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DEVELOPMENT OF A PICO-SECOND LIFE-TIME SPECTROMETER

FOR POSITRON ANNIHILATION STUDIES

P.K. Pujari, T. Datta, B.S. Tomar and S.K. Das

Radiochemistry Division

Bhabha Atomic Research Centre

Trombay, Bombay 400 08 5.

Abstract

Positron annihilation technique is a sensitive probe to

investigate various physico-chemical phenomenoa due to the

ability to provide information about the electron momentum and

density in any medium. While measurements on the Doppler

broadening and Angular correlation of annihilation photons

provide information about the electron momentum , the electron

density at the annihilation site is obtainedby the positron

life-time measurement. This report describes the development,

optimisation and calibration of a high resolution life-time

spectrometer (FWHM=230 ps) . based on fast-fast coincidence

technique, a re lat ively new concept in nuclear timing

spectroscopy.

Introduction;

Positron, which is a Fermion and antiparticle of electron is

commonly obtained by radioactive (e+)decay of neutron deficient

isotopes or the pair production process. Its interaction with an

electron in any given matrix results in annihilation of the

positron-electron pair, producing primarily two annihilation
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photons. These photons of energy 511 ReV each, if monitored by a

high resolution gamma detector, undergo Doppler shift due to

finite momentum or kinetic energy of the electron-positron pair.

The extent of Doppler broadening of the gamma line at 511 KeV is

thus dependent on the pair momentum which is contributed

primarily by the elctrons in the medium since the positron

annihilates from the thermalised state. Apart from this, the

emitted annihilation gammas deviate from collinearity (i.e. 180 )

due to the finite momentum of the annihilating pair. Thus, the

angular correlation of the two emitted photons reflects the

momentum distribution of the electrons in any medium. Therefore,

momentum distribution of electrons in any medium can be obtained

by monitoring the Doppler broadening or the angular correlation

of annihilation photons. These techniques are accordingly known

as Doppler broadened annihilation radiation (DBAR) and Angular

correlation of annihilation radiation (ACAR) techniques

respectively.

On the other hand, the rate of positron annihilation is

directly proportional to the electron density at the annihilation

site as

A • r/ . c . nel

where r0 is the classical electron radius, c is velocity of light

and nel is number density of electron. The inverse of this rate

is the average life-time of positron, commonly referred to as "

life-time". K life-time spectrometer measures the life-time of

the positron or the time interval between the birth and death of

a positron, thus providing information about the electron



density at the annihilation site. The information obtained from

life-time spectroscopy(LTS) together with DBAR and/or ACAR

technique provide near complete description about the electrons

in any medium which makes this technique a powerful nuclear probe

for electronic stuctural aspects in solid, lquid and gaseous

states [1,2].

The origin of positron annihilation life-time measurement

apparatus is found in nuclear timing spectroscopy, the original

technique being a slow-fast timing coincidence system. Recently a

newer system, namely, fast-fast timing coincidence apparatus is

made possible due to the invention of Constant Fraction

Differential Discriminator (CFDD) [3], widely used by

experimentors since mid eighties. This report describes the

development of a state of the art timing spectrometer using fast-

fast coincidence technique. We briefly compare the slow-fast and

fast-fast coincidence technique followed by the delineation of

the considerations in optimising the spectrometer to get the best

timing resolution.

Instrumentation and principle:

A life-time spectrometer is either based on slow-fast

coincidence or fast-fast coincidence technique [ Fig 1 ] . The

components in a slow-fast circuitry are a pair of plastic

scintillators along with Photomultiplier tubes(PMT) and base,

Constant Fraction Discriminators(CFD), amplifiers (AMP), Timing

Single Channel Analyser (TSCA), Delays, a fast coincidence unit

(FC) and a Time-to-Amplitude Converter (TAC) [Fig. la]. The

energy and timing outputs are separately taken from the last
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dyanode and anode of the PMT respectively. On the other hand,

fast-fast coincidence set up employs a pair of plastic

scintillators along with PMT and base, Constant Fraction

Differential Discriminators (CFDD), Delay, FC and a TAC [Fig.

lb] . The energy and time pick-off information is obtained from

the same output of the PMTs using the CFDD. Thus it avoids two

separate channels, one slow (energy) and one fast (time) as in

slow-fast, and hence called a fast-fast coincidence circuitry.

The working principle of a life-time spectrometer is as

follows. Na is the ideal positron source since the 1275 gamma

ray is emitted almost instantaneously after the e+ emission and

the time of detection of 1275 KeV gamma can be taken as the birth

of positron. On the other hand the time of detection of 511 KeV

annihilation gamma photon represents the death of a positron.

Thus the life span of a positron can be obtained by recording the

time difference between these two gamma photons in a TAC. The

127 5 and 511 KeV gammas are picked up by the two detectors and

the respective timing pick-off signals are communicated to the

TAC through CFDior CFDD) which measures the time difference

between these two. The respective energy signals reach the FC

unit either through TSCA (or CFDD) which checks the "genuineness"

of the event, and, if it is a true event, the TAC is strobed by

the FC to produce the output on the time difference between the

occurence of 1275 and 511 KeV photons; the magnitude of which is

converted to pulse height and recorded in a multichannel

analyser.
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Comparison between the fast-fast and slow-fast techniques:

In the fast-fast technique, each time pick-off unit is a

CFDD which generates the timing information and determines the

energy range of interest simultaneously, unlike in slow-fast

where timing and energy selections are done by CFD and TSCA

respectively in two separarte channels [Fig. la,lbj. This is the

major difference which brings in some distinctions in the

performance characteristics of the two techniques as follows.

a) The performance of a slow-fast system at high count rate is

very poor because the TAC has to process all start signals

regardless of whether they represent valid event unlike in fast-

fast where only true (coincident) events are processed by the

TAC. This leads to dead time problem. In addition, at high count

rate the linear side channel (energy channel) in a slow-fast

system imposes severe count rate limitation. Further input rate

exceeding 100,000 CPS may cause saturation in some preamplifiers.

Also many shaping amplifiers begin to lose baseline control at

such count rate. These effects can result in erratic timing

information from the TSCAs and a consequent loss in coincidence

pulses strobing the TAC.

b) The disadvantage of fast-fast system is poorer energy

resolution because the PMT anode pulses are not processed to

enhance their energy signal-to-noise ratio. However, positron

life-time measurement apparatus uses plastic scintillators, which

have inherent poor energy resolution. Consequently, the

relatively high energy resolution of the slow-fast timing system

offers no advantage.
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cr There is only one channel in fast timing set up compared to

two in slow-fast, thus reducing the noise and improving

resolution. In addition it reduces the cost of the spectrometer.

Optimisation of the fast-fast coincidence spectrometer:

Optimisation of a positron life-time measurement apparatus

[Fig 2]involves both timing and energy performance. The detector

element, consisting of the scintillator, PMT and its base and

high voltage power supply are of critical importance. Proper

optimisation of the CFDD and energy calibration are also

important.

1.Detector element: While selecting the scintillator, the size

and shape of the crystal are of considerable importance. Higher

is the volume, larger will be the spread in the collection time

of the scintillation photons at the PMT due to the wide variation

in the path length of the scintillation photons generated at

different parts of the crystal. This results in poorer time

resolution. On the other hand, smaller size crystal means

reduction in the efficiency and poorer statistics. Hence a

compromise has to be made between resolution and efficiency while

selecting the volume. Normally, 2.5 cm 0 x 2.5 cm size is a

popular choice for the plastic scintillators. It was reported

that truncated cone geometry in contrast to the cylindrical form

gives improved (10 %) timing resolution [3] . In addition, the

coating of the detector by a white reflector paint increases the

efficiency by enhancing the light collection.

The common plastic scintillators are Pilot U, BC418, BC422

NE111 and KL236. The principal characteristics of all these
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materials is their fast rise time (0.4 ns) and decay timed.4

ns) . In a good timing system, the rise time of the signal is of

extreme importance because as the slope of the signal(rise time)

increases, the uncertainty in the time pick-off due to jitter

reduces.

The PMT chosen should be such that the transit time spread

should be minimum and the rise time of the output should be fast.

The transit time of a PMT is defined as the average time

difference between the arrival of a photon at the photo cathode

and collection of the subsequent electron burst at the anode.

But, depending on the point of origin on the photo cathode and on

their emission velocities in terms of magnitude and direction,

the photo electrons created by light from the scintillator

crystal follow individual path to first dyanode, causing a spread

in the transit time. Similarly, the secondary electrons also

travel individual paths between the dyanode and the anode

depending on their point of origin and emission velocities

causing further time dispersion. The design of both the cathode

to first dyanod* and electron multiplier is critical in obtaining

optimum time performance. Equalisation of path lengths between k-

d^ of the electron and independence of their point of origin

would reduce the time spread. This can be achieved by keeping

high potential difference between photo cathode and the first

dyanode. This increases the velocity of electrons reducing the

time spread. Similarly, focussing the electron trajectories with

small areas of each dyanode and short interelectrode paths reduce

time spread. PMT with piano concave windows which focus the
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photons on the photo cathode on a siiiall area and linear focussed

electron multipliers provide the best time performance. Other

factors which affect the time resolution are the number of

dyanodes in the PM tube. Fewer stages of multiplication give

better timing since this reduces the spread in path lengths and

so in the transit time of electrons. In addition , the diameter

of the photo cathode influences the timiming characteristics,

smaller diameter giving better timing. Best timing is achieved

when only the central area of the photo cathode is illuminated.

Normally, RCA8575, RCA885O, 12 stage PMTs are used. The

crystal is mounted on the PMT using an optical grease ( Dow

Corning 0,2-3067) applied to the scintillator base. Care is taken

to remove any air bubble in the interface. New PMTs with

microchannel plates and special cross field arrangement also are

potential candidates for the future..

The PMT base is an important part of the detector assembly

as it distributes the high voltage to the various dyanodes and

couples the anode signal from the PMT to the timing electronics.

The bleeder circuit in PMT base is given in figure 3.In general,

each PMT has a different divider string for optimal timing

performance. The bases are equipped with both GAIN and FOCUS

adjustment to maximise the anode output as well as preserve its

wave form for optimal timing performance. One obvious way to

reduce jitter is to have dc coupled anode output. This eliminates

the requirement of a capacitor through which the output is taken

and hence reduces the noise. Here the cathode is given a negative

potential and the anode is grounded.



The first rule in the high voltage adjustmant is not to

saturate the PMT. The high voltage setting is an effective way to

control the gain of the PMT and in turn the S/N ratio. Generally, '

the high voltage in positron life-time spectrometer is adjusted

such that the maximum anode signal into a 50 Ohm load is about -

1.5 V for 22Na or 60Co. A single source of high voltage for both

the detectors reduces the peak position shift in the event of any

voltage fluctuation.

2. CFDD: It is one of the most important component in a life-

time spectrometer because it produces both the timing pick-off

and energy signal for further processing by TAC and FC

respectively. Therefore its proper optimisation is the key tr>

good timing resolution.

The CFDD produces the time pick-off by constant fraction

mode. Figure 4a depicts this method of time pick-off along with

other methods. This method produces negligible walk compared to

other methods. The origin of walk is depicted in figure 4b. The

initial walk adjustment is done by setting the readings of the

walk test points to -0.5 mV, which should not exceed +/-5mV after

final experimental adjustments. One very useful method of

checking the walk is to see a precise cross-over in the monitor

signal triggered by the CFDD timing output [Fig. 5]. In addition

to this, both the timing output signals can be fed to 'start' and

'stop* of TAC with finite delay in 'stop' side. The TAC output

then can be amplified using a biased amplifier and the timing

dispersion (walk) can be seen and adjusted. The CF delay is

another important adjustment and depends upon the rise time of
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the PM tube anode pulse. This is achieved by choosing a suitable

cable length matching the desired delay which is calculated as

CF Delay- (1.1) * (rise time) - 0.7 ns.

Since a cm length of 50 Q cable gives a propagation delay of 50

ps, the proper length can thus be calculated.This adjustment is

very critical because delay is an important parameter in the

process which leads to a precise timing pick-off in constant

fraction mode [Fig. 4a].

The CFDD has a built in SCA for energy discrimination. But

its calibration becomes difficult due to poor energy resolution

of plastic scintillators/ where the photo peaks are completely

absent and only the Compton edges in the pulse height

distribution could be a guide to energy calibration (e.g. Compton

edges for 511 and 1275 KeV of 22Na are 340 and 1062 KeV ; for

1172 and 1332 KeV gammas of 6 0Co they are 960 and 1120 KeV

respectively). The circuitry for energy calibration of the SCAs

is shown in figure 6. Taking the Na source and keeping the LLD

and ULD of SCA fully open, the pulse height spectrum is taken and

the Compton edges are identified as shown in figure 6a. Next, the

LLD is increased to a certain voltage and the spectrum obtained

is as shown in figure 6b. Utilising these two information, the

energy vs voltage curve is obtained. This is repeated for the ULD

also.

In addition the CFDD has another setting called Blocking

Width. This width read with an oscilloscope indicates the dead

time of the unit. This prevents any false triggering generated by

the tail end of the anode pulse.
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3. Initial system settings and time calibration:

Several other initial settings are required prior to

operation of the fast timing system. The FC can be set from 10 to

110 ns with 20 ns as a good initial value. The TAG range must be

set consistent with the expected range of positron lifetimes to

be measured. For initial system resolution measurement, the 100

ns range is acceptable. This setting corresponds to approximately

20 ps/ch using TENNELBC PC based MCA. The passive delay unit is

operated in its linear range to compensate for the propagation

delay of the FC unit and to ensure that the TAC operates in a

very linear range.

Time calibration of the MCA is the next step and can be

achieved either by a time calibrator or by simply changing the

delay and monitoring the peak position shift in the MCA , the

circuitry of which is given in figure 7.

4. Cables and connectors:

All cables and connectors used in the spectrometer should

have proper impedence matching (50 Q) with the components. In

addition special care should be taken with all the cables to

reduce ground loop and stray coupling effect.

Calibration of the spectrometer

The final system configuration is given in table 1. Energy

calibration of the SCA in CFDD was carried out as described in

the preceding section and accordingly windows were set in both

the CFDDs corresponding to the 511 and 1275 KeV gammas

respectively. To measure the time resolution of the instrument,

60Co was placed between the two detectors keeping the SCA gating
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in CFDDs corresponding to 511 and 1275 KeV. 60Co source is taken

because the tine difference between the Comptons at 511 and 1275

KeV range is less than 5 ps and thus one gets the prompt spectrum

or response function. The prompt spectrum thus measured with 30%

window had a FWHM of 230 ps and a slope of 57 ps [Fig 8]. Another

configuration with gating corresponding to 6 0Co gammas in both

the CFDDs gave a time resolution of 200 ps.

In order to check the performance of the spectrometer,

several life-time spectra were acquired taking super pure and

well annealed aluminium which is known to yield a single life-

time component of 166 ps. A Na source deposited on a 4 um Al

foil was sandwiched between two identical Al samples. The data

was analysed using code RESOLUTION and POSITRONFIT [4], the basic

mathematical model of which is

where I and X refer to the intensity and the decay rate of the

individual component corresponding to a particular positron

state. The result obtained was a life-time component of 165+1

ps(95%) as expected along with a source contribution of 450

ps(5%). A typical life-time spectrum of water showing three life-

time components is given in figure 9.

Conclusion and future direction:

He have developed, optimised and calibrated a positron life-

time spectrometer giving a resolution of 230 ps for the actual

2 2Na setting, based on the fast-fast coincidence technique.

Efforts are being made over the years to improve the resolution
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and efficiency of these spectrometers. This involves newer

concepts in instrumentation and development of detector material

and photomultiplier tubes. Recently, BaF 2, an inorganic

scintillator having a fast decay time of 600 ps finds increasing

acceptance due to its fast timing characteristics as well as high

photon detection efficiency ( density is 4.4gm/cc as compared to

1.2 gm/cc for plastics). Another material CsF is being tried for

timing application due to its low cost. Apart from this, positron

beam technique is likely to revolutionise the positron timing

spectroscopy in future.
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Table 1

Final aystea configuration

Source : 60Co '50 uCi

Start and Stop Channel

Scintillator: BC418, 12.2 cc truncated cone 'BICRON)

PMT : RCA 8575

PMT Base : ORTEC 265

Bias : TENNELEC TC 952, -1775 V

CFDD : ORTEC S83, 30% winUow for SCA

corresponding to 511 and 1275 KeV.

FC unit : ORTEC 414A, Resolving tine 20 ns.

TAC : ORTEC 566, RRange 200 ns.

MCA : TENNELEC (PC based), 4K {'40 ps/ch)
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