1
7,273 22.97 20 189 34 0.197 2.05+.05 2.5 6,860 5.7




T TRNN T e RS

U

N counts ‘R T P £ Overall Intrinsic | Error 1.066p_¢f [(1.066p.f~ N) /N
(Background | cms. | minsJcoullts| chan- Efficiency. Efficiency | Percent d 0
corrected) . nels. T Mm Percent. in x100%
(x10™) Efficiency
91,600 3.09[ 10 [1589 | 42 | 472 1.072.04 3.9 71,200 -22
159, 300 5.63) 40 | 2723 | 49 205 1e54%.04 2.8 142,000 =11
104,760 10.63 80 | 1904 | 49 67.5 1.81+.04 2.3 99,500 -5.0
50,540 15.71 | 80 | 1141 | 42 32.5 1.90+.04 2.2 51,100 " | +1.1
28,450 R0.79 | 80 689 | 38 18.3 1.88+.04 2.2 27,900 -1.9
19,280 R5.87 | 80 440 | 39 12.4 1.97+.05 2.3 18,350 —48
13,360 30.95 | 80 343 | 36 8.60 1.95+.05 2.3 13,200 -1.2
9,730 36,031 80 242 | 36 6.26 1.93#,05 2.4 9,300 VA
17,500 41.11 | 179 396 | 43 5.04 2.02+.04 2.2 18,200 +4.0
11,440 619 | 156 294 | 36 3.77 1.91+.0/ 2.3 11,280 1.4
25,740 41le11l | 266.9 604 38 4e97 1.99+.04 2.2 24,500 —4.8
19,815 46219 | 263.5 446 | 40 3.88 1.96%.0/ 2.2 19,000 ~4el
28,025 51.27 | 442.3 637 | 39 3.26 2.04+.04 2.2 26,500 ~5.4
70, 420 5635 | 1394 | 1574 | 41 2.60 1.96+.04 2.1 68,900 2.2
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(b) Gemma-Ray Spectronetry Results:
Summary, Tables of Analyser Calibration and Dstector
Linearity Data, Appendix 1. on analysis of errors in the

Linear Interpolation Method s&nd Graphical Representation
of the Data,

it liil s ne wieiinn
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5.
Summary of Gamma-Ray Spectrometry Results,

Date of Gamma | Previous Previous Present
Measurement |Source |Measurement Value(Kev,) Value(Kev.) f
July 20,1966 | Na-22 | RER. 5 127406¢ 0,3 | 1274,140,2
July 13th,1966| Na<22 | © 127468 0.3 | 1274,240.5
uly 5th,1966 | Na=2 REF.6,7, 511,003£,005 | 511,0+0.3

(Positron annihiletion | Gammas,)
A
Sunmary of Detector Response Uata. :
\,q
Slope of Intercept | Maximum I
Dats of Gamma  |Energy Response on Fnergy | Integral L
Sources [Pangs in Kev. axis(Kev.)| Non-Lin- :
Measurement] Used. [Covered. per volt, earity, "y
(Kev.) ‘
£
July 13th Mn54,Zn (835 to 2735,0 0+ 1.0 0.1%
1966 "'65,00-
60,Na-22| 1332, + 344 (Graph 5).
July 2nd Co=60, [1173 to 277440
1966
Na<22 1332 + 35
July 5th Ir-192 |206 to 2725 - 0,75 0.5%
1966
Th(B+C+CY 612, + 2,8 + 014 | (Graph 3).
Na-22,

 ATETETE



Calibration and Detector Linearity Data (1),

Measurements made on July 2nd., 1966,

Source | E{Kev.) Peak Pulser
Channel |Voltage.

Calibration Lines. (2 0.25) g o :

—— g b éj

Co60 | 1173.23 +0.04 615 |0.4283 + 58 :
0,00005 2 <

NeB.(1). | 1332.48 0,05 36,0 0.4857 + . |

0.00005 8 5 i

8 Ug |I

Na=22 | 12746 +0,3 24,0 [0.4647 + g "
0.00005 -
NuBu(2), -

N.B. (1). Energies of primary standard gamme-rays wers taken o

from Reference (7).

NeBe (2)s The earlier measurement made on this transition is

described in Reference (5).




=22

Calibration and Detector Linearity Data (2),

Measurements mads on July 5th., 1966,

Source  E(Kev,) Peak Pulser
Channel Voltage
Calibration Lines
(+ 0,25) | (0,0001)

Na=22 | 511.303+,005 | 295.5 041876 Ef
H
Th | 238.6242,009 | T7L.5 0,0880 y
(B"‘C"‘C") &
583.139+,023 | 357,25 | 0.,2143 §
H
Ir-192 | 205,740 43.5 0.0750 5
295,938+,009 | 117.5 0.1087 o
308.429+.010 | 127.75 | 0.1134 g
[ ]
316.486£,010 | 1355 0.1170 :
4684053+.0L, | 259,0 0.1717 §
[#]
588,557,017 | 36175 | 0.2162 g
=3

612.435+,017 | 381,75 | 0.2247

Energies are quoted from Refsrence (7).Maximum detector non-linearity

oceurring (Gﬁaph 3.) is about 0.5%.

T




Calibration and Detector Linearity Data (3),

Measurements made on July 13th., 1966,

Source | E(KEV.) Peak Pulser
Channel | Voltage i
Calibration Lines + 0625 +0,00014 ‘ | :
C o]
a B
E. 8
Mn-54 | 835,040.3 53.0 043050 s
[¢]
=65 | 1115.640.4 23540 044076 Hog
B 0
Co=60 | 1173,23+0.0; 21225 | 0.4285 § o \
p :
Na-22 | 1274.6£0.3 338,0 044656 T4 3
& 3
Co=60 | 1332.48#.05 375.5 0,4870 )

Energies of Co=60 primary standard gamma-rays were taken from

reference (7), the remaindsr from reference (5). Maximum detector

non-linearity occurring (Graph 5) is about 0.1%.
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Agggndix 1,

The calculation of an unknown gamma-ray energy, and its standard
deviation resulting from the errors in the known calibration lines

and the reading errors of the peak channels,

If A,B, and E are the energies of the calibration lines and the
line whose energy is being measured , respectively , and a, b, & o
are the corresponding peak channel numbers, then linear interpolation
gives the relation

(E-B)/(4-B)

or, E

("b)/(a-"b)’
(A-B) (#=b) /(a-b) + B

The energy results given in Chapter 3, have been calculated from
this formula and their standard deviations (s) from the following
functions

{EZ 8 EB BB + E2 92 + Eiai + Ezsa‘} 12
whers E, is the partial derivative of E Werote A a.nc’l SA is the
standard deviation in 4, ete,
It can be shown that

EA = ("‘b)/(a"b);
= (a"')/ (a =),
B, = (B=4)(e- b)/(a - b)2 = <EE,

(& - D)o - 0)/(at)* = B, ,
(A - B)/(‘ - b)o

B

El

There follows a tabulation of the various partial derivatives and

constants giving the standard deviations in the results for the various

gamma~spectrometry deta.

57.1’

i
j
|
i
i
I
2




6o.

Date A B & 2 b ()
July 2nde  [1332.48 1173.23 0u4857 | 0.4283|  0.4647
July 5the | 612,435 238,62, | 0,247 | 0,088 0,187
July 13th. |1332.48 1173.23 004870 | 0.4285|  0,4656
1966
] 8 s 8 8
_Date A B a b )
July 2ad, [0.05 0.0, 100005 | +00005 | 400003
July 5th. [0.007 0,009 0,001 | 0.,000L:| 0,0002
July 13th. |0,05 0,04 0,00014 | 0,000L4 0,00014
1966,
o E, B ) B T 8
July 2nds | 0,634 0,3655 anss | <01 | 2R |0
July 5the | 0,728 0,2715 985 | -2 | 2133 |03
Julylith. | 0,634 04366 s | 98 | 275 |0ums
1966,




Bl

bl.

Appendix 1, ( continued),

The above analysis is a slight simplification of the physical
facts in that gamma- energies are measured in terms of their linearly
related equivalent pulse heights in volts, rather than channel numbers
to which they are not strictly linearly related due to the non-
linear processes involved, mentioned in chapter 3 (b). However, since
these pulse heights am determined from a channel number versus
voltage graphical relation, and since the error in an isolated
voltege reading is restricted to that in the Keithley differential
voltmeter, i.e. one part in 5000, the relative errors in the voltage
differences derived from the graph are very close to the relative
errors in readings of the intervels, in channel numbers, between the
corresponding gemma peaks on the analyser displsy. The above error
enalysis is thus perfectly valid.
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(¢)e Energy Resolution Data and plot of relation giving Fano

factor of Germanium,

b7.
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(c)o Summarised Data on resolution obtained in Gamma~Ray energy

measurements together with Pulser Pulse widths.

Source | Ener FoWeHoMeo FoW.HoM, FoWoHeMeo
(Mev?{ (Kev.) (Kev.,) (Kev,)
(total). (Pulser), (Detector),
C0-60 1033 307 2.43 7.8
3.7 25 Tod5
347 2.4 7:94
4e 07 2.37 10.98
3.60 2,32 7.58
Co-60 | 1.17 3496 2443 9.9
3.8 2.5 8.19
3.8 2.4 8,68
3.7 2,37 8,38
3.65 2.14 8,75
CO"S” 0122 2.1;3 20 07 lo 61
o136 1.86 2,07
Na-R2 10275 4o 04 3420 6,10
beb 2432 14,87
T1-R08| R.614 5.85 3.1 24459
2,103 5,68 3.1 22464,
Y-88 1.836 3495 2423 10.6

68.



Source Energy FoW.HoMe FoWoHeM, (fowoham- )2

(Mev.) (Totel). (Pulser), (detector),

Mn-54 | .83 3e54, 2.3 7.15

=65 | 1,116 4eR 2,32 12.2

By plotting the mean values of squared detector half-widths

against gamma-rey energies in Mev., F is obtained from the slope,
which is 15.75F. The magnitude of the uncertainty in the F result
has been found by sclecting the best and worst straight lines through 1

tﬁe points on the graph.
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(d). Appendix 2. Heat Transfer betwsen concentric cylinders

at Reduced Pressure.

The pressure in the cryostat under operating conditions is between

1072 and 107 torr, At this pressure the heat transfer bstween the
outer brass case of the cryostat and the inner cylindrical copper
cold finger takes place by free molecular conduction and radiation,
The former process involves direct trensfer of energy from one solid
surface to another by transfer of kinetic energy picked up by gas
molecules on bombardment of the hotter solid surface and subsequently ‘
delivered {o the cooler surface after the molecules have traversed
the space betwsen the surfaces unhindered by the intermolecular collisions
which occur at higher pressures, The latter process is the familiar '
oce of radiative heat transfer which féllows Stefan's Law.

The following theory demonstrates that at the pressurs used in the
cryostat in this work, heat conduction is a relatively unimportant
effect in comparison with radiation of heat, which means that further
improvement in vacuum is unnecessary and not worthwhile, -

Dushman(REF, C, pp. 52-55) gives the following formula for heat
transfer by conduction at reduced pressures between concentric cylinders
of radii (a) and (r) (r» a), per unit area of the inner cylindrical
surface as

B =& A P(273.2/ Ta)l/ 2.(‘1‘1, -1,)

whers A is the free molecule heat conductivity at 0°C, given by

L. 468 x 107 J(¥+1) watta.cm'e.dogrlmicron'l,
(M)
and P is the gas pressure in microns of mercury betwsen the cylinders,
T and Ta are the temperatures of the surfaces of radii r(4cms.) and
r
a(lem. ), and & . is a function of the accommodation cosfficient,®,

of the surfaces , which takes account of the fact that the mean energy



.,

of gas molecules after contact with thoss of the surface material

doss not quite reach a level corresponding to the tomperature of that

surface, Thus the true temperature, T, of molecules re-smitted from
a surface at temperature Tu after incidence at temperaturs Ti is ' j}
given by

&= (1) /(A1) X
X is approximately 0.9 for air on surfaces of the kind used in the cryosteb
and & r is given by

& ff1-(1-9)(a/2)
which is 0,92/ for the cryostat geometry, Using the above data the
value Eo of heat gain per unit area of the cold finger by conduction
through air in the upper part of the cryostat is approximately O.Z,leo'3
watts per cm.2 at lO'ﬁ torr, and 4.5x10'3wattl per cm% at 10'3torr.
The corresponding figure for radiative heat transfer is given by

Erad. %éa- (Tllt B Tﬁ )

where & is.the emissivity of the inner surface (taken as 0.3 for

copper (ref, D)), O~ is Stefan's constant, 5.7x10-120rgs/(°K.)A.cm.zsec.
end Tr and Ta are measured in degrees Kelvin,
Thus, E_pq = 11x 10 vatte/cn.? when T is 283°K and 1, 18 100°K,
The above formula is strictly only true in the case when a<{r,
when the outer surface behaves as a black body, reflecting no energy
back to the inner cylinder. In the present case (r/a) is about 4 and
the above formula should be sufficiently accurate for this order of

magnitude calculation. Also it is assumed hers that no significant heat ..

transfer tekes place in the lower part of the cryostat where the outer

cylinder is in contact with liquid nitrogen and is thus close in temp-

erature to the cold finger. &

3

The foregoing shows that at 10 ~torr the two processes give rise to

similar amounts of heat transfer whereas at 10'4 torr radiative transfer

i



accounts for approximately 96% of the total heat transfer.




(o) Representative Examples of Spsctral Peaks used in

Efficiency Measurements.

4.
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