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Introduction

What Is Environmental Liquid Scintillation Counting?

Environmental liquid scintillation counting (LSC) measures radionuclides in the natural environ-
ment where radionuclide concentrations are low and the contribution of instrument background to
the precision of the measurement is often important. During the last decade, a new generation of
commercially manufactured liquid scintillation spectrometers was introduced. These instruments
have been classified as “low level” instruments because their background reduction features have
enabled the quantitation of much lower activities for a range of radionuclides, i.e., the E*/B factor
is increased (where E = efficiency and B = background) or the MDA (Minimum Detectable Activity)
is decreased. For example, increases in counting sensitivity have extended the effective age limit of
radiocarbon dating from 50,000 years to approximately 60,000 years. In addition, levels of less than
1 Bq L7 of water can be detected for environmental “H. Furthermore, the incorporation of
Multichannel Analyzers (MCA’s) and microcomputer technology has provided spectrometric and
sophisticated data handling capabilities which have made LSC a much more attractive analytical tool
for environmental analyses. Because of these advances, low level LSC is now commonly used for
the following analyses:

1. Measurement of natural series radionuclides. Many are now routinely measured ai natural
environmental levelsin a range of environmental sample matrices. These include isotopes of radium
(Ra), uranium (U), #°Pb, **Rn, #'Pa, and **Th.

2. Monitoring the environment around establishments associated with the nuclear power industry for
anthropogenic radionuclides - principally beta emitters without significant gamma emissions - such
as 3H, #C, S, SFe, ¥Kr, ¥ %81, ¥Tc, and 2*Pu. :

3. Nuclear weapons decommissioning; measurement of gross alpha activities in airborne particulates

and surface wipes.

Radiocarbon dating.

5. Ground water/environmental *H.

e







Section 1.

Basic Principles







Chapter 1: Low Level LSC Theory

Sources of Background

Background contributions come from many sources (Table 1-1). These sources can be divided into
those produced in the liquid scintillator and sample, and those which result from events outside the
scintillator solution. Background that results from within the liquid scintillation cocktail is often
referred to as quenchable, while background originating outside the cocktail is referred to as
unquenchable (Horrocks, 1985). :

Sources of Background
Source Contributor
Vial Cosmic ray interactions with the glass to produce Cerenkov
radiation, secondary electrons, and gamma rays.
Natural radioactivity in the vial walls or cap.
Static charge on the vial.

Photomultiplier (PMT) and Cosmic ray interactions with the glass to produce Cerenkov
surrounding materials radiation, secondary electrons, and gamma rays.
Natural radiation in PMT construction materials.
Crosstalk from electric discharges or Cerenkov events.
Afterpulsing in the PMT due to residual gas discharges.

Quenchable Background Sources
Source Contributor
Liquid scintillation cocktail Cosmic ray interactions and radicactive contamination of solvent
and scintillator chemicals. Chemiluminescence and/or
bioluminescence produced by the interaction of certain solvents with
the sample.

Sample Radionuclide contamination. Chemiluminescence produced by
impurities in the sample or the addition of organic/inorganic base.

Table 1-1.

Because quenchable background is primarily due to cosmic ray or other high energy radiation
interacting with the scintillator solution, the pulse height spectra (energy) of this type of background
extend beyond the 3H and C energy ranges. Quenchable background increases with increased
cocktail volume and is reduced by any agent that quenches the cocktail.

High energy cosmic radiation interacting with vial and PMT glass surfaces is the primary source of
unquenchable background. However, the resulting Cerenkov events are primarily confined to the*H
and“C energy regions, but have a distribution that is flat over a broad energy range and are unaffected
by cocktail quench.

Quenchable and Unquenchable Background

Approximately 32% of the total background spectrum is due to quenchable events, while approxi-
mately 68% is due to unquenchable events. Quenchable background results from interactions of
external radiation with the liquid scintillation solution or from sample contaminants. The light pulses
so produced are similar to those of true beta events (Figure 1-1A). Most quenchable background
events are caused by external high energy radiation since the particles or photons must penetrate the
lead shielding, the reflector and the glass wall of the vial before interacting with the scintillation
cocktail. Unquenchable background results from the interaction of cosmic radiation or natural
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radioactivity in the counting vial wall, with the glass envelope of the PMT’s, as well as with other
material surrounding the vial. Such background can be distinguished electronically from valid
scintillation events because the pulse pattern that results is characierized by a series of trailing low-
photon-yield afterpulses or bursts following the initial prompt pulse. This trailing burst is due to
Cerenkov events resulting from the cosmic ray or other radioactive interactions with the vial or PMT
glass surfaces. A typical pulse pattern due to unquenchable background is shown in Figure 1-1B.

- e B
Typical Beta Scintillation Pulse Background Pulse
Prompt Puise or Fast Component Y Prompt Pulse
| Aﬂerpulses (Pulse Index=4)
Puise
Herght
2 8ns
2-8ns  Upto 900ns e——n——e DO SUS —
Figure 1-1.

Typical cocktail photoluminescence decay curve (A). Typical pulse pattern due to unquenchable
background (afterpulse sizes are not to scale) (B).

Background Reduction Methods - Instrument Considerations

Until the introduction of commercially manufactured low level liquid scintillation counters, many

background reduction methods were attempted by instrument users. They consisted mainly of
modifications to existing instrumentation and included the following: increasing the amount of passive

shielding, reducing the voltage applied to the photomultiplier tubes, masking the photomultiplier

tubes or the vials to minimize crosstalk, or using alternative low background materials for vial

construction (mainly quartz, delrin or Teflon™) (Tamers, 1965; Calf and Polach, 1974; Noakes, 1977;

Haas, 1979; Gupta and Polach, 1985). In addition, a number of experimental devices incorporating
cosmic guard detectors were fabricated (Pietig and Scharpenseel, 1964; Alessio etal., 1976; Punning

and Rajamae, 1977; Iwakura et al., 1979; Jiang et al., 1983). However, it was not until background

reduction features were combined with modern microprocessor technology that the full potential of
low level LSC instrumentation was realized.

Modern low level instruments employ one or more of the following features to reduce background:

Enhanced Passive/Graded Shielding

Some instruments employ nearly 1000 kg of lead shielding. This reduces the background from
environmental gamma photons associated with building materials and instrument construction
materials, as well as the “soft” cosmic muon component of background. Such a shield may be lined
internally with cadmium and copper to absorb secondary X-rays and thermal neutrons. Passive
shielding does not remove the hard cosmic component,
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Active Shielding

Anactive shield or guard detector consists of a volume scintillating material (e. g., a plastic scintillator,
such as NE-110, a mineral oil based scintillator, or even a large sodium iodide crystal) and two
additional photomultiplier tubes, which surround the detector assembly, and are in anticoincidence
with the sample PMT’s. Events detected only by the guard detector or events simultaneously detected
by the guard and sample PMT’s are rejected. Typically, the guard will reject much of the residual
environmental gamma radiation, the soft cosmic component, and the harder cosmic muon fiux, This
has the effect of reducing PMT crosstalk from Cerenkov light induced pulses which are primarily
caused by the interaction of cosmic muons with the PMT’s.

Pulse Discrimination Electronics

Pulse Shape Analysis (PSA)

A beta scintillation event is comprised of a fast (prompt) component and a delayed component. The
majority of the light (derived from excited singlet states) is within the prompt component (typically
2-8 nanoseconds in duration). The delayed component (produced largely by the annihilation of triplet
states) may persist for several hundred nanoseconds. The relative amounts of light in the prompt and
delayed components has long been known to be dependent on the specific ionization induced by
different types of particles. For example, the delayed component of an alpha induced pulse is typically
longer in duration than a beta induced pulse. It is on this basis that PSA can be used for particle
detection, which includes alpha/beta discrimination.

Although the most effective use of PSA is for alpha counting, the technique has also been used for
background discrimination. The background of glass vials is characterized by long scintillation light
pulses due to the interaction of cosmic or other environmental radiation with the vial. PSA is used to
discriminate the long scintillation of the background from the shorter scintillations of true beta events.

PSA values are adjustable within a range of values. The optimum PSA (in which E*/B is maximized)
is determined by the user and specific for vial type and chemistry.

Pulse Amplitude Comparison (PAC)

This technique compares the ratio of the pulse amplitudes produced by the two PMT’s. Photons
produced in the cocktail during a decay event are evenly distributed and the number impinging oneach
photocathode will be similar; thus, the ratio of the pulse amplitudes will vary around a value of one.
Photons produced in the vial wall or in the PMT’s will show greater variation, e.g., if a scintillation
is produced through the interaction of a cosmic muon with a PMT, the amplitude of the pulse seen by
one PMT will differ from that seen by the other, and the PAC ratio will deviate from unity. Therefore,
the pulse amplitude ratios will be less evenly distributed.

Time-Resolved Liquid Scintillation Counting (TR-L.SC®)

TR-1.SC is a patented electronic technique used to reduce background count rates by discriminating
out the unquenchable component of background from true beta events and the quenchable background
on the basis of the number of afterpulses which follow a prompt pulse event.

TR-LSC Theory

Unquenchable background is the result of low photon yield Cerenkov events consisting of a prompt
component followed by a delayed component comprised of a burst of afterpulses (of single
photoelectron magnitude) which can continue for as long as five microseconds (Figure 1-1B)
(Dressler and Spitzer, 1967; Jerde, Paterson and Stein, 1967; Roodbergen et al., 1972). Usnally, a far
greater number of afterpulses will result from an unquenchable background event than from a true
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scintillation event for a given energy. Valenta (1987) described burst counting circuitry to discrimi-
nate unquenchable background events from true beta events on the basis of the number of burst
afterpulses which follow the prompt pulse. This is the basis of the TR-LSC background reduction
feature employed in low level instruments manufactured by Packard Instrument Company. Each
coincident event initiates a burst counter which counts the number of afterpulses occurring during a
period of approximately five microseconds after the event. The total number of afterpulses is termed
the pulse index. This is used to create a three dimensional spectral plot containing activity, energy, and
time-resolved information for each detected event. Figure 1-2A demonstrates that a background
sample produces a significant number of afterpulses or bursts at the low energy end of the spectrum.
In contrast, an unquenched®H sample generates few afterpulses and only at the high energy end of the
spectrum (Figure 1-2B). An air quenched *H sample prepared in the laboratory (Figure 1-2C)
generates almost no afterpulses. By accepting only events with few or no afterpulses, a spectrum with
a reduced background count rate may be obtained. Because there is a finite probability that sample
eventis will cause afterpulses thereby leading to rejection of valid events, TR-LSC may reduce
counting efficiency. In some applications rejection of valid events is more probable in: (1) de-
oxyvgenated samples, (2) long fluorescence life-time (slow) scintillators which produce a significant
delayed component, and (3) higher energy beta emitters (energies greater than or equal to'*C) where
the delayed component persists, even in the presence of oxygen. The ability to optimize TR-LSC for
all three of the above conditions is possible with the programmable feature of TR-LSC. Programmable
TR-LSC is discussed in the next section under TR-LSC considerations.

3-D Spectrum of Background Sample
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3.D Spesirum of an Oxygen Quenched *H Sample
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Figure 1-2,
Three dimensional plot of pulse height spectrum of background sample (A). The pulse index is the
third dimension. Unquenched *H sample (B). Laboratory prepared *H sample (C).

1-4




