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ABSTRACT

A study is made of the use of pairs of semiconductor detectors
operated in coirncidence for short nuclear half-life measurements.
fhe factors affecting the energy resolution obtainasble from such
detectors is discussed. The pulse shapes dellvered by surface
barrier and lithium drifted planar detectors is considered with
regard to their effect on the time resolution. The problems
associated with derlving a timiﬁg signal are also discussed. A
delayed coincidence system 1s set up and the apparatus descrited.
The performance of a Ge(Li) - surfece barrier system is investigated
and the half-lives of the 59.6 keV state in Np-237 and the 86.5 keV
state in Pa-233 remeasured to be (68.5 + 0.4) ns end (37.7 & 0.2) ns
respectively. A similer investigation is also undertaken using
"a pair of Si(Li) beta particle detectors. Tﬁe results obteired

and the limitations of the present approach are critically discussed.
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1, INTRODUCTION

The experimental measurement of the half-lives of excited
nuclear states providss valuable information which may be used
to verify the predictions of nuclear models through comparison
of experimentally and thaoretically derived transition prob-
abilitles. Various experiﬁental technljues are available for
extracting the half-life depending on 1ts magnitude and the
energies of the radiations involved (SCHVARZSCHILD and WARBURTON
1968) .

A technique which has been in use for many years, and
whicﬁ was used in this work, is the delayed coincidsnce method.
This method involves determining the time of formation and
decay of the excited state under considesratlon by detecting
the ;adiation populating &nd depopulating that state. One
of the first uses of the tachnique was by JACOBSEN (1934) who
made use of two moving iron oscillographs. More conveantional
measuring instruments were introduced in 1943 with the use of
pairs of Gelger counters (JACOBSEN and SIGURGEIRSSON 1943).
These enabled a resolving time of 75/13 to be achieved. Major
progress in ﬁhe field was made with the introduction of the
seintillation counter in the early 1550s following the first
application of the photomultiplier tube to the detsction of
the 1ight flashes by Curran and Baker in 1944. Another

important contributery factor was the discovery of fast organie



scintillators such as anthracene and stilbene which enubled much
shorter resolving times to be attained (<1 ns) end hence allowed
the measurement of considerably shorter half-lives. Further,
though not nearly so dramatic progress in reducing the lower
liunit on half-lives measurabla with the scintillation counter
has been maintained to the present time through laproveuernts

in photomultipliers, scintillators and the associated electronics
and this has helped to maintein this device &s the most widely
used detector for deleyed coincidence measurements. .

A possible rival to the scintillation counter for delayed
coincidence measurements is the semiconductor detector. Such
detectors offer a fast response and an energy resolution at
least an order of magnitude better than that obtainable from
the scintillation counter (unless combined with some foram of
magnetic spectrometer). Studies had been made on the effects
of nuclear radigtion‘on crystals in the 19%0s but it was not
until 1949 (MACKAY 1949) that a semiconductor detector basically
similar to those in use today was developed. It was a reverse
biased germanium point contect diode and was used to detect
alpha particles. In the followlng decade many P-N junction
and surfece barrier detectors were constructed using both
silicon and germanium &nd their characteristics investigated
(ORMAN et &l 1950, MACKAY 1951, MAYER and GOSSICK 1956,

DAVIS 1958, MAYER 1959, WMcKENZIE and BROMLEY 1959). The first



lithiun drifted detector was constructsd in 1960 (PELL 1960)
and pioneered the way to the development of largs voluue silicon
and germanium detectors. The latter devicas have now replaced
the scintillation counter in many appllications. During the
past decade steady progress has been made in improving the
enerzy resolution and efficiency (for gamna rays) obtainable
from semiconductor detector systems.

In view of the fast response and excellent energy
resolution obtainable from semiconductor detectors it appeared
that a study of the feasability of their use in delayed
coincidence measurements would be valuable. This work sets
out to investigate this possibility when using pairs of
semiconductor detectors operated in coincideance to determine

short nuclear half-lives.



2.  THE SEUICONDUCTOR DETECTOR

2,1, INTRODUCTICN

Seniconductor nuclear radiation detectors have come into

- wldespread use in recent years for detection end high resoluticn
spectroscepy of toth directly and indirectly lonising radiaticn,.
These detectors may be regarded es the solld state analogue of
the gaseous ionlisation chamber. The incident radistion is
wholly or only partially absorbed in the detector materisl ( a
semiconductor ) with the consequent release of electron-hole pairs.
These charge carriers are collected by en epplied elecctric field
BCross fhe counter., The amplitude of the resulting output
signal, whether in pulse or current forw, is proportional to the
energy deposited in the detector by the incident rediation whilst
the temporal position of the signal is related to the time of
grrival of the incldent radisticn,

"~ Initielly detectors were made in the form of homogeneous
conduction counters but these devices had very poor energy
resolution and have found little or no use as spectroneters.
Three main classes of semiconductof detector are currently
produced, nanely, P-N Jjuncticn, surface barrier and lithiua
drifted types. The fzbriceticn teclnicue and principle of op-
eration of these detector types e&re discussed fully in the liter-

ature (for example BERTOLIKI and COCIE 19683),



Silicon end germenium are the only two sexiconducting
materials currently being used for high resolution detectors.
This is, in part, a result of the large emount of research and
" developmnent work already carried out on these materiels by the
electronics industry which has led to the production of silicon
and germanium crystels with purities several orders of magnitude
better than crystals of other materials. TFurther, the energy
band gep in silicon and germanium is small and the carrier mobility
in these materials is high.

Germenium detectors are particulerily suitable for use with
gamma rays on account of the comparitively high atomic nuaber
of germanium whilst silicon detectors are generally used for the
detection of charged particles such as electrons, protons,‘alpha
particles etc and also for the detection of low erergy X-rays.
Germanium detectors have the advantage of & higher density and
. theréforé higher stopping power for charged particles than those
made from silicon but have the large disadvantage that they must
be operated at low temperatureé (77 °K) if good resolution is
required. | '

The main advantage of these devices over other similar
detectors lies in their high energy resolution. This is the
result of the low energy, about 3 eV, reguired to produce an

ion pair. This mcy te compared with about Z0 eV for & gaseous



| jonisetion cheauber and 700 eV for a scintillation counter ( Ka(T1) ).
Other advantegeous properties are short output risetimes, high

detector material density and good linearity.

2,2, DFTECTOR FNERGY PRSOLUTICH

In this section such factors as iIncomplete charge collection,
statistics of charge production, detector and amplifier noise,
variations in charge collection times and window thickness are
briefly considered with regard to their effect on the energy

resolutien obtainable from semiconductor detectors.

2.2.1. Charge Collection

An ion;sing particle losing all its energy E in the detector
depletion region will create Z/w electron-hole pairs, where w is the
average energy to create a pair. If " is the charge collection

* efficiency then the charge Q collected on the electrodes is
Q = Eev) /v C(2.2.14)

where e 1s the charge on the electfon. The corresponding voltage

pulse has exmplitude v given by

v = Ee‘] /\\'C
where C is the capacitance of the detector. Assuning ¥ exd w to

be independent of the energy E, then the output pulse amplitude v



is directly proportiocnal to E. This linesr reletionship has been
verified by a large number of experizents over a wide range of
energlies for both particles and photons (WILLIAIS 1964 for example).

Trépping #nd recombination are the two lmportent processes
responsible for inefficient charge collection ( j less thaen 1) both
usually occurring because of defects end or impurities in the
seniconductor crystal.

Trapping, epplying to both holes and electrons, involves the
holding of a charge carrier at a trappinz centre (crystal imperfecticu).
The carrier may be subsequently released by thermel excitaticn,. I1f
the trapping is short term (trepping time less than collection tize
of carrier) thren the carrier, after its release will again ccntritute
to the output signsl, but if the trapping time is long compeared with
phe clipping tize used in the subsequent electrcnics, then the
releesed carriers will not contritute. Trapping is particulerly
. impoftant in detectors having large depleticn depths becavse of
the long peth taken by the carrier before collecticn.  Furtler,
operating the detector at low temperatures may increase irapping
since the carrisrs are released from the traps by theraal excitation.

In recombination.an impurity centra captures first one chargze
carrier and then a second carrier of opposite sign before the first
is released so that both are annihilated and no longer contribute to

the output signal. Recombination is thus most importent at the



beginning of the charge collection process when carriers of both
signs exist in close proximity after their creation by the incideat
radiation., This is particularly true for heavily ionising incident
- radiations (eg alpha particles) where the initis) density of releas=zd
glectrons and holes is very high.

Important conseguences of incouplete charge collection are
output pulses of diminished amplitude, large dependence of output
pulse amplitude on applied reverse bias and loss of resolution due
to non-unifora charge collzsction. Both trapping and recoambinaticn
effects cen be reduced by increasing the applizd electric field
strength but not beyond the point where the leakage currznt becoales

significant.

2.2.2. Stetistics of Charge Productinon

The upper limit for the resolution of semiconductor Jdztectors
" is set by fluctuations in the number of electron-hole. pairs produced
by inecident ionising radiation of a given energy.

If N 1s the number of electron-hole pairs created when a juantity
of energy E is deposited in the deiector by en’'incident cherged
particle'or photon, then there would be no fluctuations in N for a
mono-energetic incident beam of radiation provided all the absorbed
energy wers converted into ionisation. But if the probability of
an lonising event 1s small compared with alterrative ways of

dissipating the enerzy, such a3 heating of the crystal latitice, then



the fluctuations in N would follow a Poisseon distribution with
r.2.s. fluctuation N and full width at half aaximua (f.w.h.a.)
of 2.35,JN. In silicon, for exeanple, the band gap is about 1.1 2V
whereas the average energy (w) to create an elsctron-hole puir is
gbout 3.6 eV, Thus silicon (end germanium also) falls between the
above two extrexes., |

The observed f.w.h.na. 1s given by

2.35[F = 2.35,F §
or in teras of energy
2.35,/TEw eV

where F is the Fano factor. This factor was introduced by FiNO
(1947) in a study of the statistics of ion pair formstion in gaseous
detectors. ATheoretical calculations of F for silicon and gerwaniwa
have been performed by ALKHAZOV (1567) and VAN ROOSBROGECK (1955).
Experi@entally determined values of F for silicon huve yielded values
less than 0.2 for electrons and between 0.1 end 0.5 for heavy charged
particles. In germaniun values less than 0.1 for gemme rays have
been obtained. Figure 2.2.(a) gives the peak broadening due to
electronic collisions iIn silicon eand germenium &s a function of eneryy
for different values of the Fano factor (after BLRTOLINI and COCHE 1948).

When considering heavy charged particles (e.g. alpha particles)
en additionsl contribution to the fluctuation in N may result from
nuclear collisions., This is an alternative erergy loss mechanism

to ionisation end becomes jmportant nesr the end of the range of the



particle. ' It has been estimated (LINDHARD and NIELSOH 1962) that
nuclear collisions contribute about 6 keV to the f.w.h.m. for 6 MeV
alpha particles. The corrssponding figure calculated for electronic
stopping using the above formula is 6 keV for 6 MeV alpha particles
stopped in a silicon detector essuaing F 1s 0,3, Thus the calculeted

f.w.h.n. is 8.4 keV for electronic and nuclear stopping combined.
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' Figure 2.2.(2) Pesk broadening due to electronic collisions in
silicon and germanium, as a function of energy for different
values of the Fano factor (peRTOLIN & cocHE 1a¢g),

2.2.%. Detector Noise

This noiss source arises from fluctuations in the detector
leakage current (the current flowing between the detector electrodes
when reverse biased). Such noise will be superimposed upon the

wanted signal from the detector, producing a sprezad in output pulse
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amplitude and hence loss of resolution.

The total leakage current is a combination of bulk leaxage
current, arising from the theruanl gensration of electron-hole palrs
" in the depletion region, end surface leakage current. Bulk leukage
currents can be greatly reduced by cooling the detector, thié being
essential for germaniua detectors. To achieve low surface leckage
currents soze sort of surface protection must be used after manufacture.
Guard ring structurss have also been used to reduce the effect of these

surface currents (GOULDING end HANSEN 1661).

2.2.4, Aaplifier MNolse

The output pulses from semiconductor detectors are typleally
only a few nV in amplitude and some form of anplification is necessary
to bring this up to a level suitable for operating the data analysing
systems. Very often two separate Amplifiers are used, & pre-eaplifier
in close.proximity to the detector and a main amplifier located with
the other electronies.

Any noise source within the associated electronics used with
these datzctors will have the effect of degrading the inforzation
contalned in the detector output signals. The most important noise
sources are those which arise in the pre-saplifier, especially those
appearing in the first stages as there exists the possibility of such

noise receiving the full amplification of the electronic system.



Thus the energy resolution obtainable from a semlconductor
detector spectrometer system depends critically on the design of the
pre—amplifier. Present day pre-anplifiers msle use of field effact
transisters (F.E.T.) in the first stage (or stages), these devices
having a considerably better noise performance than bi-polar tran-
sistors or valves. The F.L.T. 'is often cooled to reduce its noice
contribution. Because the capacitence of semiconductor dctecters
changes with applied reverse bias, charge sensitive pre-amplifiers
are ndrmally uced as the amplitude of the cutput signal from these
is, to a good degree of approximetion, proportional to the charge
injected at the Input terminals and independent of detector capacitence.
Tke noise level of the pre-amplifier does depend though on the input
capacitance and increases as the capacitance increases. Thus detectors
with large dépletion depths are preferred for high resolution spectro-
.écopy. Meny pre-amplifier designs have appeared in the literature
(see e.g. BERTOLINI and COCHE 1963), the best of these having
equivelent nolse line widths of @ 200 eV at room terperature and
noise slopzs of about 20 eV per pF (KERN and XcKENZIE 1970).

The main amplifier is included in the system not only to give
some additional gain but also to provide some fora of shaping of the
signal pulses. This.pulse shaping 1s used to improves the signal
to noise ratio and to reduce the possibility of pulse pile-up, simple
systems making use of single R.C. integration and differentiation

networks with time constants of a few /AS. The noise contribution
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of the main eaplifier and subseguent electronics can usually be

considered to be negligible.

2.2.5. Charze Collection Tina Veriations

With detectors having'large sensitive depths, such es the‘
lithiun drifted types, the varisastions in charge carrier collection
times ceuses a spread in output pulce rise-times (Szction 2.3.4.).
After these pulses have been passed through the shaping networks
in the main amplifisr a spread in pulse height will be observed.
With amplifier time constants greater than sbout five tixses the

carrier collection times this spread is usuelly negligible.

2.2.6. Detector Window Thickness

Before incident radiation can enter the sensitive voluae
of the detector it must pess through an insensitive region which
* constitutes an enify winaow. Fluctuaticns in the energy lost
by the radiation in this window contributes to a loss of resoluticn,
but it is only significant for heavy charged particles. For example,
a 6 MeV alpha particle pessing through a gold window of thickness
2}{10"8 m would suffer an energy loss of ebout 8 keV, the window
contributing about 3 keV fiwhm to the overall resolution

(ENGELXEAEIR 1967).
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2.7, _LITECTOE Tiyi~ RZOOLUTION
2.3.1.  Introduction

The outpnt siznal from a seaiconductor radiation detsctor
not only provides information on the enzrgy of the Inciient
radiction but alco on the time of occurrence of the eveat which
produceld it, for exaaple, the foruation or decay of en excited
nuclaar stats. For good timing it 45 essential to know under
what conditions semiconductar detectors deliver fast risetime
pulses with mininua pulse shape jitter (variations in shaps from
one pulse to another for a given situation). |

The intaraction of incldent radiation with the détector
produces electron-hole pairs in a time of the order of 10" s.
The initial distributiom of these charge carriers within the
detactor will depend on the energy and nature of the radiestion.
The positive and negative chargesvproduced'in the sensitive region
of the det=ctor will separata and each carrier will move towards
its relevant electrode under the action of the epplied electric
field, tﬁe carrizar inducing & curreat in the external circuit
until it is collectad. The collection time will depend on the
initial position of the carrier relative to the collecting electrode.
and the carrisr velocity, the latber teing a function of the
electric field end carrier mobility provided the carrier saturation
velocity has not been reacha4.

The inherent timing resolution of sealconductor detectors

is very hizh. Narrow depletion depth detectors and photomultipliers
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ucsed with fest orgzanic scintillators have approximately the ssae
charge collection times (of the order of ns). Therefore, because
of the low average energy to produce &n electron~hole pair in &
“semiconductor detzctor (32 eV comparad with about 2020 eV to obtain
a single photcelectron from the photsaultiplier cathode), these
detacztors should have a timing resolution about J2000/3 times °
better than a scintillation countsr (PELL 1965). Unfortunately
the output signals from the seaiconductor detector are small in
aaplitude and sone form of amplification is usually neceséary

to bring the sigznals up to a level which will satisfactorily
oparate the subsequent electronics. At the preseat time thoe
nolse introduced by these amplifiers is far too high to enable

the full timing potential of semlconductor detectors to be realised.
Furthsr, largs sensitive depth detectors which are necessary for
efficlent detection of gamma rays have somewhat.long end variable
charge collection times (Section 2,3.4.).

Manf publications have appeared dealing with the subject of
charge collection tizes and tiae resolution in sealconductor
detsctors. Examples of review articles zre those by CUAEANTA et &l
(1959) and BERTOLISI end COCUZ (1363), both providing extensive
references. Recent articles have concentrated on the tiaing
perforaance obtainable from geraanium detectors.  BENGT3ON and
MOSZYNSKI (1972) investigated timing with a 0.25 cc planer Ge(Li)
detectsr used in conjunction with a plestic scintillator end

obtained a prompt éurve with 2 slope of 120 ps for 511 keV
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ennihilation rediation. The worlk of MINHE and SIFFERT (19272)
discussed the influence of several paransters related to the
detector and the electronics (compensated thickness, noice ete.)

| on the tining performance. FYGZ and BORCHZRS (1771) studied
timing with coaxial Ge(Li) detcctors whilst Ci0 and LLACER (1772)
showed that the recently developed uncompensaéed hich purity ‘
germanium coaxial detactors possess better timing charactzristics
then coaxial Ge(Li) detectors. This is as a result of the

fixed space chargs in the depletlion region yielding e much more
uniform field than the 1/r variation found in Ge(Li) dc§ices.

In the following sections an analysis is made, based on
the published literaturs, of the pulse shapes obtained froa
surface barrier and planar P-I-N detactors, the two detector
types used in this work. The current pulée shape resulting
from the production of a single elsctron-hole peir in the detactor
. sensitive region is determined znd then the pulse shape (current
end voltage) at the preamplifier input is calculated from a
knowledge of the detector end preamplifier input stage eguivalent
circuit. .

In view of the aany paraiaeters which can affect the pulse
shape soze siaplifying éssumptions ars hade, nanely, the mobility
is field independent, trapping snd recoabination are neglizible
and the plasma tizne (QUARANTA et al 1949) is zero. Further,

when considering the many elactron-hole pairs crsated by incldent
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radiation it is aszusad that these are produced in a plane parallel

with and adjacent to the junction plane.
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In the schematlc dlagran of a surface barrier detector
shovn in Figure 2.%.2.(a), the motion of & single electron-hols
pair in the electric field is considered. The magnitude of the

field strength B at & distance x from the junction can be found

= < P LAYZR
x, T JULCTION
4 A @T «————— DEPLETION REGIOH
g - __— UNDEPLETED N T{P¥ MATERI/L -
25 TT~N" LAYER

Figure 2.3.2.(a) Schematic dizgrom of a surfece berrier detector.

by applying Poissons equation. Assuning the potential changes

only in the direction perpendicular to the junction,.then

dv P
dx* €

where F’ is the charge density of the volume element considered
and € is the permittivity of the material. For completely
fonised donors in N type material p'= e(Ny + p = n), where Ny

is the donor concentration and p and n are the hole &nd electron
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densities respectively. Assmuning p and n are negligibls comparsd

with Nj in the depletion region, then

v ey
ax* €
Integrating gives
av elly

— = e (x-Q),
dx €

where d is the width of the depletion region in the N typs materisl.

The resistivity‘f of the N type base material is given by
1

Nd G/Aﬁ,

where/y, is the mobility of the electrons. Therefore

av - d - x

dx /’C/Mn '

Putting pe =7 , the dielectric relaxation time, and since
E = -dV/dx,
d - x

E(x) = - T - (2.2.1.)

*

Thus the field strength E is a linear function of the distunce x

from the junction. The drift velocity of the holes under the

field 1is given by



dx d - x /U’f
—_— 'E . .
w Y
Integrating gives
t/“f/‘v " .
xP(t) = d-(d-x)e 4 ’ (2.3.2.)

where x, 1s the initial position of the hole (t = 0). The
current induced in the external circuit due to the motion of the
hole can bs found by epplying Ramds theorem (RA0 1773). The
validity of thls theorea when applied to sealconductsr detactors
heving a fixed space charge in the depletion region (as in P-N
Junction and surface barrier detectors) has been dezonstrated

by CAVALLERI et al (1971). In the situation considered here
this theorem can be written §Q = efx/d, whers dQ is the charge
flowing in the external circuit when & charge e moves a distance §x
'perpendicﬁlar to the collecting electrodes, the spacing between
the electrodes being d. The corresponding current i is given by

oif)] ev qﬂE

e
It
]
]

a 4 d
Substituting for E and x from equations 2.%.1. &and 2.3.2. gives

£/
1.(t) = :wfxp(d - x,)e 'V/‘. (2.3.34)
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By a sinilar erguaent to that given azhove for the hole,.the posltion

of the eleétron at tiae t is given Ly
-t/y
xn(t) = d-(d-x)e R (2.3.4.)
Tha contribution to the current froa the electron 1s then
e -t/~
i,(t) = —(d - x,)e . (2.3.5.)
av
The electron , moving into a region of decreasing field, is
collected (x = d) only when t approaches o (ezuation 2.3.4.).
Thus there is no finite collection tine for electrons, but the
electron collection time may be charzctaerised by the tiae constant
Y s which 1s also the dielectric relaxation tims. Since the
hole moves tewards a region of increesing fisld it does huve &
finite collection time ¢, found by putting x = 0 in eguation

2.3.2. « Thus

t, = /“Plogl d—-—;co. (2.3.6.)
Figure 2,%.2.(b) shows & roush plot of equations 2.%.3, ard
2.3.5. for a silicon detector at rooa temperature (/g 2 3/@).
The iniiial position of the elzctron-hole pair was taken to te
nidway between the elesctrodes (x, = 4/2), As cen be seen, the
resultant current waveforn has a risetime which is equal to zero
(when considering the large nuaber of elsctron-hole pairs produced

by the incident radiation, the risetimne of the current pulse
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Figure 2.3.2.(b) Current waveforms due to the collaction of a

single el=ctron-hole pair in a silicon surface barrier detector
at room temperature.

. will be limited by the tiue taken for the radiation to produce
these carriers, a time of about lddl s). Followiag the collection
of the holes the current decreseses with the time constant V.

Since ¥ ={°€ , this time constant in a silicon_detector is approx-
imately equal to 16479 s when P 1s expressed in Rcm.  Thus it
can be seen that the résistivity() of the base.naterizl should

be as small as possible in order to maximise the current pulse

amplitude and at the same tine mininize the pulse duration.

If & sufficiently high bias voltage is applied, the electric
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. field may becon= uniforan throushout the detector sensitive volume.
The tiue behaviour of the carriers will then be siailer to those

in the P-I-N detector discussed in the following sub-section.

—— . — e — —

Due to the absence of any fixed space charge in the compensated
region, the electric field strength in a P-I-N planar detector
is constant throughout the region and is equal to ~V/d, where
V is the detector bias and d the width of the compensated region

(Figure 2.3.2.(c)).
+

= «——N' LALER

= [ COMPENSATED REGION
b — HPENSATED

d == 90

|

1 3 P LavER

Figure 2.3.2.(c) Schematic diagran of a P-I-N detactor.

Applying Ranos theorza to this situation gives the current

contributions from the electron and the hole as

eMmV
3 (t) = z (electron)

d

and
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\'
i,(t) = o/ (hole)

3

The corresponding carriar collection tines are

X, x,d
t, = = ' (electron)
/"‘n E /M" v
and
d - x, (d - x,)d

t, = = ' (hole)
' M E /Mp v .

Th> above current contributions, with x, = 4/2 sre plotted in

Figure 2.3.2.(d), (i) for a silicon detector at room temperaturs

Qﬂn x 3/#) and (411) for either a silicon or germaniua detector

at 77 K. In the latter case, (11), the carriers will Lave

velqcities equal to the carrier saturation drift velocity v, ,

which is approximately equal to lO7 crns“l in both silicon &nd

germaniuh. Carrier collectlon times will therefore be about

10 ns per mu of carrisr collection path. For a silicon detector

at room temperature it will be seen that due to the higher mobility

of the electron compared with the hole, .the eleciron current

duration is ebout one third the hoie current duration Thus

for short'rahge particles (range small compared with the width

of the compensated region) it would be advantzzeous to inject

these through the P+ layer.
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Figura 2.%.2.(d) Current waveforms due to the collsction of a
single electron-hole pair in (i) & silicon P-I-N detector at

roon temperaturs and (ii) either a silicon or germaniua planar
P-I-N detector at 77 K. The initial position x, of the electron-
hole pair is d/2.
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2.%.2%, Pulse Shnpes at the Trnvt of the fmplifvin: Ovsten

To calculate the pulse shape at the input to the awplifying
systen resulting from the interaction of radiation in the detector
it is necessary to consicder the equivelent circuit of the detector
and the amplifier input stage shown in Figure 2.Z.Z.(u). The

current ;‘ﬂ) is due to the motlon of ths chargs cairiers prodazid

P, R.
AAAA AVAVAVA
i{t) RS —=C4 C, C“:f Ra
KIPLIFIFR INPUT

DETECTOR

STAGE -~

F}gure 2.3.2.(a) Detector and amplifier input stage equivalent circuit.

in thr detector depletion region by incident rediation, R4 and Cy

"are the resistance and c;pacitance respectively of the depleticn
region, R, and C, represent the resistence and capacitance respectively
of the undepleted (or uncompensated for & litliua drifted Gatector)
materlel and R, the contact resistance. Ususlly R,y has & very

high value (at leczst ld%& and will thersfore be congidsred to

act as an open circuit. A further simplification can be aade if

the contac£ resistsnce R, is assuaed negligitle., The awplifier

input stzge is represerted by its input capzcitancs C, &nd input

resistance Ry, the magnitudes of these depending on the preaaplifier
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“type:-

Ca Ry
voltage sensitive small (pF) high (105 4R)
chargs sensitive large (10s nF) kigh (19= M%)
current sensitive small (pF) small (10sn).

Current pulse shnope

The shepe of the current pulsas at the input of a curreat

sensitivs preanplifier can be found using the ejuivaleat circuit

of Fipure 2.32.3.(b). The value of R, has been taken to be zero.

ift) ~Cy c, . 3[t)

" Figure 2.3.3.(b) Equivalent circuit used to determine the current

pulse shape,

The Laplace'transform of the trensfer funetion of the network is

1,(p) 1+ RCp " 1+7%p

-

11(p) 1+ p(R,C, + R Cy) 1+ p(y+RCy

where V¥ = R.C,. ’ -

For a Junction detactor where the incident radiation depositas
its enerzy close to the junctlon, essentially ouly one type of

carrier will contribute to %jt) and hence froam ejguation 2.3.5,

(2.3.7.)
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Q  -tly |
id(t) = — [ <] . (2.3080)
v
where § 1s given by equation 2.2.1. The Laplaée transfora

of this 1s

id(p) — < (7.35.9.)
1+7vp
Hence the Lapiace transfora of the current pulse at the amplifier
input is
Q (1 +vp)

(L +7vp) (1 + p(Yy + R, Cy)

1,(p) =

The Inverce transform of this gives

: Q -t/(¥+ R C
V+ RCy
. which can bz written
Q "t/'r'
10\'“}) = 78

where ¥'= §'+ R,C;,. Thus the expression for i,(t) has the same
form as equation 2.3.8. and electron vaveforms similar to those
in Figure 2.3.2.(t) will be obtained, but with the longer time
constanty’. For a fully depleted detector (Ry = Oj the time

constant reverts to 7V .
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A similsar treataent can be used to derive the current pulse shape
at the awplifier luput then radistion is incident on & P-I-X
detector. For simplicity only the current conbribation {ria
the carriers wvhich cross the whole coapensated region will be
considered., From Sectiova 2.3.2. these contribate a current
Q

1(6) = —
where t, 1s the time taken for the relevant carriers to cross
th> entire couwpensated region. The Laplace transfora of i4{t),

in tho tims interval 0<tg<t, (since id(t) =0 wher t) ¢, ), is

-Pts

Q
id(p) =—(1-¢ (2.3.10.)

t.p
Hence from ejuation 2,3.7. the Laplace transfora of the current

pulse at the azplifier input becomes

_pt,
o Q@-e Y1+ p)
i(p) =
t.p (L + p(y + RSCA))
The invarse transfora of this glvss
¢ -t/ -(t - ta/ﬂ
ia(t) = —tl:l - (1 -‘V/rf)e -t -t )1 -1 -Y/y)e )-|

¢

which in the interval 0<t<t, becoass

Q Y-y -t
1,0) =—(2 - e )

or



Q RJCO( —t‘/f‘r + R; Co()
1,(t) =—(1 - e )
t, T+ Ry

The initial amplitude (t = 0) of the current pulse at the amplifier
input is therefore reduced by the factor YAy + R,C,) compared

with the detzctor curreat pulse anplitude at the sume tiue. For
good tinzing a detector with no uncompensated matarial (R5 = Q)
should be used as then 1,(t) = Q/t, giving a rectangular pulse as in
Figure 2.3.2.(d). This further implies that t, should be small

ie. the use of a shallow compensated region and a high detector
blas volﬁage (provided the saturation carrier velocity has not

bsen reached)., The formrer may bs satisfactory for charged
particles but would cause greatly reduced effizlency for detection

of gaama rays.

Vbltage<pulse shepe

- The shape of the voltage pulse at the input of a voltage
or charge sensitive preamplifier can be found using the equivulent

circuit of Figure 2.3.3.(¢). The value of R, has been teken to
] R,

-

A1 1
‘10{'0) l@ —1C4 —Ca V(%)

y

Figure 2.2.3.(c) Equivalent circuit used to determine the voltage
pulse shape.
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- be infinitely large. The Laplace transfora of the transfer

function of the network is

v, (p) PC,R, +1
1,(p) p((pC R, + 1)(C, + Cy) + pR,C,C,)

1+
- ve (2.3.11.)

p((L +yp)(C, + Cy) + pR,C4C,)

Hence froa ejuatlon 2.3.7. the Laplace transfora of the voltage
pulse at the amplifier input for a junction detector operating
undar the stated conditions becoaes

Q

v, (p) =
p((1 +yp)(C,u + Cy) + PR,C4C,)

The Inverse transforam of this gives

Q -
) = (o T M+ 6+ RO
Ca + Co(
or Q . "t/ "
va (t) = — (1 - 0 ’r) (2.3.12l)
N Ca + Co(

where ¥ =7 + R CyC, A0k + Cje The risetime of the pulse is

thus goverazd by the time constant}’,  For a totally depleted
detector (R; = 0) this time constant will equal’¥, the time constant
associated with the collection of carriers in the detector. For

a detactor which is not totally depletad the tera R C,C, /AC, + C )

could be much larger thany, especially for high cepacitance detactors,
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In such & cuse the observed pulse risetime &t the aaplifier input
could easily be an order of magnitude grester thun the carrier
collection time constant.

For a N-I-P detector with iJ(p) given by equation 2.%,10.
and v, (p)/1,(p) by equation 2.2.11., the Leplece transforu of the
voltage pulse at the amplifier input becca~s

...t,c P
Qfl +7vp) 1 -e )

t, B((L +7p)(Ca + Cy) + PR,C/C)

The inverse transform in the time interval 0L t<t, is then

va(p) =

Q R, C,Cy —t o
) = ————(t =2 0 e V) (2.3.13.)
t (C, + Cy) Ca + Cy

where 7' 1s again given by ¥ = Y + R,C,C,/(Cs + C4). TFor a detoctor
with no uncompensated material (R, = 0) the voltage pulse rises
linearly with time. The rate of rise depends on t, and hence
on the cérrier velocity.

When considering charge sensitive preamplifiers, the aaplifier
input capacitance C, will, in generel, be much larger than Cy.
The value of C, 15 glven by C, = ACs, whers the open loop gain,
A, of the aaplifier is-assused large. Cj is the feedback capécitance
used, Equations 2.3.12. and 2.3.13. resPectivély then become

Q -t~

v, (t) =—y(1 - & )
ACf
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.end
Q "t/’)’m
v(t) = — (t-RCu1 -0 )
AC b,
. where 'Ifm =7+ R, Cyh. Thus " (churge sensitive saplifier) is
greater than ' (voltage sensitive anplifier), the difference
depending on the relative magnituds of C4 and C, of the voltage

emplifier, For detectors with R, =0, ¥ =7 =V ,



2:3.4._Churge Pulse Shape dus to the Infteraction of Guaea Reys

in a Plenar Geraaniua P-I-N Detach

When exsanining gaama rays in the approximate energy range
‘of 100 keV to 1 eV they nay be conciderad to produce a unifora
distribution of events throughout the detector volume. This 1s
because in this renge the gamma rays have a low probability of
interacting with the geraanium, lower energy raudiation would be
preferentially absorbed In the regilon close to the detzctor entry
window producing a non-unifora event distribution., Since the
range of & 1 MeV electron is 0.8 am in gerauwniwi, the lonication
produced by gemaa rays up to 1 MeV is esseatlzlly localised at
a point for detsctors havlng a sensitive thickness which is
large comparzsd with this figure.

For a germaniua detector operating at 77 °K, where the drift
velocity of the elactrons and holss are equal snd essuaing there
. are no dead 1ayeré in the Cetactor, the charge waveforas shown
in Figure 2.%2.4.(a) will be obtaincd undsr the conditions of the

FELATIVE
OUTFUT

~—(b)

d d TLD

A
Figure 2.2.4.(a) Charge pulse shapes due to_the interaction of

geama rays in a germaniwa P-I-N detector at 77 °K.
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above paregraph. The width of the sensitive region 1s d and v,
is the carfier saturation velocity. The fastest charge pulse,
wavefora (a2), is obtained when the ionising event nccurs in the
aiddle of the detector sensitive region whilst, for thoce events
produced adjecent to elther the pT or ¥ contact, waveforam (t),
where only one type of carrier contributes to the signal, the
pulse risetime is twice &s long. Turther, since there 1s an
~equal protabtility of an event occurring at &ny position between
these two extremes, the range of pulse shapes between (a) end
(b) Qill be obteined with equal probability, For non;ideal
detectors with regions of poorly compenszted material imuch slower
risetime pulses will be obtaired due to the non-uniformity of
the electric field throughout the detector voluae {({ISZYINOKI

and BENGTSOR 1972).
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Z, THE DELAYED COIKCIDELCT TECENICUE

2.1. THE TECHNIGUE

The delayed colncidence method can be used to measure excited
nuclear state half-lives in the approximste range of 1072 s to
10 5. It involves the detection of radistions populating and
dépopulating the state under measurement. In this work these
radietions ere alphas and beté.s (populating radiation) and gemnes,
X-rays and internal conversion electrons (depopulating rediation)
and they are detected by semiconductor detectors. X-rays emitted
on rearrangement of atomic electrons as a result of de-excitetion
by internal ccrversion have here been included under the category
of depopulating radiations.

The amplitude of the output signals from the detectors
provides infdrmation on the energy of the incident rediation and
enables the desired excited state to be selected (energy resolution
permitting), whilst the use of a suiteble timing discriminator
associated with each detector (Section 3.2.) produces stendard
shape timing signals. The pair of time signals corresponding to
populating and depopulating of the level ere then fed to some form
of time-to-smplitude converter which converts the time difference
between these two sign;ls irto a pulse whose emplitude is proportional
to this difference. Since a distributlon of time differences

occurs when considering the many nuclei in the same excited stsate

in the source, the output of the time-to-amplitude converter can
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"be fed to a standard multli-channel eanalyser which will then store
and display the resulting time spectrum. This distribution zay
then be related to the excited state half-life. By suitable
gating, the multi-channel enalyser can be arranged to operate only
when the populating and depopulating radiations have the desired
energles.

When a deleyed coincidence system is viewing an excited state
having a very short half-life, where the populating and‘depopulating
radiations can be considered to be emitted simultanecusly, the
resulting time distribution shows the intrinsic time resolution
of the system. Thls distribution, known as the prompt spectrum
or curve, can be characterised by its full width at hslf maximum
height, fwhm, (analogous to the characterisation of energy resolution)
and by the siope of the tail of the curve often expressed es &n
apparent half-life. The shape of thke prompt curve is a result of
the fluctuations occurring in the processes of detection and
analysis (Sections 2.3. and 3.2. respectively).

Several methods of obtaining the half-life from a delayed
coincidence curve are possible Cepeérnding on the reletion of the
half-life to the properties of & prompt spectrun teken under the
same conditions and reéulting from prompt radiztiocns of exactly
similar type and energy to the delayed radiations. Vhen the
helf-1ife is more than ebout 307 lerger than the slope of the

prompt curve then the slope method of analysls can be used
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(NEWTON 19%0). If only one half-life Ty is involved the slope

of the delayed curve is )\ = 0;693/T% where A is the total
de-excitetion probability of the excited state. For life-times

shorter than this the method of higher moments has to be used

(BAY 1950, NEWTON 1950, BELL et al 1952, WEAVER and BELL 1960).

.
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-X.2. DERIVATICN OF THE TIMING SIGRA

To obtein simulteneously an energy end & timing signel
fronm a semiconducpor detector some form of signal pick-off circuit
must be used, It is important that such an arrengement chould
'not eppreciably degrade either the energy or the time resolution
of the system. Some possible arrangeuments which have been

used are shown in Figure 3.2.(a). Arrangements c¢) and d)

va ‘s
° , timing and
SR eneryy
g timing > B chorgs reasuning
* !
hl:!st pulse sensiive ot
’ voitaqe —=———w am:phiier
Eg cmplitier Eq 2 b)
enerqy
meusu«ng
crarge puise
Sensiive te————e
amplher =
= a) =
i
\/) ’ $Rg
Rg e‘nefrqy —{ tosl ':E'{;g
charge m;,-::",::mg s E—- ‘u’f(m' [
sensnf‘wo . amevier
ompliier anerqgy
hargs measulr;nq
<
f timing sersiive puye
ast pulss amplifier
currant porm—e d)
amolitier c) P

Flgure 3.2.(a) Some possibls arrengements for obteining simultaneously
en energy end a timing signal from a semiconductor detector:

(QUARANTA 2k b 1249),
make use of the current pulse from the detector and use separzte
energy &nd timing emplifiers, as does (a), whilst in (b) the energy

and timing signals are obtained from the output of a single charge



.sensitive amplifier., The use of duval amplifiers has the advantage
that the energy amplifier can be a narrow band low nolse type

and the timing smplifier wide band. Tull adventoge csn then

-be made of the fast response end good energy resolution of the
detector. A single amplifier cannot be designed for simultaneous
optimua low noise and fast response. However, with ¢) end d)

the charge sensitive amplifier cennot be essumed to act as a

ﬁigh velue capacitance to earth for the detector current pulses as
these pulses normally have risetimes shorter than the amplifier
closed loop risetime. Thus only a fraction of the available
detector current is fed into the current emplifiers. This
problem can be overcome if cepacitance is added in parallel with
the charge sensitive amplifier input, but this results in e
deterioration of the energy resolution. A similer effect occurs
with arrengement a) except that the fed-back capacitence of the
charge sensitive amplifier appears in parallel with the input

of the voltage amplifier, thus reducing the emplitude of the
voltage sigﬁal there. A partiasl remedy is to connect the charge
sensitive amplifier to the detecto£ through a small velue resistor
or better still to parallel the resistor with a small inductor,
thus delaying the signal fed to the charge sensitive amplifier

and at the -sane time virtually removing the noise added to the
system by the resistor (SHERIAN et &l 1968). A further limitation

to the use of arrangements c¢) and d) is that for plenar lithium
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drifted detectors the current pulse amplitude depends not cnly
on the energy deposited in the detector by the incident radiation
but also on the charge carrier collection time (Section 2.3.2.(ii)).
Thus it is impossible to use detectors having thick compensated
regions with low energy radiations when fast current aaplifiers
afe enmployed as the wanted signals would be swanped by the emplifier
noise. Arrangement b) is most commonly used in such cases.

The leading edge of the timing signal from the pick-off
“eircultry defines the time of occurrence of the detected event.
It is necessary to feed this signal to some form of discriminator
which will produce standard shape (of given amplitude, risetime
and duration) timing output signals suitatle for operating the
time-to-amplitude converter. It is important that these stendard
signels should be accurately related to the time of occurrence
of the initiating event. Inaccuracies of time derivation are
caused bgsically.by'two factors, namely walk and jitter. VWalk

is the veriation in the time of occurrence of the standard timing

AMPLITUDE-

(b)

________ DISCRININATOR
THRESLOLD

TIME

.

WALK . WALK

Figure 3.2.(b) Walk produced by variations in a) the amplitude
and b) the risetime of the input signeal.
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signals, relative to ths initiating event, produced by variations

in the &mplitude and risetime of the input signal. This is
illustated in Figure 3.2.(b). Jitter (Figure 3.2.(c)) is a

source of timing error introduced by statistical fluctuations

in the noise present on the signal at the input to the discriminator.
This noise may be produced in the detector, the pick-off circuitry
or the input stage of the discriminator. In practice,with

semicencuctor detectors, the dominant noise source is the amplifier

v(t)
T AARAA
DISCRIMINATOK
L B —[‘r THKESHEOLD
Sl g A S
ANTRRRS
(VIINN7 TIME

Figure 3.2.(c) Tine jitter due to noise.

used in the.pick—off arrangement, Frem consideration of Figure %.2.(c¢)
a good approximation to the time resolution due to jitter is

0x =0, /(dV/dt), where g; is the time standard deviation, o

the r.m.s. voltage noise at the discriminator input and dv/dt

the slope of the signal at the triggering point. This shows

that the best resolution is obtained with the smellest ratio

of noise to slope at the triggering point. Wwhen considering
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the effect‘on ox of the emplifier used to feed the discriminator
it is seen that it should have as wide a bandwidth as posaible
in order to minimise 0 since oy 1s proportional to waplifier
gain and the square root of amplifier Lsndwidth whilst dv/dt
is directly proportiorel to both gain end bandwidth.

| Some of the most commonly used methcds of deriving the
standard timing signals will now be briefly discussed with regard
to their use with semiconductor detectors.
Leading edge timing

A single discriminator is used with e fixed threshold
level. Figure 3.2.(b) shows that for input pulses with a wide
dynemic amplitude range and or & range of risetimes, walk could
be severe resulting in serious deterioration of the time resoluticn.,
The walk canAbe mininised by setting the discriminator threshold
level as low as the noise will allow (no spurious triggering),
but then noise jitter may become dominent. Leading edge
triggering has the advantage of simplicity and gives good results
when used with a narrow dynenic range of pulse heights together
with detectérs producing pulses of constant risetime.
The walk resultiﬁg from handling pulses with a wide dynamic

range of pulse heights but constant risetiass can be virtuelly
eliminated if the leading edge discriminator can be arranged

to trigger at a constant fraction of the maximum amplitude of
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"the input pulse regardless of what this emplitude may be (CEDCKE
and McDONALD 1967, MAIER end SPERR 1970). The &actual triggering

fraction can be selected to give optimum time resolution.

P TE L Ve m e ae e e e T ™ g e VM e Ve

The ARC method of timing (CHASE 1948) was introduced to
attempt to overcome the problem of obtaining good time resolution
with semiconductor detectors which produce varisble pulse shapes,
such as from Ge(Li) devices. It is a slightly modified arrangement
of the constant fraction trigger and provided the slope of the
input pulse does not change early in its rise to meximum amplitude,
compensation of risetime variestions is achieved,

When using Ge(Li) detectors a strong tailing is very often
observed on ﬁhe late side of timing spectra and the use of
ébphisticated timing discriminators, such as the ARC type above,
only partially reduces it. The pulse shape selection method
(MOSZYRSKI and BENGTSON 1970, 1972) selects only those pulses
having a given range of risetimes by the use of two diseriminatore
end & time-to-amplitude converter. One discriminator has a
low threshold and generates ths start pulse for the time-to-amplitude
converter, the other discriminator has & higher threshold but
below thet equivalent to the energy being studied and provides
the time-to-amplitude stop pulse. The resulting time distribution

of pulses can be enalysed by a sirgle charnel analyser, the
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‘output of which is applied to the slow coincidence unit (Section 3.3.)
of the timing system. In this way the slow rising pulses from

the detector (Section 2.3.4.) may be rejected, giving a time

- spectrum with a late slope which is exponential over several

decades and faster by about 2n order of magnitude compered with

using the methods discussed above (EENGTSON and MOSZINSKI 1372).
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Ze3s  THE PRUSTNT MIZASUREAFAT SYSTEM

The choice of apparatus#for the present study of the use
of semiconductor detectors for short nuclear half-life measurements
was arrived at by consideration of the factors outlined in this
and the previous chapter. The choice was also partly dictated
by the apparatus already available and the finances allocated
to research in the Physics Department which initially were small
but improved during the coufse of the work.

Block diagrams of the two measurement systems used ere
shown in Figures 3.%Z.(a) eand 3.3.(b). In both cases the standard
timing signals were obtained by the use of leeding edge triggering
with no compensation for amplitude end risetime dependent wzlk.
The more sophisticated timing techniques (Section 3.2.) were
developed seéeral years after this work commenced.

Considering Figure 3.Z.(a), the signals from the two detectors
D; end D, were emplified by fust charge sensitive preemplifiers
each having separate timing and energy outputs. The energy
signalsware coupled to a palr of shaping amplifiers and thence
to single channel analysers vhich selected the energies of interest.
The outputs from the two single channel analysers were fed to
a slow coincidence nni£ which opsned the gate on the multi-channel
analyser when the detector pulses corresponded to tﬁe desired
energies. The timing output signals from the charge sensitive

preemplifiers were passed to two identical leading edge discriminators
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Figure 3.2.(a) Block diagram of one of the measurement systems.
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the outputs. of which were fed to a time-to-amplitude converter,
The time-to-amplitude converter output pulses were amplified

and stretched before being applied to the £DC input on the multi.--
chennel analyser. The ctretcher was used to ensure that these
pulses overlapped In time with the gate pulces (the fast end slow
channels hsd different delays). In the later work variations
in delay of the slow channel with pulse height (energy) were
kept to a minimum as the output signals from the single channel
analysers were accurately timed to the cross-over point of the
doubly differentiated pulses from the shaping amplifiers. The
biased amplifier could be used to expand a selected region of
the resulting time spectrum. The fast channel handling the
depopulating redietion (referred to in this work as the "start"
channel, the other fast channel being the "stop" channel)
iﬁcorpofated a delay prior to the discriminator to ensure
satisfactory operatiocn of the time-to-smplitude converter. The
other system used (Figure 3.%.(b)) was very similar to that of
Figure 3.2.(a) except that fast current emplifiers replaced
the charge sensitive ones and the energy signal wes obtsined
from thé output of fasp pulse stretchers. The discriminators
used were identical in the two systems, The delay inserted in

the start channel wes also used for calibration purposes.




4, THE £PPuBATUS:

4,1. INTRODUCTION

In this chapter the principle items of apparatus used
during the course of this research programae are deseribed.
Qutline operating principles are given, together with circuit
and or block diagrams where eppropriate, only for thosa electronic
units which the auther had to personnally construct. VWith
the standard commerciaelly available nuclear electronic units
used, only their performance specifications,'as qu&ted by'the

manufecturer, sre given,

4,2, THE SFICOLDUCTOR DETZCTOES

Use was mede of four different semiconductor detectors,
nanely oﬂe Ge(Li), two Si(Li) end one surfece barrier type.

The 3 cc active volume, 5 mm sensitive depth Ge(Li) detector
(detector nuaber 42 T) had a plenar configuration and was
menufactured by Nuclear Enterprises Ltd. It was housed by
the mangfacturer in tke liquid nitrogen cryostat system shown
in Figure 4.3.(a) sushk thet the front fece of the detector
was 4 mm from the end face of the sluminium can. The makers
quoted capacitance'for the detector was ld pF at &n operating
voltage of 800 V. )

The two Si(L1) detectors were model numbers SL 50 - 1 (3 ster)

th

and 50 -~ 1.0 - 75 and were menufactured by 20" Century Flectronics
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Ltd and Simtec Ltd respectively. Thre 20°F Century detector
had an active area of 50 m@z, a sensitive depth of 0.5 um and
an entry window thickness of 0.3 sum.  Figures for the Slatec
detector were 0 mm2 ective aree, 1.0 ma sensitive cepth and
0.2 pm thick entry window. Both detectors had recommended
operating voltages in {he range 100 V to 200 V. .
The silicon surface barrier cetector menufectured by
Mullerd Ltd was type FPY-51 - 100/sq. It had an wctive erea
of 25 mm2 end & depletion depth of 0.1 ma. The recommended
operating voltrge was 15 V end the totel detector cepacitance
et this voltage was 50 pF. The entry window consisted of

4O/ugcm-2 of gold.

4,2, THZ DETFCTOE, CRYOSTAT SYSTE 1S

The use of the Ge(Li) detector necessitated the construction
of a liquld nitrogen cryostat system in which the detector
could be housed, This was because the cetector hsd to be
operated at 2 low temperature in order to reduce the leakege
current.to an acceptable value &nd had in sny case to be sfored
at a low temperature to prevent the deterioration of the detectors
performence througﬁ the lithiun drifting tack out. A conventional
desizn wes uced (Figure 4.3.(a)), the crycstat being made froa
steinless steel with the exception of the aluninium cap

surrcunding the detector. The end face of this cep was thinned
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to present a 1 mn thick redietion window to the detector.

To prevent conteainetion of the detector and rapild loss of
liguid nitrogen the system was evacueted to a pressure below
1077 ma lg by use of en 8 litre per second iocn getter pump.
This pump was powered by & 5 kV D.C. supply. Five electrical
feedthroughs provided th2 coupling tetveen the front end o% the
presnplifier housed inside tle aluminium cap &nd the remainder
of the preamplifier, The ligquid nitrogen dewar had.a cepaclty
of 10 litres and was topped up every four deys epproximately.

L secornd cryostat systew vas recuired for use with tlre
two Si(L1) detectors and a eross-sectional view of it is shown
in Figure 4.3.(a). ~The circuler vacuun chumber with removable
1id vas made from brass and could be evacucted to below lO.'3 mn Hg
using the attached cryosorption puap. . Detector holder (a)
housing the two Si(Li) detectors or holder (b) with the surfece
barr;er detector could be mounted on the smell platform X
fixed to a so0lid copper rod. This rod vwas surrounded by
moleculer sieve material and the whole was enclosed by e thin
velled étainless steel tube. The lower part of this arrangeﬁént
could be immersed in a dewar of liquid nitrogen, the copper
rod then acting es a cold finzer and the sieve materiel serving
to maintein the vacuum, the larger cryosorption.pump beinz

isolated from the systems A source valve was attached to the

vacuum chamber to enable sources to be changed without loss of
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vacuuz in the chamber. This facility vas only suiteble for
use when the Ge(Li) detector was used with the surfuce barrier

detector.

4,4, THr NON-ST/NDAED RUCLEAR FLECTRONIC UNITS

4.,4,1, The Fast Charge Sensitive Presmpllfiers

The fast, low noise, charze sensitive preaaplifier used
with the semlconductor detectors other than the Ge(Li) detector
was similar to the design of SHERMAN and RODDICK (1970). The
preamplifier was capable of delivering a fast output simal
suitabtle for timing whilst simultaneously produclng a low

noise signal for emplitude messurements. Figure 4.4.(a) shows
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Figure 4.4.(a) Circult disgrem of the fast charge sensitive
preamplifiers. (SHERVAN & RODDICK 1970),
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the circuit diegram of the preamplifiers. A single field effect
transistor Q, was used in-the input stage follcwed by a fast
amplifier comprising Qo_g+ Two second stage transistors were
used to allow the low &nd high frequency compcnents of the

signel to taske separate paths. A single fast transistor Fcre
would have gererated incressed low frequency nolse. A feast
voltage sensitive output (pulse risetime 2 ns) was availetle

from Q4. Transistors Q5 and Q6 forued common base and coiaon

emitter stages respectively, the added capacitance betwecn

base and collector of liritirg the high frequency performence

o)
6
of that stage. The emitter follower Q7 provided the energy

charge sensitive output and the output trensistor Q. the timing

8
charge sensitive output (pulse risetine 5 ns).

Twé enplifiers of this type were required end were built
on leminate panels having copper cledding on one face which
scted as & ground plene. The two trimser capacitors associeted
with Q6 were adjusted to give optimun pulse risetime with
minimum overshoot for & given detector. The value of the
resistor ' was 390 ., giving = Ql drain current of epproximately

10 mA. The value of this resistor was found to be not very

ceritical.
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4.4.2, Tho Fast Amplifiers

A slightly nodified version of the fast pulse amplifier
designed by RUSH (1964) was used, The original supply voltages
were lowered to reduce the risk of the amplifier oscillating
when connected to & signal source and also to improve the signal
to noise ratio. A further iwprovewent in the amplifier noise
performance vas obtained by omitting the first common base
amplifier in the input stage. This was possible as this input
stage, when used, was always fed from a current source. These
two changes reduced the equivalent input noise by approximately
a factor of two compared with the original design. A further
reduction was attempted by substituting low noise transistors
for those in the input stage but this produced no measurable
change. The circuit disgram of the mnodified five stage emplifier

is shown in Figure 4.4.(b). Each of the five stages, with the
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Figure 4.4.(b) Circuit diagram of the fast amplifiers (Rusq 1964,
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exception of the first, ccnslsted of a fed-buck pair plus &n
isolatiﬁg common base smplifier.

The two emplifiers required were built on laminate panels
having ground plenes &and were housed in two sepafate cluninium
cases. Considerable attention was givan to tkhe problam of
earthing the auplifiers to their cases to ensure low nolcse
operation. The completed amplifiers had current gains close

to 550 &and risetimes of approximately 3 ns.

4,4,2, The Fsest Discriminstors and Pulse Stretchers

Two fast discriminators were recuired to operate between
the fast aaplifiers and the time-to-amplitude converter end
also to form part of the circuitry of the two fast pulse
stretchers, Th2 circuit dicgram of the combined fast discrimin-
ator and fast pulse stretcher is shown in Fipure 4.4.(c).
The pulse stretcher part of the circuit was similer to the
design of WEDDIGEN and HAASE (1965). Tremsistors T (2N1141)
and T, (287064) fermed a comazon input emplifier to both the
discrimiﬁator and the stretcher whilst T3 (2n708) was a common
base stage offering a high source impedaﬁce to the tunnel dlode
1N2941. The BD/MH'inductor forming part of the diode load
deternined the "on" tims of the diode end thus tha width of
the pulse applied to the commoﬁ emitter stage T4 (2n976) «

This pulse had a width of 0.5/43. The output from the emitter



- 2}

6.6

AN é &
220 Vka\

L
SRR

10
-

E: |

Figure 4.4.(c) Circuit diagrem of the fast discriminator and

pulse stretcher.
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follover 'I‘5 (AF121) was fed to the avalenche transistor T6
(ASZ 23) which acted as a pulse shaper producing & pocitive
output pulce of 8§ ns duration, less than 2 ns risetiwe and
0.6 V axplitudes The 250 2 and 1 kA potentiometers associsted
with %he tunnel diode end avualenche trensistor steges respectively
vere used to set up these stages for monosteble opcration.‘

The output fronm 'I’2 was also taken to the two stege
amplifier comprising T7 and Tq (both 0C170), with an emitter
follower T9 (2N706) et the output. The addition of these
stages to the original design was found necessary in order that
the stretcher should te aﬁle to operste on input pulses with
amplitudes in the mV range. Transistor Tlo (:011711) was en
emitter follower whilst Tll (21709) acted as a constent current
source., During the risetine of the input pulse the tunnel
diode wes triggered and the output [roa T4 switched off Tll'
Tran;istor Tlo-continued conducting, dischargirg the 50 pF
cspacitor, until the input pulse reacked its maximum amplitude

when T,, also switched off. The potentiel difference across

10
the %0 pF capacitor had then decreased by the peak pulse
gaplitude. Due to the high input impedence (about 4 11N)

of the bootstrapped compound emitter follower stage T12 - T14
(all i141711) the charge on the cepacitor remeined unchanged
until the tunnel diode returned to the "off" state (after 0.5 ms)

end T4 cencducted again charging the capacitor. Trunsistcrs



T15 - Tl? (}11711, 2N1307 end CH1906 recpectively) formed the
output stage enabling both positive end ncgative output signels
to be obtained.

The two combined fast discrimirators and fast pulse
stretchers were constructed on laminate psnels with ground
plenes. They were housed, togzathar with the time-to-amplitude
converter, in a triple width Hsrwell 2000 serles module. The
interior walls of the module were lined with 8 mm thick expanded
polystyrene to lessen the effects of sudden room teumperature
changes. In the original d2=sign a heeting elecwment was provided
in ihe module, controlled by a temperature sensing device, in
an attempt to stetilize the interior temperature. This was
abandoned though when it waé found that the interior temperature
rose to approximately 42.00 due to the heat procuced by the
electronic circuits and remained within + 1 °C of this figure
during the course of an experimental run. A small electric

fsn incorporated insice the module was used to try to keep a

uniform air temperature throuzshout the wnit.
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4.,4.4. Tre Time-to-amplitude Converter

The time-to-smplitude converter used wus based on the

design of WEISBERG (1965), the circuit diagrem of which is

shovn in Figure 4.4.(d).

type 193353 and were biased in the monostable mode of operation.
Transistors Ql-? (2N1143) served to isolate the various tunnel

diode stages from each other.
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Figure 4.4.(d) Circuit diagram of the time-to-amplitude converter

(WEISBERG |qsgL

narrow pulse approximately 2.5 ns wide (Figure 4.4.(e)) vhen

triggered into operation by a "start" input pulse.

sheping was provided by TD

2

Additional

The arrival of the "stop" input



pulse triggsred TD3 which produced a comparitively widz flet-
topped pulse. The width of this pulse was determined by the
length of shorted delay line used end was epproximately 25 ns
ir the origirael design. The "narrow" and "wide" pulcses were

added together, after teing fed through Q_ end Q6 respectivaly,

3
end applied to TD4. This tunnel diode was blased such that

"Stert" input . x//,——

TD2 sigral

- "Step" input \/

TDS signal

p——

|
a

. Input to TD

4 | | .. Vﬁ

TD. signal
‘1D5 [7¢

Integreater output ’///fﬁ’_—

Figure 4.4.(e) Time-to-samplitude converter waveforas.,

it was triggered to the "on" state only when the "narrow"
aend "wide" pulses occurred simulteneously in time but would
not revert to the "off" state until the "wide" pulse had ended.

The length of time TD4 was In the "on" state, &nd hence the
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duration of the output pulse from it, was thus linearly related
to the-time separaticn between the initiel "start" and "stop®
pulses. The possibility of singles feedthrough producing a
spurious component to the output signals was eliminated by
use of TDS. The output from TD5 vas fed to an integrator
consisting of the operational amplifier Q8—9 (282400) with
capecitive feedback. The cmplitude of the output pulse from
this stage was proportionel to the width of the input pulse
fron TD5 and hence to the time separestion between the "start"
and "stop" pulses. The output stage transistor was type 28565.

The converter was constructed on & laumincte panel lraving
a ground plene. Metél oxlde resistors were used throughout
in view of their excellent stability and the decoupling
capacitors used were low inductance types. All wiring was
kept as short as possible to minimise loss of high frejuency
performence.

‘To set up the correct bias currents through the five
tunnel diodes the waveforms at the diodes were monitored using
& high input impedance 100 MHz oscilloscope whilst the appropriate

L
vere set up first, their bias currents being adjusted such that

biss potentiometer was adjusteds TD, followed by T02 and TD3

they triggered decislively when an input signal was present
but were well below the point of triggering spuriously when en

input signal was absent. The biss for TD4 end TD5 was set



50 they would cnly trigger when the narrow end wide pulcses
overlepped in time. Provided the circuit conponent values

were left unchanged it was found that these five bles settings
were stable throughout the course of the research work described
here.

The range of the converter deccribed ebove was about 2% ns
which wes adequate for measurements of half-lives of the order
of nanoseconds, As parﬁ of the research progremme involved
neesuring helf-lives considerably longer than this i£ was
necessary to extend the range of the original converter. This
was achieved by substituting a 60 m long delay line (coaxial
cable type BG174) for the existing one. To hendle ths longer
pulse widths in the circuit larger decoupling capacitors were

used in the emitters of Q. and Q7 (0.2é,uF paralleled with the

6
existing 0.01 MF and 0 pMF from the Junction of the 470 N

and 33_& resistors in Q7 emitter to chassis) end in the collector
of Q7 (O.l/uF parelleled with the existing 0.002 4F). In
eddition the seriss resistor in the inpubt of the in£egrator

was increased from 370 N to 8.5 kf to prevent the integrator

from overloeding. These modifications increased the converter

range to approximaﬁely 600 ns with no detriment to the original

units performance.
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A simple electronic unit was designed end constructed
using TTL integrated circuits enabling rapid calibration of
the time scale of the time-to-amplitude converter (BISHOP 1973).
The principle of operation of the unit was similar to that used
in the design of BAKER et al (1968). A block diagram of the
calibrator unit together with ideelised waveforas is shovn in

Figure 4.4.(f). The start and stop pulses were both accurately

RAXDOM PULSES - PULSE COILCILENCE STAKT
- a8 - -~ " . e ; / ——
olUAPER - > GLTE P
L]
0SCILLATOR PULSE . . 100 370P
] SHAPFR > 7 10

- 1 2 4
Shaped r.f. ecscillator []  [] ]% [
pulses

Start pulse 1

T JU I

a 6 7 109 101 102 193
n_n

Shaped randewx pulse

Stop pulse {1 [1

Time-to-aaplitude o ] D

converter outpub

Figure 4.4.(f) Block diagram of the time-to-amplitude converter
celibrator together with idealised calibrator waveforms.



phased to the r.f. osclllator pulses and as the oscillator
pulses were scaled down by a factor of 100 to provide the stop
pulses there existed 100 possible time intervals between start
and stop pulses. No fixed phase relation existed between the
oscillator pulses and the random input pulses end thus these
time intervals cccurred with equal probebility. The resulting
calibration spectrum consisted of up to 100 peaks (depending on
the time-to-amplitude converter range) of equal intansity
separated in time by the oscillator period. Figure 4.4.(¢)

shows the schematic circuit diagrem of the device. Pulses
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Figure 4.4.(g) Circult diagram of ths tims-to-amplitude converter
calibrator.



- 67 -

randomly distributed in time relative to the oscilletor pulses
were obtained initially from the output of a radiction deteclor
but later & pulse generstor was used., These pulses were

shaped by the 74121 monostable before being applied to the 74S00
coincidence gate. The monostable was set to produce pulses
heving a width approximately 203 less than the oscillator period.
Oscillsator pulses shaped by the two 74300 gates were applied

to thzs other input of the coincidence gate. The output from
this gate provided the start pulses. Stop pulses were
obtained by scaling down the oscillator frequency by & factor
of 100 using a peir of 7490 decade counters, Speed limitations
in tke discriminators associated with the time-to-amplitude

converter forced the use of such a large scaling factor.

4.4.6. The Coincidence Unit

‘The double coincidence wnit wes desigred around a Rossi
type circuit and was constructed in a single width Harwell 2000
series module., Valves were chosen as the active devices as
the unit.had to deliver & comparatively large output signal
(about 30 V) to ensure correct operstion of ths gote on the
multichannel analysér. Figure 4.4.(h) shows the circuit
diagram of the unit. Valves Vl end V2 were normally conducting

end their anode voltages were low., If a negative signal was

applied to the control grid of either Vl or V2 so as to cut
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it off then the anode voltage rose only slightly. However,
i1f both valves were cut off by coincident input signals then
the anode voltage rose to + 300 V and a lerge positive signal
resulted. The bias on the 0A5 diode was adjusted so thut
the diocde only conducted for coincidenf input signals. The
double triode V3 was & cathode coupled trigger which producéd
en output pulse of fixed duration end amplitude (determined
by circuit component values) when triggered into operation
by a signal from the dlode discriminator. Valve V4 wes a
phase inverter and V5 & White cathode follower. The completed
unit delivered a 30 V positive pulse of 5/MS dureation and

60 ns risetime for coincident input signals. The input

sensitivity was better then 5 V.



4,5, THE STANDARD NUCLEAR ELECTEONIC UNIT3

The relevant performance specifications quoted for the
commercial nuclear electronic units used in the apparatus are
given below. All the units, with the exception of Harwell
2000 serles equipment and the multichannel analyser were

manufactured by Nuclear Enterprises, Edinburgh.

The Ge(Li) detector preamplifier

The charge sensitive preamplifier used with the Ge(L1)
seniconductor detector was type NE 5287. This consisted of
a charge sensitive stage in cascade with a voltage gain stage
(gain X1 or X5). The front end of the presamplifier was
incorporated in the Ge(Li) detector eryostat which minimised
the effect of stray capacltance at the preamplifier input and
enabled the field effect transistor to bes operated at a much
rgduced temperature thus decreasing its noise contribution.
The eQergy and timing signals were obtalned from the outputs
of the vqltage gain and charge sensitive stages respectively,

the unif being adepted to provide the latter signal.

Non-linearity 0.1%
Galn stability 0.01% per °¢
Charge sensitivity 205 mV per MeV (Ge detactor)

Risetime 20 ns.,
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For the work using the unmodified time-to-amplitude
converter the two main amplifiers used were both typs NE 5259
and the time-to-amplitude converter amplifier was a Harwell
2000 series type number 2044A., The initial part of the‘work
A using the modified time-to-amplitude convertar made use of
one NE 5259 end one NE 4603 as the main amplifiers and a
~-NBE 5259 as the time-to-ampliude converter amplifier. The latter
part of this work was carried out using two NE 5259 es the
main amplifiers and the NE 4603 &s the time-to-amplitude

converter amplifier.

NE 5259 =

Shaping Single or double RC differen-
tiation and integration.
Time constants 0.2, 0.5,
1, 2, S5or lO/AS

.Gain' : Continuously adjustable in

‘ range 8 to 2000

Cain stability 0.05% per °C at full gain

Integral non-linearity 0.1%

Differential non-lihearity 1%

Noise 6/uV r.n.8. referred to input

for l/As single differentistion

- and integration
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NE 4603 -

Shaping

Gain

Gain stability
Non-linearity

Noise

Biased smplifier and stretcher

RC shaping with 4 Integrations
and either 1 or 2 different-
lations. Time constants of
0.2 s to 12.8/Ms in binary
sequence

Continuously adjustable in
rangé 8 to 1024

0.005% per °C

0.1%

2.0 /uV r.n.3, referred to input

for 6.4/us time constant,

A type NE 5261A biased amplifier and pulse stretcher was

used, the two functions being contained in the same module.

Bias.level

Gain

Gain stability.

Output pulse width

Adjﬁstable from Q0 to 10 V
1, 2, 5, 10 or 20 switch
selected

0.01% per °C

S/MS from stretcher,
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Two single channel pulse height analysers wers used type
NE 5159C. Tha threshold level was continuously variable from
0.2 to 10 V and tﬁe window width from 0.1 to 5 V.  An output
signal accurately timed to the crossover polnt of the input
pulse was avallable, the signal having a time stability of
+ 2 ns for a 0.5 to 10 V input amplitude range using 500 ns
double differentiated pulses. This signal could be delayed
relative to the crossover point by any time in the range

0.3 to O.S/Ms.

The deley units

Harwell 2000 series units type 21054 and 2046A (both fine
delay) and type 2104A (course delay) were used, Various
lengths of delay line could be switched in giving delays lying
in the approximate range of 4 to 15 ns for the fine delay

units and 3 to 56 ns for the course delay unit.

_— e e VM Y O L L TS L e

A 100 channel pulse height analyser was used type PHA 3

| manufactured by Assbciated Electrical Industries Ltd. It

was a hybrid design using both valves and transistors and was
one of the first analysers to make use of ferrite core storage.

The memory contents were presented as a linear analogue display



-74 -

on a cathode ray tube and could be printed out onto a 3" paper
tape, each line showing the channel numbesr &nd the count in
that channel. The instrument incorpbrated a gating circuit

which was used for coincidence counting.

Memory capacity 65535 counts per channel
Analysis range O-10V

Chsnnel width 100 mV

Channel width uniformity ‘1% except first 4 channels

Channel width stability + 1 mv,



Generazl view of the apparatus excluding the multichannel analyser.
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5, MEASURTMERTS AXD RESULTS

5.1. CALIBRATION

Tﬁo methods of calibrating the time scale of the time-to-~

- amplitude converter were used. The electronic calibration unit
described in Section 4.4.5. was used in measurelents with the
modified (wide range) time-to-amplitude converter, whilst in =211
other cases calibrated delay cables were used. The use of the
electronic calibration unit enabled rapid and accurate calibration
to be achieved without the difficulties associated with the
measurement of the delay in cables, this delay being pulse shape
depandent. Further errors arise from attenuation of the pulses
in the cables &nd many cables ar? needed to cover the whole conversion
renge.

The use of these two calibration methods will now be considered.
L ]

{a) Electronic calibretion unit

For the cslibration measurements the calibration unit was
coupled to the two fast discriminator inputs, all other connecticns
to these inputs being removed except for 50 2 terminations.  The
stop output from the calibrator fed the start discriminator input
viae a x50, 0N attenﬁator(Genefal Radio GR874-G) and the start
output fed the stop discriminator input via ak'20,k5o.n attenuator,

This particular arrangsment was used as the start discriminator

channel was capeble of handling a much higher count rate than
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the stop channel. The attenuators reduced the ealibration units
output pulse emplitudes from standard TTL logic levels to levels
acceptcble by the discriminztors(no spurious triggering). An
RC differentiator (¥ = 20 ns) at the calibrator stop output

was used to reducs the output pulse width end produce a short ,
duration negative pulse,

Initially the randoi pulses applied to the calibrator were
§btained from the output of the shaping amplifier used with the
surface barrier alpha detector but in later work a pulse generator
(Nuclear Enterprises NE 6571) was used which simplified the
calibration procedure as fewer alterations had to be made to the
measurenent system when changing from deleyed coincidence measure-
ment to calibration. In both cases the input pulse height was
adjusted to be about 4 V, a level which assured satisfactory
Speration of the monostable pulse sha;er. A similar adjustment
was made to the signals applied at the oscillator input, these
signals being obtained from a variable frequency oscillator
(&irmec type 304). The oscillator freguency was continuously
monitored throughout acalibration run using a six digit digital

- frequency meter (Philips PM 6620). The manufacturers quoted
accuracy of frequency measurement was better than 0.001 % at
frequencies above 10 MHz. An internal check frequency of 10 MHz

was provided. A check on this accuracy using an eight digit

frequency meter (Marconi TF 2410) verified the manufacturers figures.
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Before using the calibrator the start output pulses from i€
were monitored on an oscilloscope and the width of the output pulses
from the monostable adjusted, if necessary, so that they only
overlapped in time with one oscillator pulse (overlapping of more
thsn one oscilletor pulse exhibited itself as multiple output
pulses as szen on the oscilloséope). Readjustaent was normally
unnecessary if a narrow range of oscillator freguencies was used.

In changing from delayed coincidence mcasurement to calibration
a small adjustment of the two fast discriminators tunnel diode
bias controls was sometimes necessary in order to restore mono-
stable operation. The settings on the multi-channel analyser,
time-to-amplitude converter amplifier and biased amplifier were
not touched except for removing the gate input to the analyser
and switching from coincidence to anti-coincidence operation.

A check on the linearity of the ;alibration unit was made
using the method of BAKER et al (1968). The oscillator associated
with the calibrator was set to 18 MHz and the pulse generator to
103 pulses psr second. The resulting spectrun was stored end
displayed on a 1000 channel anelyser (Link Systeams 290 series)
vhich was temporarily substituted for the 100 channel device.
Figure 5.1.(2) shows the spectrun obtained. The calibrator was
then removed and the start discriminator input fed from the pulse
generator (105 pulses per second, 40 my pulse amplitude) whilst

the stop discriminator was fed with pulses from the fast channel
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incorporating the surface barrier detsctor (im-241 alpha source) .
A random tima separation thus egisted betveen the pulse generator
and the detector pulses end this enabled the random tim2 spectrun
. shown in Figure 5.1.(b) to be obtained. Tho same seltings on
the multi—channel analyser, time-to;amplitude convertaer amplifier
and biased amplifier were used for both measurements.

If the calibrator produced peaks equally spaced in tinme
then the total counts in the random time spectrum obtained by
summing between the positions of any two adjacent peaks in the
associated czlibration spectrum should have been identical.
The set of nine results for the total counts between adjacent
peaks obtained here ahowgd a standard deviation of + 0.32 %.
The summation between the last pair of peaks lying between
channels 750 and 900 was not used as the final peak fell very
close to the end of the renge of the time-to-amplitude converter.
Tﬁe uncertainty for each summation was aess than + 0.24 % made
up of a statistical uncertainty of + 0.13 ¢ and an uncertainty
in determining the position of the centroid of the peaks in the

calibration spectrum of less than + 0.2 4. Thus the calibration

unit produced a set of peaks ejqually space& to an accuracy of
better than + 0.5 .  Since the oscillator frejuency used could
be determined to an accuracy of better than 0.001 %, the basic
accuracy of calibration using this calibration unit was taken to
be + 0.5 %.

A1l the delayed coincidence measurements were perforumad
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~using the 100 chennel analyser and thus the calibration had to
be done on that machine as well. Due to the small nuaber of
chennels the positions of the calibration peaks could not be
determined to the same degrese of accuracy as on the 1000 channel
"device. To overcome this each calibration was carried ouﬁ at
three different oscillator frejuencies thus yieiding three calibration
spectra. Ths centroid of each peak, in the region of interest
(ie. covering the delayed coincidence spectrum), in each spectrum
was then detarmined. A least squéres fit (Appendix A, prograa (1))
was then appllied to extract the best straight line from the pairs
of data points (centroid position, delay) and from a knowledge of
the oscillator frequency the calibration in ns per channel calculated.
Tha accuracy of this figure was taken as + 0.5 %, utiless the three
calibration results from the three spectre showed a standard
deviation greater than this in which cgse the latter figure was
usedﬂ

Thé time calibration of the tlme-to-amplitude converter was
carried out after each delayed coincidence measureaent and where
measurements were made in immediate succession the average of the
calibration befors and after measurement was taﬁeu. The standard
deviation of these two figures was used for the calibration if
greater then the figure calculated in the above paragraph. For
much of the work the calibration results were found to be consistent
to within + 0.5 % over perlods up to a week.

By expending a small region of the calibration spectrum using
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~ the biased emplifier the fwha of the calibration peaks wes found

to be 0.7 ns.

(b) Calidbrated delay cables

Two Harwell 2000 series delay units type 2046A were used
for calibrating the time scale of the unmodified (narrow range)
time-to-amplitude converter. Each unit consisted of a set of
eleven separate pre-calibrated delay cables, the length of cable
and hence the delay introduced into the system being switch
selected. The positlons of the delay units in the measureaent
systems were as in Figures 3.3.(a) and 3.3.(b).

During calibration the fast amplifier outputs were dis-
connected from the two fast channels and the inputs to the two
channels were then fed from a comion pulse generator (NE 6531).

The positions of the pulser peaks (in terms of a channel nuaber)

Qére found for a series of insertesd deiays covering the range of

the time-to-amplitude converter. A graph wes then plotted of
inserted delay against pulser peak channel number and the calibration
(ns per channel) obtained from its slope.

The accuracy of delay calibrétion was checked using a 30 ca
rigid air line (General Radio GR874-L30). With the system set |
up for calibration and the biased amplifier on x10 (thus expanding
a selected region of the time scale) a pulser peak was obtained

with the delay unit set for least delay (switch position (1)).
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-On switching to position (2) an additional delay of about 1 ns

was introduced producing a second pulser peak at a lower chennel
nunber. The separatlion between these two peaks, in terms of

number of chaennels, was found and from the given calibration

figures the celibration over that region of the time scale found.

This was repeated for the other adjacent switch'positions and

the meancglibration over the region covered by the delay unit
calculated. The delay unit was again gset for least deley and

a pulser peak obtained. The-30 cm air line was then introduced
into the channel containing the delay unlt and a second pulser
pesk obtainad. From a knowledge of the separation between

these two peeks and the delay introduced by the air line

(1.0036 + 0.0018 ns) the calibration was found. This was repaated

for the other switch positions on ths delay unit snd the mean

calibration determined. The calibratibdn using the delay unit

was found to be 5% lower than that using the air line. No
figures for the calibration accuracy of the delay unit were given
by the manufacturers. Because of this and the fact that more
consistent results were obtained for the calibration between

the pairs of peaks using the air line than using the delay unit,
ié was assumed that thé air line calibration was the more accurate
figure. The air line became available about a yeﬁ; after the

work using the unmodified converter had been completed and it

could not therefore bs used to give direct calibration.
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_Accordingly the calibration figures previously obtained using

the delay unit were increased by 52. The accuracy of calibration
was teken as + 5%. No attempt was made to improve on this figure
as no actual measurements of half-lives were made using the

unmodified converter.

5.2, TIME-TO-AMPLITUDE CONVERTER PERFORIANCE

The two most lmportent performance figures of a time-to-
anmplitude converter are the intrinsic time resolution and the
differential non-linearity. The former is usually defined as
the width (fwhm) of the time distribution obtained when both
start and stop inputs are fed from the seme signal source, whilst
the latter is & measure of the deviation of the time width of
any chennel with respect to the mean time width of all the channels.
This latter may be determined by using two uncorrelated (in timej
signals aé the start and stop inputs. A random time spectrum
then results, the number of counts in any channel being proportioal
-to the time width of that channel.. In this work the stop signal
was obtained from the surface barrier detector kAm—241 alpha source)
and the start signal from a pulse generator.

With the present apparatus access was not possible to the
time-to-amplituds converter start and stop inputs as the two fast

discriminators were permenently connected to them. Instead the
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start end stop signals were fed to the appropriate discriminator
inputs and thus the following performance figures relate to the

time~to-amplitude converter combined with the fast diseriminators.

(8) The modified converter

The rendom tims spectrun obtained in sectiﬁn 5.1 and
illustrated in Figure 5.1(b) was used to obtain the differential
--non-linearity. Over the region A-A the mean time width of the
channels (expressed as counts) was 6963 and the maximun deviation
of the time width of any of the channels in this renge from the
mean was %46, Thus the maximum differential non-linearity over
this region was + 5%. Over the region A-B the figure was + 3.6%.
The figure of 0.7 ns quoted in Section 5.1 for the fwhm of the

calibration peaks was taken es the intrinsic time resolution

of the converter. .

{b) The unmodified converter

Figure 5.2.(a) shows the random time spectrum obtained
using the unmodified converter (the peak between channels 90 &nd
95 extended to 17152 counts). Ovér the region A-A the maximum
differential non-linearity was + 203 ﬁhilst in the region B-B
41t was + 9. In the delayed coincidence results obtained with
this converter most of the counts fell in the range B-B. The
i{ntrinsic tims resolution was 100 ps for input pulse amplitudes to

the discriminators of greatzr than 40 mV,
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=

5.2, DELAYZED CCINCIDENC!

t

AXASURSVERTS USTNG T ODIFIND COLVIRTER

For all the delayed coincidence measurements using the
modified tlue-to-amplitude converter the measurement system of
Figure 3.3.(a) was used. D2 was the surface barrier detcctor
and was housed in the vecuua chamber on detector holder (b) .
(Figure 4.3.(a8)). The front face of the detector was positioned
in approximately the same plane as the outer face of the source
valve assembly. The Ge(Li) detector Dl was positioned with its
front face adjacent to the surface barrier detector. The source
under study was sandwiched between these two detéctors, the
source backing plate being towards D1 to prevent absorption of
the elpha particles before they reach D2, The spacings betveen
the front fa;es of the two detectors and thg source were then
approximately 2 @m and 7 ma respectively for D2 end D1. lhe
vﬁcuum chamber was here used only as a‘convenient means of holding
detectoer2, Oﬁlf one'of the five gain stages of the fast amplifier
in the stop channel was used whilst three stages in the start
channel fast amplifier were employed. The deley in the start
channel was provided by two Harwell 2000 serles delay units type
21054 (fine delsy) and type 21044 (course delay) togetrer with
a 29 m length of coaxial cable (approximate delay 95 ns). The
total delay thus introduced, relative to any delay in the stop

channel, was approximately 175 ns. This delay was used to
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shift the delayed coincidence spectra towards lower channel
numbers (0-70 epproximately) and enabled the higher channels
(75-90 approximately) to be used for storing chance coincidences
simultaneouély with the delayed coincidence spectra. Such chance
coincidences arise due to the possibility of those start and stop
signals which ars randomly distributed in time producing &n output
from the time-to-amplitude converter. These colncidences were
subtracted, channel by channel, from the observed coincidences

.in the delayed coincidence spectrum in order to obtain the spectrum
due to the wanted coincidence events. A measurement was made

to investigate the distyibution of chance coincidences over most
of the range of the time~to-amplitude converter ty inserting a
large additional delay (about 300 ns) into the start chLannel
which shifted the delayed coincidence spectrun being studied at
ghat time (59.6 keV level of Np-237, s;e later) to below about
channel 20. The counts recorded in the higher chaanels were

then due to the chance overlapping of start &nd stop signals.

The resulting distribution was found to have a definite slope,

the chance coincidences increasing with decrease in channel nuaber,
The actual increase was 12% over the 100 channels and could not |
be accounted for by the non-linearity of the time-to-emplitude

converter. A repeated measureazent but with a much higher true

coincidence rate (about 18 times greater) yielded a slope of 33%.



In deternining the chance coincidences under the delayed coincidence
spectrun this increase was taken into account (Appendix A, program
(ii)), the figure of 127 being used where the truc coincidence

. rate in any chennel in the deleyed coincidence spectrua &id not
exceed & per minute and the figure of 333 used for true rates
above 8 per minute but below 140 per minute. The effect of
neglecting this correction altogether would have resulted in &
"chenge of not more than 0.57% in the final results obtained for the
half-lives studied in this work. The nmethod used here for
correcting for chance coincidences was considered to be better
than first recording the delayed coincidence spectrum &snd then
inserting a large delay into the start channel and recording the
chanze coincidences as the experimental conditions &nd the
environzent (eg. electrical interference) could change during

£ﬁe time period between taking the two.Spectra, especially when -
long run times are considered. A disadvantage of the method
used wes the small nuaber of channels aveilable to accumulate

tke chence coincidence data.

The apparatus was switched oﬁ end allowed to settle down
for a period of at least 24 hours before any measurements were
made. Before each measurement the bias currents ¢f the tunnel
diodes in the two fast discriminators were adjusted to give

monostable operation. This was done with the aid of an
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oscilloscope connected to the output of the associated pulse
stretcher. The bies levels were set as low &5 possible consistent
with no‘spurious triggering on noise pulses. To set the single
chennel analysers to select the energies of interest the following‘
method was used. The outputs from the single channel snalysers
to the two irputs on the slow coincidence unit were removed end
the two inputs on the coincidence unit connected togetler and to
the.output of the single channel analyser under adjustment.
The signal feeding this enalyser was also routed to the biased
emplifier end stretcher input, the previous connection to that
input being removed. With the gate input to the multi-channel
analyser removed and the gate switch on anti-coincidence the
energy spectrum was displayed and the biesed emplifier used to
expand the regicn of the spectrun to be selected. The gate
switch was then set to coincidence an;‘the gate input reconnected.
The single channel eanalyser controls were then adjusted so that
the displayed spectrum showed only those energies which were to
be selectad. Finally the single channel anzlyser controls were
locked in position and the system reconnected as in Figure 3.3.(s).
T§ extract the half-life of the excited state under measureient
from the delayed coincidence spectrum obtained, a least squares

fit was made to the palrs of data points (coincidences, channel

number) on the positive slope side of the spectra. To deternine
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the range of data points to be used, & graph was first plotted
of logm(coincidences) sgalnst channel number for each delayed
coincidence spectrum, from which the linear region on the positive
' slope side was found (scatter in the data points set the 1imit
on the lowest channel to be included). All the data points
falling in ths linear region of the spectrua, as seen from the
-greph, were then used, the only exceptlons being the data in
those channels which occasionally melfunctioned above & certain
stored count. This spurious data was easily recogniseble as it
exhibited itself either es zero'stored\counts or &s a much larger
rumber of counts than would be expected. Cheannel 54 was the
chief offender. The least squares fit calculations were carried

out on a computer (Appendix A, program (ii)).

-
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o 2%s1. Delaved Coincidence~2;3§gz§monts on_thn 52,6 keV level ‘

From the simplified decay scheme for Am-241 shovn in Figure |
5.3.1.(a) (Nuclear Data Sheets B, Voluse 6, Number 6, 1971) it
can be seen that the 59.6 keV excited state of Np-237 is fed
mainly by the 5.486 eV (867) alpha branch from the decay of
Am-241, The state de-excites by El trensitions of 52.6 keV erd
26.4 eV, both being eppreciably internslly converted.

The Am-241 source used was obteined from the Radio Chemical
Centre, Amersham and was code nuaber AfR14. The source consisted
of & thin layer of Am-241 deposited by vecuun sublimation on to
a lightly oxidized stainless steel disc of thickness 0.5 mm.

The diameter.of the active area was 7 o apd the quoted activity
3x106 disintegrations per minute. Figures 5.3.1.(b) and 5.3.1.(c) 1
réspectively show the energy spectira o} gamnna rays wnd alpha B
particles emitted from fhis source. The former spectrum was

analysed using the 1000 channel multi-channel analyser (Link

Systems) in order to obtain sufficient energy resolution over

a wide energy renge whilst in the latter the biased amplifier

was used (X20 expansioq) in conjunction with the 100 channel

analyser to expand the region of the alpha particle»spectrum around

5.5 MeV. It should be noted that this alpha energy spectrua was

obtained with a source—detectof separation of about 4 ca und with

the space between .source and detector under vacuum. In the
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following delayed coincidence measurements the source-detector

| sepsration was only 2 mm and the system was not evacuated.
Consequéntly the energy resolution was seriously degraded compared
. with thot shown in Figure 5.2.1.(c), the esctuel figure being
about 120 keV fwhn.

For the delayed coincidence mezsurements on the 59.6 keV
level the single channel analyser in the gamma channel was set to
eccept gamaas in the energy rangez 55 keV to €3 keV whilst the
analyser in the alpha channel accepted alphas with energies above
5 MeV. These figures were obtaincd by feeding the cutput of the
pulser (RE 6591), calibreted in terus of energy, into the test
inputs on the preamplifiers when setting up the single channel
enalysers.

Table 5.3.(2) gives a sumnery of.the results obtained from
four measurement runs and Figure 5.%.1.(d) shows an example of
one of the delayed coincidence spectra (15.8.72 (5)). The figures
for T% in terus of charnels were determined using a chunce slope
of 33%. The error in T% was found from the error in the associated
chance coincidences per channel together with the error in the
chence slope (teken to be + 50%). The calibration frejuency
fizures have an error of 0,001%. The mean of the four figures
for T% in ns was (68.5 + 0.4) ns.

In order to establish the oversll syétem time resolution at



- 98 -

~Calibration

lieasurement | Run time | Chance Ty Cslibration T,
code coincidences 2 freguencies 1 2
" (hours) (chennel)™ (channels) (#8z) (ns eh ) (ns)
15.3.72 (1) 1.5 15+ 2 11.512 14, 14.5, 15| 6.040 69.53
+ 0.03 + 0.03 + 0.4
15.8.72 (5) 2.8 5 + 2 11.463 14, 15, 20 5.942 68.11
‘ + 0.04 + 0.05 + 0.7

15.8.72 (6) 1.7 29 + 2 11.421 14, 15, 20 5.892 7.35
+ 0.03 + 0.03 + 0.4

16.8.72 (1) 1.8 18 + 1 11.779 14, 15, 20 5.852 68.93
o + 0.03 + 0.03 + 0.4

Ge(Li) bias 600 V

Surface barrier bias 25 V

Table 5.3.{a) Summary of results obtained when znalysing the

59.6 keV excited state of Np-237.
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energles similar to those selected in the above determination,

a prompt spéctrum was obtained using a Th-223 source (R.C.C.).
Figure 5.3.1.(e) shows the decay scheme of Th-228 (Nuclear

Data Sheets B, Volume 1, Nuamber 5, 197L). Coincidences

were recorded between the 5,341 lieV alpha particles from Th;228
and the 84.5 keV gemma reys emitted on de-excitation of the

84.5 keV excited state of Ra-224. The half-life of ilis level
has been measured to be 0.75 ns. The source used for this
measurement was very inective (about 10 nCi) and this coupled
with the fact that the 84.5 keV transition is highly internally
converted (< = 17) led to the use of the long mezsurem~ut period
of 67 hours. Inspection of Figure 5.3.1.(f), the gamaa ray
energy spectrum from the source, shows that no line at 84.% keV

is resolved. The single channel analycser in the gamne channel
was therefore set to accept gammnas from the region of the spectrun
where the 84.5 keV line would be expscted. The analyser in the
alpha chennel accepted all alphas above &n energy of 1 MeV.

The resulting prompt spectruz is shown in Figure 5.Z.1.(g).

The time resolution (fwhm) was 8 ns and the apparent system helf-
life, found from the positive slope side of the spectrum, was 3 ns.
For this measurement the biased amplifier was set to X5 expeansion
end the caelibration was 1.24 ns per channel. This measurement
also geve some idea of the long term time stability of the system.

The same source (Th-228) was also used to obtain coincidences
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Figure 5.2.1.(g) Prompt coincidence spectrum obtained when analysing
the 84.5 keV excited state of Ra~-224.
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between the 5.447 #MeV alpha psrticles froam Ra-224 and the 241 keV
gemma rays emitted on de-excitation of the 241 keV level in

En-220 (Figure 5.2.1.(e)). The proapt spectrun obtained at

these energies is shown in Figure 5.2.,1.(h). The time resolution
(fwhm) was 4 ns and ths apparent half-life, obtained from the
linear region on the positive slope side of the spectrua, was

1.6 ns. Tre messurement period was 21 hours.
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Figure 5.%.1.(h) Prompt coincidence spectrum obtained when snalysing
the 241 keV excited state of Bn-220.



- 106 -

5.,2.2, Deleved Coincideonce Meassurcments on the 26,5 eV Jovel

in Pa-22%
From the simplified decay scheme for Np-237 shovn in Figure

. 5.%Z.2.(a) (Nuclear Data Sheets B, Volume 6, Nuuber 3, 1971) it
can be seen that the 86.5 keV excited state of Pe-2Z3 is fed
partly by the 4.787 MeV (47%) alpha branch froa the decey of
Np-2%7 and partly by gemna decay from higher ererzy levels in
Ps-222. The state de-excites by El transitions of 86.5 keV
and 29.6 keV, both being appreciebly internally converted.

The Np-237 source usesd was prepared from<g solution in
2N HRO3 (R.C.C. code NG5S 2). The solution was evaporatsd aad
burned in on a 1 mm thick stainless steel backing. The dianeter
of the active area was 7 man and the scurce activity was approx-
imately 1 #Ci. Due to the sapprecisble thickness of the deposited
iéyer the alpha energy spectrum showedﬁstrong teiling towerds
lower energles. The energy spectrum of gemma rays emitted from
the source is shown in Figure 5.%.2.(b). The four lines above
channel nunber 750 result from transitions in U-2232, the daughter
product of Pa-273. .

A summary of the results obtained from four measurement
runs on the 86.5 keV excited state of Pa-223 is shoyp in Table 5.3.(b).
For measurement 22,11.72 (1) no energy restrictions were imposed

other than those set by the two fast discriminators (the alpha



- 107 -

9/2+
7/2+

5/2+

7/2-

3/2-

0.10320

5/2+

237

Iip

93

0.1037

0.0865

0.0571

E2

233 27 days
Pa :
91

6
2.14X10 yesars

4,765 (8%)

4.770 (25%)

4.787 (47%)

4.815 (2.5%)

4.87L (2.62)

Figure 5.3.2.(a) Simplified decay scheme for Np-237.
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Surface barrier bias 15 V

ilzasurement | Pun tize} Clanca T Calibration | Calibraticn T,
ende ' coincidences < frequencies 2
tours) (channel)™ | (chennels) (#01z) (ns chfl) (ns)

22.11.72 (1) | 12.5 15 + 3 6.076 15, 16, 17 6.213 37.75
+ 0.07 + 0.03 + 0.5

23.11.72 (1) | 15.5 22 5.997 15.75, 17, 18] 6.275 37.63
+ 0.04 + 0.03 + 0.3

24.11.72 (1) | 11.0 7+3 6.009 15.75, 17, 18| 6.273 27.69
+ 0.06 + 003 + 0.4

29.11.72 (1) ! 7.0 ' 0.5 + 0.5 6.053 17, 18, 19 6.257 27.87
+ 0.02 + 0.05 + 0.3

Ge(Li) biss 600 V

when analysing the

.(b) Summary of results obtained

> keV excited state of Pa-233.

Teble 5.3
86
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channel sccepted energies aboye about 100 keV ond the gamaa

channel energiss asbove about 20 keV). Thz delayed coincidance
spectrun cbtained from this measurement is shown in Figﬁre 5.3.24(¢)
and exhibits prompt and dslayed parts. TFor measureaents 23.11.72 (1)
and 24.11.72 (1) the single channel enalyser in the gamnz chunnel

was set on the 86.5 keV gamma line only. Figure 5.3.2.(d) shows

th

W

delayad coincidence spectrun resulting from measurement
23,11.72 (1) end as can be seen the prompt part of Figure 5.3.2.(c)
is virtually absent. Measurement 29.,11.72 (1) was similar to
the previous two messurements except that an additional restriction
on the alpha particle egergies selected was introdﬁced. The
single channel enalyser in the alpha cheannel was set to accept
alpha particles with energlies lying between approximately 3.4 eV
and 5 #eV. Thz figures for T% in teras of channels in Table 5.3.(Db)
Qere deteruined using a chance slope 6} 12%. Other comments
similar to those.félatiﬁg to Table 5.3.(a) can be made. The
mean of the four figures for T% in ns was (37.7 + 0.2) ns.

To investizate the origin of the prompt part of the delayed
coincidence spectrum shown in Figure 5.3.2.(c) measurements
were made with the single channecl analyser in the gamma channel
set to accept energies corresponding to the K. X-rays froa Pa
(90 keV - 102 keV). An example of one of the spectra obtained
is shown in Figure 5.3.2.(e). For this measurement the biased

amplifier was set for X5 expeanslon giving a time calibration of
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Figure 5.3.2.(c) Delayed coincidence spectrum obtained with no
energy restrictlons (Np-237 source).
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Figure 5.3.2.(d) Delayed coincidence spectrum showing the half-life
ofg’g;e 86.5 keV excited state in Pa-233,
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Figure 5.3.2,(e) Colncidence tiume
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"~ 1.24 ns per channel. This spectrun had o fwha of 6.2 ns and
the positive slope side gave en apparent half-life of %.1 ns.
The corresponding figure for the negativé slope side was 0.8 ns.
~ These figures were sufficlently close to those obtained when
analysing the 84.5 keV excited state of Ra-224 (Section 5.3.1.)
to suggest that the shape of the prompt part of the spectrum was
here determined by the measurement system. These figures were
thus taken to give the time resolution of the system at these

energles.
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' 5,2,3, Vsriation of Prompt Svectrua Shepe with Ge(Li) Destoctor

Bias and Discriminator Threshold

Using the Rp-237 source and the same &pparatus settings as
~used in the measurement described in the last paragraph of Sectlon
5.3.2., the shape of the prompt spectrum was investigated z) as

a function of Ge(Li) detector bias and b) as a function of the
gamma channel fast discriminator threshold level, the spectra
obtained being presented iﬁ Figures 5.3.3.(a) end 5.3.2.(b)respect-
ively. Teble 5.3.(c) summarises some of the information obtained
from these speétra. In order to quote the discriminstor threshold
level in terms of equivalent energy deposited in the detector,

use was made of a pulser (NE 6é591) calibrated in energy. In

the table fwl/lOm and f41/100m are the full width of the spectrum
at 1/10 and 1/100 of the maximum heiaht respectively, whilst Tl(p)
and Tl(n) respectively refer to the apparent half-life found from
the positive and negative slope sides of the spectra. (the regions
where the slopes wers approximately linear were used). The calib-
retion was 1.24 ns per channel. The pulses delivered to the fast
discrimingtors had spproximate risétimes of 10 ns and %0 ns for
the alpha end gamma channels respectively. The signael to noise
ratio (signal referred to the K X ray lines, noise peak-to-pesk

as seen on a 100 MHz bandwidth oscilloscope) was about 6:1 in the

gamma chennel. The figure for the alpha chennel was about 100:1.
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Figure 5.3.3.(a) Variation of prompt spectrum shape with Ge(Li) bias.
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“easureszent | Pun time | Discriminator | Detector | fwkm | fw1/10am | fwl/100a | T,(p) | T,(n)
threshold bias 2 2

'(hours) (xe7) (V) (ns) (ns) (ns) (ns) | (ms)

Fizare |

5.3.2.(a) ‘

(2) 16 20 200 7.4 19. ¢ %4 3.3 | 1.0

(t) 16 20 500 6.2 15 26 2.1 1.0

(c) 17 20 800 6.2 15. . 23, 2.1 0.8

(@) 11.5 20 1000 6.8 16. 23 1.6 1.0

Plzare

5+3+3+(b)

(a) 48 40 600 6.2 22 31 - 1.0

(b) 24 20 €c0 6.2 19 26 2.1 0.8

(e) 16 20 500 6.2 15 26 241 1.0

(d) 23 15 600 6.2 15 24 2.1 1.0

ry of information from “Figures 5.3.3.(a) and 5.3.3.(b).

z
Ca

Table 5.3.(c) Sumn
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5eRobo Time Stebility of the Systen

In order to measure the time stabllity of the system the
outputs from the two fast eunplifiers were uncoupled from the inputs
to the start and stop channels and a comnon pulser (NE 6591) used
to feed these channels. This pulser was triggered froa a second
pulse generstor operating at a repetition rate of &pproximately
1.5 pulses per second. A run time of 13 hours was used and gave
a time spectrum with a fwhm of 1.4 ns. The biased aaplifier
was set for X10 expansion and the amplitude of the pulses at the
disceriminator inputs was spproximately twice the discriminator

threshold level.



- 120 -

5.4, DILAYZD COINCIDINCT :TASUIZ LTS USING TIL UNODIFLLD CONVERTER

For the delayed coincidence measurements using the uwnodified
tine-to-amplitude converter both the measurement systeuws shovm
in Figures 3.3.(a) and 3.3.(b) wers used. D1 znd D2 werz 0.5 ma
and 1.0 mn sensitive depth Si(Li) detectors respectively. These
two detectors were mownted in the vacuum chamber on detector
holder (a) (Figure 4.3.(e)) and throughout all the measurenents
were cooled to liquid nitrogen temperature. The source under
study was sandwiched between the two detectors, the source-detector
separation being about 3 mm, The chamber was evacuated to prassures
below 10-'3 mn Hg. With the measurement system of Figure 3.3.(a)
only one of the five gain stages of each of the fast amplifiers
was used, whilst with the system of Figure 3.3.(b) all five stages
vere employed; The deley in the start channel was provided by
two Harwell 2000 series delay units type 20464 eand enabled the
delayed coincidence spectra to be shifted towards the middle of
the time scale of the tiwe-to-amplitude converter. The setting
up of the spparatus prior to each measurement run was similar to
'“that'descriﬁed in Section 5.3. . A bias voltage of 150 V was

used for both detecltors.
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5.4.1. Delavad Coincidenca Measuremnents on the 279 %eV level in T1-203%

The decay scheme for Hg-203 is shown in Fipurs .5.4.1.(a)
(Nuclear Data Sheets B, Volume 5, Number 5, 197L). The 279 keV
excited state in T1-203 is fed by the 212 keV {(1r100;5) beta branch
from the decay of Hg~203. The state de-excites by a transition
of energy 272 keV, the K shell conversion coefficient for this
trensition being 0.16. The half-life of the 279 keV level has

been measured to be 0.273 ns.

7 , 5/2 - 46.6 deys
N\ .

0.212— .

( 100%

. 0.279 2/2 + 0.273 ns
0.491——> M1 + E2
(€0.004%) W 0 1/2 +

¥

203 stable
Tl

81

Figure 5.4.1.(a) Decay scheme for Hg-203.

The Hg-203 source used for the delayed céincidence measure-
ments was prepared from mercuric acetate in aqueous solution
(R.C.C. code MBS 2). The source, an evaporated deposit on en
aluninium foil backing, had an activity of the order of 40 MCi.

Figure 5.4.1.(b) shows part of the energy spectrum of beta particles
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Figure 5.4.1.(b) Part of the energy spectrum of beta particles and
conversion electrons emitted from the Hg-203 source.



and conversion electrons emitted from thils scurca. Due to the
high activity of the source considerable pulse pile-~up in the
shaping amplifiers resulted and this together with the fact that
the source had sn apprecisble thickness accounts for the very
poor energy resolution exhibited by this spectrum. Anothér
Hg-203 source specially prepared with regard to obtaining high'
energy resolution gave a resolution (fwhm) of 3 keV at 264 keV.
For the delayed coincidence measurements on the 279 keV
level in T1-203 using the’measurement systen of Flgure 3;3.(a) the
single chennel analyser in the start chennel was set on the K
conversion line at 194 keV (AE = 22 keV) whilst the anslyser in
the stop chennel viewed ‘the continuous beta spectrum and accepted
pulses corresponding to the energy range 155 keV - 165 keV. The
discriminator threshold levels were set &s close to the baseline
as the noise would allow, this level cprresponding to an’equivalent
energy deposited in the detectors of 75 keV and 65 keV for the
start and stop channels respectively. The signal (referred to
the K conversion line), noise (peak to pesk as seen on a 100 MHz
bandwidth oScilloscOpe) and pulse risetimes at the inputs to the
start and stop fast discriminators were 70 mV, 7 mV eand 7 ns
and 30 mV, 6 nV and 10 ns respectively. Tigure 5.4.1.(¢) shouws
an example of one of the delayed coincidence spectra obtained.
The time resolution was 3.6 ns fwhan end the late and early slopes

corresponded to apparent half-lives of 0.6 ns &and 0.77 ns
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Figure 5.4.1.(c) Delayed coincidence spectrum obtained when analysing
the 279 keV excited state in T1-203.
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- respectively. The spectrua was corrected for chlence coincidences
and the measursment perlod was 2595 minutes. The half-life
found here from the late slope was over a factor of two greater
than the velue that would be expected if it corresponded to the
| half-life of the 279 keV level (ie. 0.273 ns). Thuz the epectruw
of Figure 5.4.1.(c) gives the intrinsic tiwe resolution of the
system et the encrgles considered here.

It is clear from the above that the slope method of analysis
of the delayed coincidence spectrum cannot be used to give a
value for the half-life of the 279 keV level using the present
measurenent system. One possible method that cen be used to
extract the half-life is the self comparison method (EELL et &l
1952). In the work described here this involved first recording
a coincidence curve with the start end -stop channels accepting
energies as for the above parasgraph end then recording a second
coincidence curve with the start channel sccepting energies |
previously handled by the stop channel and vice-verca. " The
results of two sets of measurements geve a shift between the .
centroids of the pairs of coincidence curves of (2.23 £ 0.3 ) ns
(prograa (11i), Appendix A was used to calculate the positions
of the centroids). Part of this shift was due to the electronics,
the finite risetimes of the input pulses causing the fast discrin-
jnators to trigger either earlier (chsnge to a higher energy)

or later (change to a lower energy).
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Some ldea of this instrumcntal time shift was obtained
by measuring the shift in the position of the colncidence spectrum
centroid when the start channel single channel anelyser was first
set on the K conversion line and then on the L + M lines, the
stop channel viewing the continuous beta spectrum (155 keV -

175 keV) during the two measurcments. Thz time shift thus
obtained was (2.0 £ 0.2) ns and corresponded to an energy change
of about 73 keV.

As it could not be assumsd that the time shift per unit
energy change was independent of the energy, the energy dependence
waé investigated by feeding artificial pulses into the system
(including the detectors) via the preamplifier test inputs. The
pulses were supplied by two pulse generators (NE 6591 and Hewlett
Packard modél 2138) which were set up to produce pairs of simult-

aneous pulses. The amplitude of the pulses fed into the stop
channel vere fixedvin magnitude and corresponded to an equivalent
energy deposited in the detector of about 155 keV. The amplitude
of the start channel pulses Q;s variable., The risetimes of the
pulses at the discriminator inputs was 11 ns and 10 ns for the
start and stop channels respectively and the discriminator
threshold levels corréSponded to energies of about 70 keV.

The positions of the centroids of the pulser peaks\(in terms of
channel numbers) was found for five values of equivalent energy

deposited in the start detector (expressed as settings of the
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Eigure 5.4.1.(d) Instrumentel tiue shift as a function of energy.

L4

start channel single chennel analyser, the results being presented
in graphical fora in Figure 5.4.1.(d). This clearly shows the
energy dependence of the time shift. TFrom this graph the time
shift corresponding to &n energy change from the K conversion
line to the L + M lines vas 1.8 ns. This may be compared with
the figure of 2.0 ns found using the Hg-203 source.

In the above application of the self comparison method the
start chennel single channel eanalyser threshold level was changed

from 4.3 V to 3.66 V. From Figure 5.4.1.(d) the corresponding
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instrumental time shift was 0.90 ns. Assuming the time shift

in the stép chennel was the some the total instruzental shift was
1.8 ns. " The shift in the positions of the centroids, corrected
for instrumental shift, was thus 0.43 ns and corresponded to a
half-life of 0.15 ns. The estimated error in this figure wes

at least as large 83 the figurs itself in view of the assumptions
made sbove. TFigure 5.4.1.(e) shows the calibration graph used

for this work.

DELAY
(ns)

Calibration = 0.256 + 0.013 ns channel

T 1 1 ¥ T

20 0 40 0 60 0
CHANNZL NUMBER

Figure 5.4.1.(e) Calibration graph for the time-to-amplitude
converter tine scale. .

-1
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Use of the measureament system of Figure %.3.(b) resulted
in a coincidence time spectrum having a fwhm of 8.4 ns end late
and eérly slopes correspondirg to apparent helf-lives of 2.2 ns
and 1.9 ns respectively. As no recognisable energy spectra
were obtalned at the outputs of the main amplifiers the single
chennel analysers in the slow channels were set to approximately
half the maximum pulse height seen, with auwincdow width of ebout
20 $ of this maximum. The signal (peak amplitvde seen), noise
(peak-to-peak) and pulse risetimes at the inputs to the start and
stop fest discriminators were 80 mV, 15 mV and 6 ns snd 40 mV,
15 mv end 8 ns respectively. The factor of two difference
between the peak emplitudes seen in the two channels was due
to the stop detector having twice the sensitive depth of the

start detector.
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- B.4,2. Delayed Coineidence Measurements on the 412 keV level in [:-108

The decay scheme for Au-198 is shovm in Figure 5.4.2.(e)
(Nuclear Data Sheets B, Volume 6, Number 4, 1971). The 412 keV
excited state in Hg-198 is fed mainly by the 962 keV (997) beta
.branch from the decay of Au-198. The state de-exclites by an E2
transition of energy 412 keV, the K shell conversion coefficient
for this transition being 0.03. The half-life of the 412 keV

level has been measured to be 0.02 ns.

193
79

Au

2 - 2.7 days

0.287 (1.0%) 1.087 2+

0.962 (99%)

1.37 (0.0258)—" .
0 0+
198
Hg stable
80

Figure 5.4.2.(a) Decay scheme for Au-198

The Au-198 source used for the delayed coincidence measurements
wes prepared from auric chloride in W HCl (R.C.C. code GCS 3).

The source, =n evaporated deposit on an aluminium foil backing, had
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an activity of the order of 10/«01. Figure 5.4.2.(b) shows part
of the enefgy spectrum of beta particles and conversion electrons
emitted from this source,

For the delayed coincidence measurements on the 412 keV
level in 11g-198 using the measurement system of Figure 3.3;(a)
ths single channel analyser in the sturt channel wes set on the
K conversion line at 329 keV (AE = 50 keV) whilst the analyser in
the stop channel viewed the contlnuous beta spectrum and accepted
pulses corresponding to the energy range 430 keV - 560 keV. Other
settings were similar to those used in Section 5.4.1. . Figure
5e4.2.(c) shows an example of one of the delayed coincidence
spectra obtained. The time resolution was 3.4 ns fwho and the
late and early slopes corresponded to apparent half-lives of
1.1 n3s and 0.7 ns respectively. These latter two figures vere
obtained froa the portion of the spectrum lying between counts
of 100 and 500. The spectrum was corrected for chance coincidehces
end the ﬁeasurement period was 105 minutes.

Use of the measurement system of Figure 3.3.(b) resulted in
a coincidence time spectrum having a fwhm of 4.5 ns and late and
early slopes corresponding to apparent half-lives of 1.1 ns and
1.2 ns respecii&ely. The setting of the single channel analysers
was similar to that used in Section 5.4.1. -

The time calibration for these measurements was (0.241 + 0.012)

ns per channel,



-~ 132 -

4
10 7 K-
COUNTS L+X
S1(Li) detector-
0.5 mn depth
150 V bias
1 us D.I. + S.D.
11 keV per channel
3,
10
2
10 4
10 T T T ‘

T L T T | B g L] T
0 10 20 3 40 5% 6 70 8 9 100
| CHANNEL NUMBER

Figure 5.4.2.(b) Part of the energy spectruas of beta particles and
conversion electrons emitted from the Au~193 source.
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Figure 5.4.2.(c) Delayed coincidence time spectrum obtained when
analysing the 412 keV excited state in Hg-198.



fwha
(ns)

- 134 -

H.4,3. Veriastion of Systza Tise Rasolutdon with Fhuivalent Fneorsy

Deposited in the Detectors and Slow Channel Window Vidth

The time resolution (fwhan) of the system was measured s a
function of equivalent energy deposited in the two detectors by
feeding the output of a pulser (NE 6591), calibrated in teras of energy,
simulteneously into the test inputs of the preamplifiers. Thé fast
discriminators were adjusted to have equal threshold levels., The
‘results obtainéd for two disériminator threshold levels are shown

in Figure 5.4.3.(a). Curve (a) corresponds to a threshold level

4.0

3.07

2.0]

1.0

0 T T — T T T 1
0 100 200 200 400 500 600 700

ENERGY (keV)

Figure 5.4.3.(a) Time resolution as a function of equivalent energy
deposited 1n the pwo detectors.
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set &s low a3 possible consistent with negligible triggering on
noise pulses whilst for curve (b) the threshold level was set well
above this minimum value.

Figure 5.4.3.(b) shows thez results obtained by feeding the
pulser output directly into the input of each discriminatof, the
charge sensitive preamplifiers having been previously disconneéted.
The discriminator threshold levels were set at approximately 70 keV.
Points x and y resulted when noise was added to the discriminator
input signals by connecting the output of the start chanﬁel charge
sensitive preamplifier in parallel with the pulser output. This
noise had a peakx amplitude corresponding to an egulvalent cdeposited
energy of about 60 keV. ' |

1.4,

fwhn ' _
(ns) 1.21 *x

1.0 | '
0.8 1 ‘
006-

0.4

0.27

0 T T T T
0 100 200 200 400

ENERGY (keV)

Figure 5.4.3.(b) Tims resolution of the system less preamplifiers
as a function of equivalent energy deposited in the two detectors.
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The effect of the slow channel window width on the tine
resolution was also Investigated. Prompt coincidence time spectra
were obtained when enalysing the 279 keV level in T1-203 for
three window width settings of the single channel analyser in the
stop channel (the analyser viewing the continuous beta spectrua).
The window width on the start channel single channel analyser vas
fixed in value at 12%. For the settings used (323, 25% and 61)
it wes found that very little variation in resolution (fwhm and
fwl/10m) occurred with window width . However, the results
indicated that there was a small advantage to be gajned as far
as time resolution was concerned by the use of a narrow window

width.

5.4.4. Time'Stabilitx,of the System

Ths tine stability of th=z systéﬁ was checked in a similar
manner to that used in Section 5.3.4. except that the pulser
output was connected to the test lnputs on the preamplifiers,

A run tize of 11 hours was used and resulted in & time spectrua
with a fwhm of 1.3 ns. A similarvmeasurement but with a run time

of only 90 seconds gave the same value.
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6. DISCUSSION AND CONCLUSICH

6.1, DISCUSSION OF RESULTS

The results obtained with the modified and with the
unnodified time~to-amplitude converter are discussed separately

below. ' ' .

6.1.1. The Modified Converter

Table 5.3.(a) summarises the results obtained when
analysing the 59.6 keV excited state of Np~237. Although the
four measurements were taken with identical apparatus settings
it‘can be seen on considering column three of the teble that
the chance coincidences range from 10 to 21 counts per channel
per hour. The reason for this wide v;riation is not known
for certain. A possible explaﬁ&tion is that during measurements
15.8.72 (5) and 15.8.72 (6) electrical interference was pickéd
up by the apparatus producing spurious pulses. The building
in which the work was carried out 1s known to suffer badly
fron such interference. As a result of this, further measure-
‘ments were taken overnight, where possible, when electrical
activity in the building might be expected to be at a minimua.
Column six of Table 5.3.(a) reveals that during this particular
gseries of measurements there was appreclable drift in the

calibration of the system. Again the reason for this is not
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known as there was no dramatic room temperature changes during
the measurements and the apparatus had been running for several
days prior to the first of these msasurements. The mean of
the results from the four measurements of the half-1ife of

~ the 59.6 keV excited state in Np-237 was €8.5 + 0.4) ns.

‘Table 6.1.(a) summarises the half-life measurements made on
this state. As can be seen the result obtained here is in
good agreement with recent previous measurements. Only one
of these measurements made use of a semlconductor detector

(G4RG et al 1971, surface barrier alpha particle detector).

(b) Th-228_source

Figurs 5.3.1.(g) shows the prompt coincidence spectrun
obtained when analysing the 84.5 keV excited state in Ra-224.
The time resolution (fwhm) was 8.0 ns and the late and early
slopes corresponded to apparent half-lives of 3.0 ns and
2.1 n§ respectively. The comparatively small difference
between these T% slopes, when compared with those of Figure
5.3.2.(e) can be explained by drift in tho conversion gain
(ns chfl) during the long measurement period of 67 hours.
| This gave the long term time stability of the complete system
as about + 2 ns. The prompt coincidence spectrum of Figure
5.3.1.(h) shows considerably faster late and early slopes of

1.6-ns and 1.4 ns respectively due partly to the higher energy

.
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L =1(59.6 keV). Scintillation 63+ 5 BELIRG et al (1952)
couaters ‘ '

z=7(59.6 keV). Scintillation 62 + 3 VARTAPETIAN (1958)

, counters :

o =Y(59.6 keV). Surface barrisr- 66.7 + 0.7 GARG et al (1971)
NaI(Tl)

ot =y(59.6 keV). Scintillation 6.9 + 1.0 McBETH and WINYARD (1972)

. counters M

o« =¥(59.6 keV). Scintillation 68.3 + 0.2 MILLER et al (1972)
counters

& =(59.6 ksV). Surface barrier- . 68.5 + 0.4 Present work (BISHOP)

' Ge(L1)

.

Table 6.,1.(2) Summary of the half-life determinations of the

59.6 keV excited state in Np-237.



- 140 -

of the despopulating radistion (241 keV compared with 84.5 keV)

but the late slope 1s linear only for just over one decade.

A somewhat faster early slope would be expected when comparison
is made with Flgure 5.3.2.(e) especially in view of the higher

gamma trensition energy involved.

”’Lpl,N —237_source
Table 5.3.(b) summarises the results obtained when

analysing the 86.5 keV excited state in Pa-233, As might be
expected the number of chance coincidences recorded per channel
per hour were a function of ths side channel restrictions ussd.
These ranged from 1.2 for measurement 22,11.72 (1) (no energy
restrictions except as set by the fast discriminators) to 0.07
for measurement 29.,11.72 (1) (restrictions on both alpha and
gamma energies). Measurements 23.11.72 (1) and 24.11.72 (1)
(restriction on gamma energies only) yielded figures of 0.13
and 0;64 respectively although the epparatus settings were
identical in the two cases. Advantage 1s therefore to be

__gained from using side channel restrictions as for measurement
29.11.72. (1)« The mean of the results from the four measure-
ments of the half-life of the 86.5 keV state was (37.7 + 0.2) ns.
Table 6.1.(b) summarises the previous measurements on this state
where the depopulating radiation used was the £6.5 keV gauma ray.

A11 these previous measurements used scintillation counters to
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Technisue T, (ns) Roference
. 3\
L - o Seintillation 36.9 + 0.4 ENGELKEMZIR and MAGNUSSON (1954)
coumnters ) )
L=y (86.5 XeV), Scintillation 36.0 + 0.5 MARCHAL and YVON (1961)
counters '
«-Y (86.5 keV), Surface barrier— 37.4 + 0.4 GARG ot al (1971)
XaI(T1) . :
« -y (86.5 keV), Scintillation 35.7 £ 0.5 WINYARD and McBETH (1972)
_ counters .
-} (B6.5 keV), Surface barrier- Present work (BISHOP)

Ge(Li)

37.7 + 0.2

«1.(b) Summary of the half-life determinations of the

5 keV excited state in Pa-233,

Table 6
86
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detect the depopulsting radiation and only one of the measurements
(GARG et al 1971) made use of a semiconductor detector as the
alpha particle detector. The use of scintilletion counters
with their inherently poor energy resolutlon made it impossible
to solely select the 86.5 keV gamma rays, the Pa K, X rays (also
ﬁ K. X rays) from the internal conversion of high energy gamna
rgys being accepted also. The shape of the resulting delayed
coincidence spectrum in these measurements was then determined by
more than one half-1ife. However, as shown hers, the use of
semiconductor detectors with their superior energy resolution,
sutomatically overcomes this problem. A further advantage of
the semiconductor detectors high energy‘resolution is that much
narrower side channel windows may be used resulting in a considerable
reduction in the chance coincidence rate. This in turn improves
the accuracy of measurement of the ha}f-life under consideration.

The origin of the prompt component in Figure 5.3.2.(¢) is‘on
consideration of Figure 5.3.2.(8) seen to be due to ccincidences
botween the 3.4 - 5.0 MeV alpha particles from the decay of Np-237
and the K i rays (meinly K,) from the internal conversion of
high energy gamna rays in Pa-233,

The work of Section 5¢3+.3. shows that there 1s 1little advantage
to be gained as far as time resolution and slope are concerned by

the use 6f discriminator threshold levels below the equivalent of

about 20 keV or Ge(Li) detector bilas voltages greater than about
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500 V, at the radiation energles considered here. This indicates
that above aboul 500 V the detector carrier saturation velocity
is reached. The early (negative) slopes of the proampt spectra
show no significant varlation with either Ge(L1) detecior blas
or discrininator threshold. This is to be expected &s the
early slope is here almost solely determined by noise jitter,
dthe noise originating mainly from the preamplifier used with
the Ge(L1) detector. Pulse shepe jitter from the surface
barrier detector is negligible due to the shallow depletion
depth and the large amplitude output signal, this latter also
ensuring an excellent signal to nolse ratio in the alpha channel,
Thus the contribution.to the tims resolution from the alpha |
detector compared with that from the Ge(Li) detector can be
considered to be negligible.

The output pulses from the 5 mm sensitive depth Ge(Li)
detector used here would ideally be expected to have risetimes
in the approximate range of 25 ns - 50 ns (Section 2.3.4.).
After passing through the detector preamplifier (risetime 20 ns)
the pulses would have risetimes in the range of 32 ns - 54 ns.
(The minimum pulse risetime seen on a fast oscilloscope connected
to the preamplifier was about 30 ns). The effect of this
risetime spread can be reduced by use of low discriminator
threshold settings. From a simple geometrical consideration,
assuning pulses rising linearly with time, the effective time

spread for pulées with risetimes in the above range would be
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~ about 5 ns and 9 ns for discriminator threshold levels of 20 keV
and 40 keV respectively. But from the’results of Section 5.3.3.,
after allowirng for noise jitter, it is clear that a large number

. of pulses from the Ge(L1) detector wmust have risetimes lying

well outside the above range. The theoretical charge pulse
shapes presented in Figure 2.%.4.(a) for an ideal detector thus
do not apply here. The shape distribution of pulses generated
by gemma rays in planar Ge(Li) detectors has been studied by
several workers (MOSZYNSKI and BENGTSON 1972, STRAUSS et al 1967,
STRAUSS and LARSEN 1967, BALLAND et al 1968). Their work has
shown that substantial regions near one or both electrodes of

the detector are often poorly compensated glving rise to regions
of low electric field strength. Charge carriers generated by
the incident radiation in these dead layers give rise to pulses
gaving long risetimes. The use of pf;sently aveileble risetime
compensated discriminators do not by themselves overcome this
problem, Pulse shape selection (Section 3.2.) appears the only
solution at the present time, but this technique suffers from the
lerge disadventage that a high perﬁentage (up to 50 %) of other-
wise usable events must be rejected to achieve coincidence spectr;

with fest late slopes over several decades.



The delayed coincidence spectrum obtained when analysing the
279 keV excited state in T1-203 (Figure 5.4.1.(c), coincidences
recordad between 160 keV betes and 194 keV conversion electrons)
gave a resolution (fwhm) of 3.6 ns and late and early slopes of
0.69 ns and 0.77 ns. The corresponding figures obtained for the
412 keV state in Hg-198 (Figure 5.4.2.(¢), coincidences recorded
between 495 keV betas and 329 keV conversion electrcuns) were
3.4 ns fwvha end 1.1 n8 and 0.7 ns respectively for the lete and
early TL slopes. This last set of filgures 1s iittle different
fron thz first even though the raedietions involved were of higher
energies, but on consideration of Figure 5.4.2.(c) it is seen
that the lete and early T% slopes become equal at 0.4 ns in the
region of thé spectrum lying below & count of sabout 100. The
shape of these spectra is determined mainly by noice generated
in the preamplifiers but also, to a much lesser extent, by
fluctuations ir the-pulse shape delivered by the deteétors.
The strong dependence of the spectrum shape on the signal to noilse
ratio present at the discrimirator lnputs is clearly seen from
Figure 5.4.3.(a) and shows the adventage to be gained by using as
low a discriminator thfeshold level as possible, this being
particulerly true for the lower radiation energies.h The resolution,
fwbm, as seen from the two curves in Figure 5.4.3.(a) shows roughly

an (energy)~! dependence at the lower energies, as might be
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" expected frem the reletion of = & /(dv/dt) (Section 3.2.) assuming
output pulses rising linearly with time., The fact that the
preanplifiers are the main source of nolse and hence the main

~ contributors to loss of time resolution can be seen on comparing
Figures 5.4.3.(a) end 5.4.3.(b). A reduction in preamplifier
noise would decrease time jitter due to noise (Section 3.2.) and
would enable lower discriminator threshold levels to be used thus
decressing the effects of both amplitude and risetime dependent
walk and may result in a further reducticn in noiéz;azhfhe slope
of ths signal at the trigger point is increacsed.

Altbough & very simplified approach was used in the measurement
of the half-life of the 279 keV state in T1-203 using the self
comparison method it did serve to illustrate the possibilities
of this tectnique. A much more careful study would be needed
if any worthwhile measurements were to be made of excited state
half-lives. The instrumentsl time shift would have to be ascurately
determined for both the start and stop channels. This should be
done using pulses delivered by the detectors rather than, as
described here, using artificiel pulses fed into the preamplifiers.
Such artificial pulses»do rot have the same shape as those delivered
by the detectors and in addition thelr use excludes the effect
of detector energy dependent time shifts. These i;strumental
time shifts could be considerably reduced if more sophisticated

timing discriminators such as the constant fraction types were to
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be substituted for the exictirng leading edge ones.,

Considering the results obtzined from the messurements
usirg the sfstem of Figure 3.3.(b), the repid improvement of time
resolution with increasing energy suggests that the timing
performance of the current preamplifiers would be superior to that
of the charge sensitive type at energies higher then those
considered hera., The good time performance is due to the fact
that the current pulses have a constent risetime determined by the
time constants of the detector circuit and the bandwidth of the
current preamplifiers. As the signal to noise ratio using current
preaxplifiers is proportional to (detector sensitive dept'h)"l
(Section 2.3.2.) optimum results would be obteined by matching
the sensitive depth of the detector‘to the' range of the incident
perticles, germanium detectors being S?perior by at least a factor
of two compared wi@h si;icon ones in this respect due to their
higher stopping power. With such an optimised system the time
resolution using current preamplifiers would be at least compareble
to that obtained with charge preamplifiers at the energies considered
here. A serious disadvantege of this apparatus arrangement was
the very poor energy resolution obtainable, estimated to be of
the order cof 50 keV at 200 keV. The lack of energy resolution
is mainly due to the amplitude of the current pulses delivered
by the detectors being dependent on the position of the initiel

jonisation relative to the detector collecting electrodes (Section 2.2.2.).
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This problem cen be overcome if a charge sensitive preamplifier
is added to each channel to give the energy signel, as in Figure
3.2.(a) - ¢), but it has been found here that this seriously
degrades the time resolution for reasons given in Section 3.2. end
alcso becsuse the fast discriminators are fed with a range of
pulse anmplitudes for a given deposited energy selccted by the
analysers in the slow channels. This latter would recessitate

the use of some form of constent fraction discriminator.

6,2, POSSIBLE FUTURE VWORK

It is proposed to continue this study of the use of semi-~
conductor detectors for short nuclear half-1ife measurexments in
en ettempt to decrease the lower limit on half-lives that may
be measured using the Ge(Li)-surface barrier system described
here. The effect of adding an amplitide and risetime compensated
discriminator to tle gamma channel will be investigated with regard
to timing performance. The use of pulse shape selection will
also be considered. A faster and quieter preamplifier could
“be substituted in the gamma channel. Replacement of the
existing surface barrier detector with one of the Si(Li) detectors
would extend the capabiiity of the system so that a study of

beta-gamna coincidence measurements could be made.
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6.2, CONCLUSICN

The work reported here is a contribution to a better
knowledge of the use of semiconductor detectors for short half-life
measurements. The results have shown that palrs of semiconductor
detectors operated in coincidence are capable of good time resplutiou
with simulteneous good energy resolution. Their tine perforance
deces not, at present, compare favourcbly with thut obtalned fron
orgenic scintillation counters, although the fwhm values are
close to those otteined from NaI(Tl) counters., Advances in the
design of low noise preamplifiers and fast discriminators designed
specifically with semicgnductor detectors in mind will undoubt-
edly narrow the gap.

¥With the present Ge(Li)-surface barrier system it eppears
possible to measure half-lives down to about 5 ns et gamma energles
§f 90 keV when using the slope method ;f analysis of the delayed
coincidence curvé ;nd cénsiderably less than this at higher
energies. The results obtained for the half-lives of the two
excited states measured illustrates the performance capabllity
of the system end in the case of the measurement of the 86.5 keV
state in Pa-233 clearly shows the advantage to be gained fron a
system with combined good time and energy resolution. lHowever,

& serious disadvantage of small volume plenar Ge(Li) detectors
when used for coincidence measurements is their low full energy

peak detection efficiency, especially for gamma energles above
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about 100 keV.

The results obtained with the Si(Li)-Si(L1i) system indicate
that half-lives greater than gbout 2 ns cen be measured at 200 keV
using the slope method of analysis, whilst careful use of the self
comparison technique should extend measurements towards shorter
helf-lives by about an order of magnitude at similar energles.
These figures are about an order of magnituds higher thun those
obtainable from using scintillation counters., In addition,
scintillation counter-magnetic spectrometer combinations show
energy resolutions at least comparable with the semiconductor
detector system. Thus there would appear to be little advantege
to be gained, apart from a bette; detection efficiency and smaller

size, from the use of this letier system at the present time.
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PENDIC

AP

COMPUTER PROGRAMS

APPENDIX A

Program (i

200 PRINT "LEAST SOUARES FIT PROGRAM'™
o35 DIM EC133),DC103)
207 LET ¥Y1s¥2,%¥3,Y1,Y2=0

=X~ VALUE ONE PAIR TO A LINE™

210 PPINT
227 PRINT 'HOY MANY PAIRS OF READINGS HAVE YOU -3
234 INPUT P [
24% PRINT "FNTER -Y- VALUE FOLLOUJED BY
241 PRINT *"JITH a COMMA BETYWEEN." N
254 FOR L = 1 TO P i '
262 INPUT E(L)»D(L) -
464 LET Y1 = Yt + E(L) -
465 LET Y2 = Y2 + E(L)Y**2
473 LET Y1 = ¥1 + D(L)
4873 LET ¥2 = X2 + D(LY%**2
46A LET X3 = X3 + D(L)*¥E(L) ’
523 NEXT L v
703 LET A1 = (P*X3 = X1%Y1)/(PXx¥2 =« X1%%2)
710 LET A0 =Y1/P ~A1xX1/P
£ PRINT
#17 ODRINT *"YOUR BEST STRAIGHT LINE (LEAST SOAUARES FIT) 1S
27 DRINT '
B33 PRINT ' Y = vial1vx + “3A9

) R4 PRINT " P e

. R524 LET S2 = (Y2 =~ AZ%Y1 ~ A1*xX3)/(P - 2)
f€é73 LET 83 = ¥2 - X1%%x2/P
872 LET F1 = S§2/S3
887 LET EO = S2%(1 + X1*¥2/(S3%P))/P
885 PRINT

895 PRINT "ERROR IN SLOPE (STANDARD DEVIATION) ="3SORC(CE1)
891 PRINT . ,

895 PRINT "ERROR IN INTERCEPT (STANDARD DEVIATION) ="3SORC(EQ)
897 PRINT '
9%y STOP

..995 END
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Program (ii)

2303 PRINT *"EXCITED STATFE LIFETIME PROGRAM"
255 DIM EC1293»DC103),C(133)
207 LET ¥X19X¥2,¥35sY1,Y2=0
214 PRINT . )
211 PRINT "™JHAT ARE CHANCE COINCIDENCES'™:
212 INPUT B
227 PRINT '"HOJ MANY READINGS DID YOU MAKE';
230 INDUT P
232 DRINT
234 PP INT "JHAT IS LOJEST DATA CHANNEL USED"
236 INPUT F
237 PRINT '"JHAT IS CHANCE SLOPE"
238 INPUT H i )
247 P2AINT "ENTER COUNTS FOLLOWED BY TIME WITH A COMMA BETWEEN'"
241 PRINT . ‘
257 FOR L =1 TO P : .
267 INDUT F(LI»DCL) .
265 LET ECLY = ECL) ~(B+H*B*(83-(L+F)))
2798 LET ECL) = LOGC(E(L)) :

24608 LET Y1 = Y1 + E(L)

465 LET Y2 = Y2 + E(L)Y**2 ,
472 LET X1 = X1 + D(L)

480 LET ¥2 = %2 + D(L)Y**2

490 LET ¥3 = X3 + DC(LY*E(L)

sam NEXT L
786 LET Al
719 LET AQ
&30 PRINT : 4
81 PRINT *THE BEST STRAIGHT LINE (LEAST SQUARES FIT) IS ="
8200 PRINT : , ‘ k

833 PRINT * LOGCCOUNTS) = ‘''3At3" T __— "A0
g4 PRINT ' ' : _ ' ;

841 PRINT "HALF LIFE (IN CHANNELS) OF EXCITED STATE ="30.693/A1.
RS LET S2 (Y2 = AQ%Y1 = A1%*X3)/(P - 2)
8em LET S3 X2 = X1%%2/D .
87% LET E1} S2/53
gR5 DDINT : .

886 PRINT “STANDARD ERROR IN HALF LIFE ="3SQRCE1)/0. 693

897 PRINT ‘ '
992 STOP
‘995 END

(P%X3 = X1*kY1)/(P*xX2 = X1%%2)
Y1/P ~A1¥X1/P
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Program (iii)

S PRINT "CENTROID PROGRAM"
6 FRINT
7 PRIN1

60
65
76
75
80

85

90

PRINT"NAME DATA FILE"
INPUT N1

OFEN N1 70 1,INPUT
DIM XC10R20)»,YC1000)
LET I=0

LET I=I+1

INFUT 2 1,XC1)5YCD)

95 IF X(I) >< 1E1l1 THEN 85

1851¢]
185
167
169
115
120
125
127
130
135
140
150
155
160
165
172
175
130
190

LET E=I-1

PRINT "NUMBER OF OBSERVATIONS IS '3E
PKINT "kHAT ARE CHANCE COINCICENCES!
INFUT B ;
LET 1I=0

LET F=0

LET I=1+1

LET Y(I) =Y(1) - B

LET F=CYCI) +YCI+1))/2 +F

IF 1 >< E THEN 125

FPKINT "AKEA UNDER THE DISTRIBUTION IS'";F

LET 1=0

LET H=0

LET I=I+1 :
LET H = (XCI)*YCI))/F +H
IF I >< E THEN 160

PRINT *POSITION OF X CO- ORD[NATE oF CENTROID I15'"sH

PRINT
END
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APPENDIX B

POSTGRADUATE _STUDIES

Two year part time M.Sc. in nuclear physies (University of London),
"1968-1970, North East Lordon Polytechnic.

One week full time course Flectronics for Nuclear Particle Analysis,
U.K.5.E.A., Harwell, July 1970.

One month full time as visiting scientist at CERN, Geneva, 1970,
combined lecture and experimental research progren,

Nucleonic Instrumentation Conference, IEEE, University of Reading,
1968.

Various colloquia end symposia held at the National Physical

Laboratory eand other research establishments.
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NUCLEAR INSTRUMENTS AND METHODS 96 (1971) 331-332; © NORTH-HOLLAND PUBLISHING CO.

LETTERS TO THE EDITOR
TIMING WITH Si(Li) SEMICONDUCTOR DETECTORS

R. J. BISHOP

School of Physics, Kingston Polytechnic, Kingston upon Thames, England

Reccived 12 May 1971

Experimental results are reported of the time resolution obtainable from a pair of Si(Li) semiconductor deteclors operated in
coincidence.

The inherently good timing characteristics and
energy resolution of narrow depletion depth semi-
conductor detectors make them attractive for use in
many types of coincidence experiments. This report
describes the results of an experimental investigation
into the timing performance obtainable from a pair
of Si(Li) semiconductor detectors operated in coin-
cidence.

The delayed coincidence circuit used for the measure-
ments employed a 1 mm depletion depth Si(Li)
detector in one channel (the “start” channel) and a
similar detector but of 0.5 mm depth in the other.
Both detectors were of 50 mm? area and were cooled
to liquid nitrogen temperature. The problem of extrac-
ting the timing signal without degradation of the
system energy resolution was overcome by the use of
fast charge sensitive preamplifiers (1, =6 ns) similar
to those described in ref. 1. Leading edge triggering was
used with no compensation for amplitude dependent
walk. The discriminator threshold level was set as
close to the baseline as the noise would allow, this
level corresponding to an equivalent energy deposited
in the detectors of about 90 keV.

The prompt coincidence curve obtained when

2.10
Counts f\‘
Id g / It e
—b; =
.'J ‘-‘
&
| '\R =1L2m
_, \
f_f \
|
il ot

0 5 0 15 20

Time (ns)

Fig. 1. Promnt coincidence curve obtained when analysing the
279 keV excited state of 203T],

331

analysing the 279 keV excited state of *°*Tl is shown
in fig. 1. The measured fwhm is 4.5 ns and the slope
corresponds to a half-life of 1.2 ns. For this meas-
urement onc of the slow channels was set on the K
internal conversion line at 194 keV, the other channel
viewing the continuous beta spectrum and accepting
pulses corresponding to the energy range
160 keV-180 keV. The energy resolution obtainable
was 3 keV at 194 keV. A similar measurement on the
412 keV excited state of '""® Hg yielded a fwhm of
3.3 ns and a slope of 0.8 ns. The slow channel settings
used were 329 keV (K conversion line) and 430 keV
(continuous beta spectrum) with an acceptance window
of 130 keV. Fig. 2 shows the time resolution of the
system measured as a function of equivalent energy
deposited in the two detectors. The data for curve (a)
was taken by simultaneously feeding the output
of a-pulser (f,=8ns) into the test input of each
preamplifier and that for curve (b) by feeding the
pulser output directly into the input of each discrimina-
tor, the charge sensitive preamplifiers having been
previously disconnected. The main contribution to the
fwhm of the prompt curves obtained can be attributed
to preamplifier noise. This can be seen on comparing

a0
FVWHM
(ns)

lo

20

(a)
1o ——
Sl (b)
o 00 200 o 400 00 600
Energy (keV)

Fig. 2. Time resolution as a function of equivalent energy
deposited in the two detectors: (a) whole system, (b) whole
system less preamplifiers.
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curves (a) and (b) of fig. 2. A reduction in noise would
enable lower discriminator threshold levels to be used
thus decreasing both amplitude and rise-time depen-
dent walk.

The use of fast current preamplifiers (f, =3 ns)
in place of the charge sensitive oncs was also examined.
In this case the slow channel signal was derived by
feeding the fast output pulses from the preamplifier
through a pulse stretcher. Analysis of the same two
excited states yiclded prompt curves with fwhm of
8.1 ns and 4.3 ns respectively for 2°3 Tl and "*®Hg. This
rapid improvement in time resolution with increasing
encrgy suggests that the timing performance of the
current amplifier would be superior to that of the
charge sensitive type at energics higher than those
considered here. The energy resolution obtained with
this arrangement was poor being about 50 keV, At
least an order of magnitude improvement can be
achieved by adding a charge sensitive preamplifier to

R. J. BISHOP

cach channel to give the energy signal ?) but this,
depending on  the  design (rise-time,  cold  input
capacitance) of the charge amplifier, can cause a sig-
nificant worsening of the time resolution.

The results of these measurements show that fast
timing is possible with a pair of Si(Li) detectors used
in conjunction with charge sensitive preamplifiers at
energies of 200 keV and above with simultancous good
encrgy resolution, An application of this system which
is currently being investigated is that of excited nuclear
state Jifetime measurement, The determination of life-
times greater than about 2 ns at 200 keV and consider-
ably less than that at higher encrgics appears
to be possible,

References

1 LS. Sherman and R. G. Roddick, IFEE Trans. Nucl, Sci.
NS-17, no. 1 (1970) 252,
2) L. Pupadopoulos, Nucl., Instr, and Meth, 41 (1966) 241,
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SHORT HALF-LIFE MEASUREMENTS USING A PAIR OF SEMICONDUCTOR DETECTORS

R. J. BISHOP

School of Physics, Kingston Polytechnic,

Kingston upon Thames, Surrey, England

Received 2 October 1972

A Ge(Li) detector and a surface barrier detector have been operated in coincidence to measure the half-life of the $9.6 keV excited
state of 237Np, yiclding a result of 70+ 3 ns.

1. Introduction

As part of a programme involved with the experi-
mental investigation of the timing performance of
semiconductor detectors') it was decided to examine
the possibility of using a Ge(Li) detector and a surface
barrier detector in coincidence to determine short
nuclear half-lives. Several papers>™®) have already
appeared reporting the results of similar measurements
but using a semiconductor detector in coincidence with
“ ascintillation counter. This article describes the re-mea-
surement of the half-life of the 59.6 keV excited state of
237Np,

2. Mecasurement system

A block diagram of the apparatus used for the mea-
surements is shown in fig. 1. The 3 cm? planar Ge(Li)
gamma detector had a sensitive depth of 5 mm and
was operated at 600 V. The alpha particles were
detected with a 25 mm? active area and 0.1 mm
depletion depth surface barrier detector which was
biased at 25 V and operated at room temperature. The

L

timing output signals from the charge sensitive ampli-
fiers had approximate rise times of 30 ns and 10 ns for
the gamma and alpha channels respectively. Leading
edge triggering was used with no compensation for rise
time and amplitude dependent walk. Discriminator
threshold levels were set just above the noise. Weis-
berg’s circuit®) was used as the basis for the time-to-
amplitude converter, the small range of the original
converter being extended to about 600 ns by use of a
60 m long delay line. To handle the longer pulse widths
in the circuit larger decoupling capacitors were used
where appropriate and the integrator was modified to
prevent overloading. The measured differential non-
linearity of the modified converter was better than
+4% over most of its range.

3. Calibration

A simple electronic unit was constructed using TTL
integrated circuits enabling rapid calibration of the
time scale of the time-to-amplitude converter. The
principle of operation of the unit is similar to that used

C.S.2. AMP S.C.A
FAST
AMP DELAY DISC
Ge(Li) l I -
SOURCE _— T.A.C.— AMP | STPETCKER [ H.C.A. | CCINC
SURFACE
BARRIER TAST -~
AMP
C.S.A. AMP S.C.A

Fig. 1. Block diagram oi the measurement system.

9
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Fig. 2. Schematic diagram of the time-to-amplitude converter calibration unit.

in the design of Baker et al.”). Fig. 2 shows the sche-
matic circuit diagram of the device. Pulses randomly
distributed in time were obtained from the alpha
detector and, after suitable amplification, shaped by
the 74121 monostable before being applied to the
74S00 coincidence gate. The monostable was set to
produce pulses having a width approximately 20% less
than the oscillator period. Oscillator pulses shaped by
the two 74500 gates were applied to the other input of
the coincidence gate. The output from this gate provid-
ed the start pulses. Stop pulses were obtained by scaling
down the oscillator frequency by a factor of 100. Speed
limitations in the discriminators associated with the
time-to-amplitude converter forced the use of such a
large scaling factor. The resulting calibration spectrum
consists of up to 100 peaks (depending on the converter
range) separated In time by the oscillator period.

- Qscillator frequencies in the range 13 MHz to 20 MHz

have been used and gave results consistent to within
better than +0.5%.

4. Results

For the measurement of the half-life of the 59.6 keV
level of 23”Np the single channel analyser in the gamma
channel was set to accept gammas in the energy i2nge

55keV to 63 keV, whilst the analyzer in the alpha
channel accepted alphas with energies above 5 MeV,

An example of one of a set of delayed coincidence
spectra obtained with this isotope is shown in fig. 3.
The curve has been corrected for chance coincidences
and the time calibration is 6.0540.06 ns per channel.
The measured half-life is 7043 ns, in agreement with
the latest accurate measurement®). Also shown in fig. 3
is the prompt curve obtained when analysing the
84 keV excited state of 22*Ra which has a half-life of
0.75 ns®). This gave the system resolution at these
energies as 36 ns fwhm, The energy resolution capa-
bility of the system at these encrgies was 0.8 keV and
15 keV for the gamma and alpha channels respectively.

The electronics used in these experiments was
relatively unsophisticated but, nevertheless, the work
showed the feasability of using a pair of semiconductor
detectors, with their inherent excellent energy resolu-
tion, for short half-life measurements. With the present
system it appears possible to measure half-lives down
to about 15ns at gamma energies of 60 keV when
using the slope method of analysis of the delayed
coincidence curve.

References
1) R. J. Bishop, Nucl. Instr. and. Meth. 96 (1971) 331.
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Fig. 3. Delayed coincidence time spectrum showing the half-life of the 59.6 keV excited state of 237Np.
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DELAYED COINCIDENCE MEASURZMENTS USING SEAICONDUCTOR DETECTORS
_ R.J.BISIOP

School of Physics, Kingston Polytechnlc, Kingston upon Thaﬁeé,‘Surrey, England

The‘use of semiconductor detéctors in delayed éoincidence measurements

of short nuclear half-lives is considered. Their use is illustrated by

an aécurate measurement of the half-life of the 86.5 keV excited state in
233ba. A result of (37.7 + 0.2) ns was obtained. The result of &

37Np is also reported.

measurement of the half-life of the 59.6 keV level in 2
The value obtained was (68.5 + 0.4) ns, Both these results are in good

agreément with previous recent determinations.

1. Introduction
The excellent energy resolution and good timing cheracteristics of

semigonductof detectors have recentlj led to their widespread use in
coincidénce experiments, To illustrate the application of these detectors
to short nuclear halfblife'measurements, the measurcment of the half-life
of the 86.5 keV level in 235pa by the deleyed coincidence technique is
considered btelow. This level is fed partly by the 4;787 MeV (477) alpha
brench from the decay of 237Np and partly by gamma.decay from higher energy
levels in 253pa. The state de-excites by Ei transitions of 86.5 keV and

- 29.6 eV, both being apprecisbly internally converted.

In previous determinations of the half-life of this level 1.'4) the

depopulafing rediation was detected by scintillation counters but such
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detectors suffer from a poor intrinsic energy resolution. = Thus,.in those
measurements where delayed colncidences where recorded between the alpha
particles from'237kp and the 86.5 keV gamma rays depopuleting the 86.5 keV
level it was impossible to solely select the 86:5.kev gamma reys, the
Pagﬁix-rays (92 ~ 96 keV) from thé internsal cohversiop of high energy
gamma rays being accepted also. The shape of the resulting delayed = .
coincidence spectrum was ithen determined by mére than one half-life,
However, use -of semicénductor detectors in such meaéurements; with their

superior energy resolution, automatically overcomes this problem.

" 2. Experimentel details
Tﬁe 237hp source used was prepared from & solution in 3N HNO3 (Radio~
chemical Centre, Amershem), The solution was evaporated and burned in
on & 1 nm thick stainless steel backing and produced a source with an
' activity of approximately l/uCi. The part of the energy spectrun of
X and gamma rays émittéd from the source relevent to this work is shown
in fig. 1. This was teken with a 3 cm3 Ge(L1i) detector.

The previously described delayed coincldence system 5) was used
3

for the meesurements. The gamma rays were detected by a 3 ca”, 5. um
sensitive depth plenar Ge(Li) detector whilst a surface barrier detector
having an ective area of 25 mm2 and 0.1 ma depletion depth was used to
detect the alpha particles. Calibration of the time scale of the time-
to-anplitude converter was carried out for each delayed colncidence .

5).

measurement using the electronic calibration unit described previously

The accuracy of calibration using this method was better than + 13.



]

. 167 -

3.

The intrinsic tims resolution of the system was detefmined by
'recording poincidenceé between the 5.341 MeV alpha particles from 228Th
and the 84.5 keV éamma fa&s emitted on de-excitation of the 84.5 keV
excited state in 224Ra. The half-life of this level has been previously
measured to be 0.75 ns 6). Afﬁer careful cptimisation of the system
for the best tiﬁe'resolution‘the resulting prompt coincidence spectrum

exhibited a resolution (fwhm) of 8 ns and an apparent system half-1ife

found from the late slope side of 3 ns.,
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3. MeasurementS and results

The delayed coincidence time spectrum shown in fig. 2 (time calibration
6.2i + 0.03 ns per chennel) was obtained with no energy restrictions
imposed other than those set by the two discriminators in the fast chennels,
The alpha chennel accepted energies above ebout 100 keV énd the ganmma
channel energies above about 20 keV. This spectrum exhibites prompt and
delayed components, the half-life found from the delayed component being
(37.7 + 0.5) ns. For the spectrum of fig. 3 (time calibration 6,27 + 0.03
- ns per channel) the single channel analyser in the gamma channel was set
.on the 86.5 keV gzmma line only (fig. 1). As can be seen the prompt
component.of fig. 2 is virtually sbsent and the exponential decay yielas
a half-1ife of (37.6 % 0.3) ns., With the gemma channel single channel
analyser set to accept enefgies corresponding to the £ X-rays from Pa
- and the analyser in the alpha channel accepting energies in the range
‘3.4 MeV - 5.0 MeV the spectrum of fig. 4 resulted. For this measurement
the blased amplifier assoéiated with the time-to-amplitude converterlwaé
set to X5 sxpansion, giving-a time calibration o£'1.24 ns per channel.
The spectrua of fig. 4 yields a fwhm of 6.2 ns and the late and early
slopes correspond to half-lives of 3.1 ns and 0.8 ns respectively. These
figures were sufficlently close to those obtained when analysing the
84.5 keV excited state in 224Ra to suggest that the_éhape of this spectrum
was here determined by the measurement system. Thus these figures can

also be teken to give the time resolution of the system for the radiation

energies considered.
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The results from four sets of measurements of delayed coincidences

2
between the alpha particles frqm 37Np and the 86.5 keV gamma rays

233
Pa yielded a half-life of

depopulating the 86.5 keV excited state in
(37.7 + 0.2) ns for that level. All data wes enalysed by the method
of-least squaras after correcting for chance coincidences. The present
measurement is in aéreement'with most of the earlier measurements as
shown in table 1.

A redetermination of the half-life of t£e 59.6 keV level in 237Np
has also béen made. Preliminary résults from this have been previously
reported 5). The results obtained from the analysis of four sets of

measurements was (68.5 + 0.4) ns, in good agreement with previous recent

‘results as shown in table 2,

4, Conclusion

Semiconductor detectors offer distinct advantages for short nuclear
. half-life measurements using the delayed coincidence technique. Using

the slope method of analysis of the delayed coincidence spectrum half-lives

as short as 5 ns should be measureable at energiés similar to those considered

here.



- 170 -

6.
. Table 1
. 2
Sumnary of the half-life determinatlons of the 86.5 keV excited state in 33?&.
Technique T, (ns) Reference
: 2
A~ o . Seintillation 36.9 + 0.4 1
counters
o=} (86.5 keV), Scintillation 36.0 £ 0.5 2
counters '
o~y (86.5 keV), Surface barrier- 37.4 £ 0.4 3
NaI(T1) .
o~y (86.5 keV), Scintillation 35.7 £ 0.5 4
. counters .
o~} (86.5 keV), Surface barrier- 37.7 £ 0.2 present work
: Ge(Li)
Table 2

. Summary of the recent half-life determinations of the 59.6 keV excited
37 ‘ -

state in 2 Np.
Technique T, (ns) Reference
_ 2 ‘
,(-y(59.6'kev). Surface barrier- 66.7 + 0. '
_ NaI(T1) 1£0.7 3
&~ (59.6 keV). Seintillation 66,9 +1.0 7
counters - ' :
« =1 (59.6 keV). Scintillation 68,3 + 0.2 8
counters -
o =¥ (59.6 keV). Surface barrier- 68.5 + 0.4 present work

Ge(L1)
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FIGURE CAPTIONS

Cooe3 .
Fig. 1. Part of the 3 Np X and gamma ray energy spectrum taken with a

3 cm3 Ge(Li) detector.

Fig. 2. Delayed coincidence time spectrun obtained with no energy restrictions

(237Np source) .

Fig. 3. Delayed coincidence time spectrum showing the half-life of the

33

86.5 keV excited state in 2 Pa.

Fig. 4. Delayed coincidence time sbectrum of the Pa K, X rays measured

in coincidence with 3.4 HMeV - 5.0 MeV alpha particles.
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