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1. INTRODUCTIQN

In liquid scintillation counting (LSC) we use the process of luminescense to detect ionising
radiation emit$ed from a radionuclide. Luminescense is emission of visible light of non
thermal origin. 1t was early found that certain organic molecules have luminescent
properties and such molecules are used in LSC. Today LSC is the mostwidespread method
to detect pure beta-ernitters like tritium and carbon-14. 1t has unique properties in its
efficient counting geometry, deteetability and the lack of any window which the beta
particles have to penetrate. These properties are achieved by solving the sample to measure
in a scintillation cocktail composed of an organic solvent and a solute (scintillator).

Even if LSC is a weil established measurement technique, the user can run into problems
and abasic knowledge of the deteetor and its different components is of fundamental
importance in a correct use of the technique. The alm of this presentation is to provide the
user with some of this fundamental knowledge.

2. BAS1C PRINCIPLE

LSC is based on the principle of transformlng some of the kinetic energy of the beta-partic1e
into light photons. These photons are coilected on a photocathode in a photomultiplier. In
the photocathode the light photons release electrons. The number of electrons are further
increased by a multiplication process and the [mal result will be an electric pulse which is
further amplified, sorted and finally counted. Figure 1 is a schematic presentation of the
different steps inolved.

Figure 1: Basic principle in liquid scintillation counting.

The counting vial contains the radioactive sample together with the solvent and the solute.
There are approximately 200 times more molecules of the solvent than of the solute. When
the beta-partic1es are stopped it most likely results in excitation and ionisation of solvent
molecules. The number of affected molecules will be dependent of the energy of the beta
particle. The higher energy the higher number of excited molecules. The solvent molecule
can transfer its excess of energy to another solvent molecule, a process which has a higher



probability than a direct deexcitation of the molecule. It can also transfer its excitation
energy to a solute molecule which upon deexcitation will emitt a scintillation photon. The
energy (wavelength) of this photon can mismatch the spectral response of the photocathode.
In such cases a secondary solute can be used. This secondary solute is excited by the photon
from the primliry solute. Upon deexcitation the secondary solute will emit a light photon
with lower energy than the photon from the primary solute. The secondary solute will then
act as a wavelength shifter. The basic energy transfer processes are illustrated in figure 2.
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Figure 2: Energy transfer processes and emission ofscintillation light. An ionising particle will cause
excitation of mOlecules of the solvent (X) either directly (1) or by an ionisation (2)and
recombination process (3). X will dexcite to Iowest excited state (4). From this state the further
dexcitation can be a radiationfree transfer to the ground state or (5) or more likely a transferof the
energy lo another molecule (6) or to the solute molecule (7). The solute molecule will undergo
dexcitation by emitting a light photon (8) which can be absorbed by the secondary solute (9) which
upan deexcitation also will emil a photon (10) but of less energy.

The scintillation light produced in the scintillation solution will then be transformed 10 an
electrical signal. This is primarily done in the photocathode of the photomultiplier tube.
When the scintillation photons hit the photocathode it will emit electrons. These electrons
are accelerated towards a system of dynodes where the number of electrons is increased by a
multiplication process. From the photomultiplier we will then finally get an electrical pulse
which passes an amplifier. Through the system we have a proportionality between the
energy of the betaparticle and the pulseheight. If the beta-particles have a continous energy
diStribution then the pulse-height distribution will also be continous. If all ionising particles
have the same energy then the pulseheight distribution will be a peak with a width
determined by the energy resolution of the system. This is illustrated in figure 3. The
property of energy resolution makes it possible to sort the pulses from, for instance, two
radionuclides. This sorting is made by the pulseheight analyser. The sorted pulses are fmally
counted and the number of pulses is then proportional to the activity of the radionuclide. It
should, however, be noted that the eonstant of proportionality can vary from sample to
sample and this must be corrected for. It should also be noted that the sample will contain
background counts, which also have to be corrected for.
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Figure 3: Pulseheight distribution of Cs-137. Al disinlegmtion the mdionuclide will emit beta-particles with a :

continuous energy distribution. Il will a1s0 emil electrons from an interna! con~ersion process. These
electrons will all have the same energy and they appear in the pulseheight distribution as a peak with a
width dependent on the energy resolution of the scintillator system.

3. SCINTILLATION PROCESS

The ionising particles emitted from a radioactive sample will interact with molecules of the
solvent. Along the track of the particle we will find excited molecules, ionised molecules,
ions and electrons, fragments of ions and molecules, free radicals etc. The concentration of
these products can be very high along the track and is governed by the stopping power of
the ionising particle. Thus, the concentration will be much higher if the ionising particle is
an alpha-particle than in the case of a beta-particle. In a sense this is a waste of particle
energy resulting in a decreased number of excited molecules of the solvent per unit of
absorbed energy for heavy charged particles resulting in a lower yield of light photons. This
effect is referred to as track quenching.

It is the number of excited molecules of the solvent that are important for the continuing
process and generally this number is quite low. For a beta-particle about 5% of the kinetic
energy will be found as excitation energy of molecules of the solvent and for alpha-parrlcles
about 0.5%.

Deexcitation of the solvent molecule is primarily a deexcitation to the lowest excited state of
the molecule. From this state a dexcitation to the ground state is possible and the excitation
energy is released as a photon. For a solvent molecule used in LSC, however, a deexcitation
by transferring the energy to another molecule has a higher probability. This energy transfer
is taken place without any loss of energy and the theory is discussing this process in terms of
formation and separation of dimers.



If solute molecules are present in the solvent there is a probability that the excitation energy
carried by a solvent molecule is transferred to a solute molecule. This energy transfer that
will result in an excited solute molecule is dependent of the concentration of solute
molecules in the solvent as illustrated in figure 4a. Upon dexcitation the solute molecule
will emit a light photon. The deexcitation of a solute molecule is further illustrated in figure
5. The deexcitation of the solute molecule is affected by the concentration of the molecules.
At very high concentrations there will be a reduced number of photons per excited solute
molecule as illustrated in figure 4b. Together figures 4a and 4b will result in figure 4c
showing that an optimal concentration of the solute can be found.
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Figure 4: a)Energy transfer efficiency from solvent to solute is dependent of the concenttation of the
solute.

b) Light yield of the solute will decrease upon increased concenttation due to selfabsorption of the
scintillation light.

c) An optimum concenttation of the solute can be found.

As seen in figure 5, the ground state of the solute molecule consists of several sub-levels and
deexcitation from the lowest excited state can take place to any of these sub-levels with
varying probability. The result will then be a spectral distribution of the scintillation light as
illustrated in figure 6.
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Figure s: Dexcitation processes in a solute molecule. Interna! trausitions (no radiation emitted) between sub-Ievels
(l),levels (2) and systems (3). Luminiscent trausition (4) and phosphorescent trausition (5).
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Figure 6: Deexcitation from lowest exciyed state of the solute can reach any of the sub-Ievels of the ground state

but with different probability. The result will be a spectral distribution of the scintillation light.

If a secondary solute is used it should be selected to have an absorption spectrum
overlapping the fluorescens-spectrum of the primary solute as illustrated in figure 7. This
will result in a high probability of excited molecules of the secondary solute which then at
deexcitation will emit a photon with lower energy than the primary solute. Of course, there
will be a concentration dependence and figure 8 shows the spectral distribution of the
scintillation light at different concentratians of a secondary solute.
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Figure 7: Absorption (A) and emission (F) spectra of a secondary solute. Dashed line indicate the spectral

distribution oflight from a primary solute. .
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Figure 8: Spectral distribution of scintillation light at a constant concentration of the primary solute and a
varying concentration of the secondary soiute.
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4. SOlVENTS AND SQLUTES

Having the basic processes in mind we can fonnulate certain desired properties of the
solvent:

1. Efficient solvent for the solute.

2. Efficient transfer of excitation energy to the solute.

3. No absorption of scintillation light

4. Chemically stable and properties independent of temperature.

5. Efficient solvent for the radioactive sample.

Some examples of solvents used in LSC is presented in table 1. They are all aromatic
organic compounds.

The relative pulse-height presented in table l is a measure of the property of the solvent to
transfer its excitation energy between solvent molecules and to solute molecules. The
absorption spectrurn of the solvent is weil separated from the fluroscence spectrum of the
solute meaning that the absorption of the scintillation light is low.

The compunds listed in table 1 will fulfill the first four requirements presented above. Due
to their organic properties there are, however, limitations in solving biological and other
samples especially those

Solvent Relative Maxirnumin
pulse-height absorption

spectrurn (um)

Trimethyle-
bensene 112 270
Xylene 110 266
Toluene 100 262
Bensene 85 255

Table l: Some commonly used solvents in LSC. The relative pulse·height is calculated
for the compton·edge for 662 keV photons.

containing large amounts of water. Several methods to overcome this problem are available
bur most of them involve use of a secondary solvent. Such a secondary solvent will in
general lack energy transfer properties and it will act as diluter and its presence willlower
the yield of scintillation light resulting in a lower pulse-height. This process is ca1led
dilution quenching.



For a solute in LSC we can fonnulate the following desired properties:

1. High probability to emit a photon at deexcitation

2. The spectrål distribution of the photons should fit the spectral response of the
photocathode.

3. Solubility in the solvent should be high enough to reach optimum energy transfer
properties.

4. Chemically stable and properties indedendant of temperature and solvent.

5. Small self-absorption of the scintillation light.

The compounds that fulfill these pl'operties are all aromatic organic compunds containing
chemical structures like oxadiasole or phenyl which can be combined to fonn different
compounds with different luminescence properties. Some solutes are presented in table 2. ,

Note in table 2 that the spectral distribution is different for the different compunds and that
the number of photons per excited molecule is in the range 0.7-0.9 which is very high. Also
the solubility is high enough to reach an optimum concentration. A typical separation
between the absorption and fluorescence spectra is shown in figure 7. Note the small
overlapping area.

Solute Photons
per excited
molecule

Maximum of Solubility
fluorescence (g/l)
spectrurn (um)

PPO
PBD
butyl-PDP
PPD
POPOP
M2-POPOP

0.83
0.80
0.85
0.90
0.85
0.85

365
365
365
355
415
430

414
21
119
70
2.2 (*)
3.9 (*)

Table 2: Some basic properties of typical solutes in LSC (*) mark secondary solutes.
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5. CQUNTING VIALS

A proper choice of counting vial to flt a certain sample is of great importance. It can
influence both the accuracy and the reproducibility of the measurement. The basic
properties to f'u1fill are the following:

1. It must be unaffected by the solvent and solutes.

2. No absorption of the scintillation light.

3. Low background, both natural and induced.

4. No adsorption of the radionuclide.

5. Low cost.

There are mainly two types of materials used for counting vials: glas and polyethylene. Glas
has the property of being unaffected by the solvents which is not the case for polyethylene.
In such vials there will be a leakage of the solvent and solute through the walls meaning that
repeated measurements of the same sample might give different results. The effect must
always be checked.

The transmission of scintillation light is better in polyethylene vials than in glas vials mainly
due to reflektion of light and less transmission of shortwaved light in the glas vial.

The background is generally somewhat higher in a glass vial due to natural radioactivity in
the glass.

Adsorption of the radionuclide to the walls of the vial can be a problem in glass vials.
Repeated measurements of the same sample can reveal this problem and the ouly solution to
it is generally to select another type of vial.



10

6. ELECTRQNIC EOJJIPMENT

Figure 9 shows schematically the two main types of commercialliquid scintillation
counters. The construction is different depending on the use of a linear or a logarithmic
ampifier. In tIiis example both counters have three different channels where the pulse height
discriminators and in the linear case also the amplification can be adjusted. The pulseheight
distribution will be different depending of what kind of amplifier that is used which is
illustrated in figure 10. In the case oflogaritmic amplificatian the only adjustment that has
to made to define a proper pulseheight window for a certain radionuclide,is that of upper
and lower discriminators. In a system with linear amplification the user defines a window by
setting the pulseheight discrimators at certain levels and then adjust the amplification to a
value where the maximum count rate is achievd. In commercial systems all settings are
made automatically by pushing a button labelled, for instance, H-3, C-14 etc.
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Figure 9: Block diagrams showing the different components in a liquid scintillation counter with linear
amplification (a) and with logarithmic amplification (b).
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Figure 10: PuIseheight distributions after linear (a) and logarithmic (b) amplification.

The scintillation light produced by a beta-particle will be seen by the two photomultiplier
tubes and an electrical pulse will be emitted from each of them. The pulses are added
together in a summation circuit. This will improve the energy resolution of the system
because it is not necessarily so that the two pulses are of equal size due to different amounts
of scintillation light seen by the photomultipliers. The sum of the pulses, that is, the total
amount of scintillation light will, however, be proportional to the beta-particle energy.

The summed pulse is now passed to the amplifier and further on to a gate. This gate is
closed and will on1y open if there is a signal from the coincidence circuit. A signal from this
circuit will come if the pulses from the two photomultipliers will arrive to the coincidence
circuit at the same time. This means that pulses from the scintillation event will pass the
gate but pulses from electronic noise in the photomultiplier will be stopped here. This will
reduce the background considerably.

Finally the pulses are sorted in the pulsheight analyser and counted. Hopefully the registered
count rate will be proportional to the activity of the radioactive sample.

A liquid scintillation counter will also contain a sample changer. In modern equipment the
whole process is ruled by a computer system with minimum work for the user. Put in your
sample, give the computer the necessary commands and the [mal result will in absolute
activity. However, such a simple handling of the equipment has fooled many users to
blindly believe in the results due to ignorance of the different traps they can ron into. The
user of such a complicated measurement system as a liquid scintillation counter must be
aware of the difficulties and must do the necessary checks of the results produced.



7. COUNTING EFFIClENCY AND QUENCHING

The counting efficiency is defined as:

: E= measured count rate/activity

In LSC measured count rate is usually given as counts/min (cpm) and activity in
disintegrations/min (dpm).

In order to calculate the activity of the radioactive sample we must know the counting
efficiency in just that sample.

In a modern liquid scintillation counter the maximum efficiency that can be achieved is
about 60% for H-3 and >95% for C-14. The reason why the counting efficiency is <100% is
the inefficiency of the scintillation system. Only a very small fraction of the beta-particle
energy will be converted to scintillation light and we can define a minimum detectable
energy which is about 2 keV. This means that the fraction of the beta-spectrum from a
radionuclide lower than this limit will never be detected and this fraction is, of course, much
larger in the case of H-3 than in the case of C-14 which meanS that the counting efficiency
will be lower for H-3 than for C-14.

In laboratory work the counting efficiency will be further decreased due to sample
preparation methods, coloured samples, inhomogenous solutions etc. All processes that
lower the counting efficiency are call quenching and figure Il is a schematic representation
of the different processes that can interfere with the production of scintillation light.

Ouenching llrocess
Radioactive disintegration

Self absorption

Excited molecules
of solvent

Chemical

Excited molecules
of solvent

Chemical

Excited molecules
of solute

Optical

Collection of light
on photocathode

Figure '11: Quenching is an effect that decreases the counting efficiency. Several processes can be involved in
different stages of the energy transfer processes and emission of scintillation light.
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The first step is loss of energy in processes of self-absorption of beta-particles. TItis can
occur in the case of heterogenous samples like emulsions, gels, filter discs etc. The self
absorption means that the beta-particle willloose some of its energy before it can excite
molecules of the solvent and this in tum means that the number of scintillation photons will
be decreased and so will also the counting efficiency.

The use of diluters or secondary solvents in sample preparation means that the scintillation
solution will contain molecules with no energy transfer properties. TItis means that
excitation of those molecules is a trap of energy and the number of scintillation photons and
hence the counting efficiency will decrease.

Some chernical compunds can interfere in the energy transfer process between the solvent
and the solute by having a high probability of absorbing Lie excitation energy of the solvent.
Such a process, often referred to as chernical quenching, will also reduce the number of
scintillation photons and the counting efficiency.

Finally, in the case of coloured samples, some of the scintillation light will,be absorbed in
the scintillation solution and the number of photons that reach the photomtiltiplier will again
be reduced. TItis process is referred to as optical quenching.

All quenching processes will give rise to a shift in the pulse height distribution as shown in
figure 12. We can say that there will be an increase in the minimum detectable energy
resulting in a lowering of the counting efficiency.

clN~'P
r-------------,

non quenched non quenched

Figure 12: Quenching will result in a shift of the pulseheight distribution towards !ower pulseheights.



8. MEASUREMENT TECHNIQUES

8.1. Background

Background iS. the count rate registered in the liquid scintillation counter even if no
radioactive sample is present. The background must be subtracted from the sample count
rate in order to give a net count rate. Therefore, a background sample must aIways be
produced by using the same preparation technique as for the sample but with the radio
nuclide exc1uded. There are several reasons to the background:

1. Thermal noise in photomuItipliers.

2. Natural radioactivity in the vials and other components of the system.

3. Electrostatic discharges in vials and photomuItipliers.

4. Natural radioactivity and other radioactive material in the surroundings of the counter.

5. ChemicaIly induced light in the sampie (chemoluminescense).

In modern liquid scintillation counters the background in windows for H-3 and C-14 shouId
be around 15-30 cpm. Certain commercial systems have an electronical supression of the
background emanating from the system and the surroundings and can reach a background
level of about 5 cpm for C-14. This is so low that such a system couId be used in C-14
dating. The most serious background problem is the chemoluminescense, which is emission
of light in certain chemicaI reactions. This is often a problem in preparation of biologicaI
samples using strongly alcalic tissue solubilisers. The chemoluminescense can give rise to
extremely high background and is not stable in time. Waiting about 24 h before measuring
the sample can be a solution to the problem but it is better to try to change the method of
sample preparation.

chemoluminiscens 3H
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Figure 13: Chemoluminescence will give raise to an increased number of low amplilude pulses.



The chemoluminescense will generally produce pulses of very low amplitude as illustrated
in figure 13. By a proper setting of the pulse height analyser the pulses can partly be
discriminated at the account of lower counting efficiency.

82. Quench correction

In all use of LSC we must realise that the sample preparation will reduce the counting
efficiency. Even if each sample in a series of samples seems to be prepared in the same way,
there will always be small variations in the counting efficiency and in order to normalize the
samples or to determine the activity, the counting efficiency in each sample must be known.

There are several basic methods to determine the counting efficiency:

1. Internal standard

2. Sample channels ratio (SCR)

3. External standard count rate (ESCPM)

4. Externa! standard channels ratio (ESCR)

In some cornmercial systems variations of these methods are available.

The method of internal standard means that after the measurment of the sample a known
activity is added to the sample and another measurement is done. If the sample count rate is
NI and the second count rate is N2 then the counting efficiency will be:

E =(N2-Nl)/A

where A is the activity of the interna! standard. Note that N2»Nl to reach a reliable result.
The method is always valid and can be used to check the validity of other methods of
quench correction before starting measurements of a long series of samples.

As illustrated in figure 12 there will be a shift in the pulse height distribution due to
quenching. By measuring the sample in two channels with different PHA settings the
quotient of the count rates in the two channels will be dependent of the shift of the pulse
height distribution e.g. the counting efficiency. By using a set of standards with known
activity and with different degree of quenching a calibration curve can be established as
illustrated in figure 14. Then, by measuring the unknown sample in the same two channels
as at calibration the quotient can be calculated and the counting efficiency can be read from
the calibration curve. The main disadvantages with this method is that at low count rates the
statistica! error will be large and at low counting efficiency the count rates in the two
channels tend to be the same. The advantage of the method is that the sample only has to be
measmed once.
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Figure 14: Principle of sample channels ratio to detennine the counting efficiency in a sample.

The most widespread method to determine the counting efficiency is the use of an external
gamma-ernitting standard and all commercial systems have this option. After measurement
of the sample, the externaI standard is automatically placed in a counting position elose to
the vial. The gamma-rays will interact with the detector and release electrons in a compton
process. These electrons will then produce scintillation light in the same way as the
betaparticles from the radioactive sample. This means that the count rate from an externaI
standard will be proportional to the counting efficiency of the system. As in SCR the system
has to be caIibrated using a set of standards with known acrlvity and with different degrees
of quenching. The disadvantage with the method of count rate from the externaI standard is
its dependence of the volume of scitillator solution in the vial. This problem can be solved
by using the method of channels ratio of the externaI standard by measuring it in two
channels with different discriminator settings just like in the SCR-method and this method is
the most widespread rnethod of deterrnining the counting efficiency. There can, however,
still be problems when using this method together with polyethylene vials du to the, so
called, plastic effect. As mentioned before some solvents can penetrate the waIIs of the vial
which means that the vial itsekf will act as a detector but with very bad and non-stable
properdes. This means that the pulse height distribution from the externaI standard will
contain low amplitude pulses which can interfere in the calcularlon of the count rate quotient
from the two channels as illustrated in figure 15. This effect must be checked before the
rnethod is used in routine work.
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Figure 1S: The "plastic effect" can reduce the accuracy when using externaI standard chljnnels ratio (ESCR)
together with vials of polyethylene.

83. Measuring /wo radionuclides

Due to the energy resolution of the liquid scintillator it is possible to separate two
radionuclides with different energy distributions of the beta-particles like, for instance, H-3
and C-14. It is, however, necessary that the maximum beta-particle energies differ at least
by a factor of 4 and that the degree of quenching is low. The problem is the overlapping of
the pulse height distributions of the two radionuclides, an overlapping that will be dependent
of the degree of quenching. In order to make a correct measurement it is necessary to know
this overlap at different degrees of quenching.
The measurement has to be performed in two different channels of the counter. In one
chaunel the discrininators are set to contain pulses OulY from the high energy radionuclide
R2 (B in figure 16). From the measurement in this channel we can calculate the activity A2
of the radionuclide R2 according to:

A2=NB/E2B

where NB is the count rate in chaunel B and E2B is the counting efficiency of radionuclide
R2 in chaunel B.
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Figure 16: Pulseheight distribution and discriminator settings for measurement of a sample containing two
radionuclides.

The count rate measured in channel A, NA, is the sum of count rates from radionuclide RI
(NIA) and from radionuclide R2 (N2B), that is:

NIA=NA-N2A

Now let us assume that radionuclide RI is registered in channel A with an efficiency of EIA
and that radionuclide R2 is registered in channel A with an efficiency of E2A, then the last
equation can be written:

NIA =NA - (NB*E2A)/E2B

which will give the following expression for the activity Al ofradionuclide RI:

Al = NIA/EIA = (NA*E2B - NB*E2A)j(EIA*E2B)

In order to calculate the activities of RI and R2 we must then do a measurement in two
channels to get NA and NE. We must also do a quench calibration using, for instance ESCR
to get the counting efficiencies EIA, E2A and E2B.
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8.4. Checking the sample

1t is always a good habit to check the sample or same representative samples in a whole
series which h,ave been prepared in the same way. This check should include background,
temporal variations and quench correction method.

A background sample should always be prepared using the same preparation method as for
the radioactive sample but with the radionuclide excluded. Such a background sample will
imediately reveal the presence of increased background due to chemoluminescense.

Chemoluminescence Can also be revealed by studying the pulse height distribution of the
sample and it is a good advice to do so for some representative samples. The user will soon
regognize the normal pulse height distribution and can easily see if something is wrong,
especially ifpulses of low amplitudes are present, which most likely is a sign of some kind
of disturbance in the system.

Temporal variations should also be studied in some representative samples to reveal any
kind of instability. This can be caused of adsorption, penetration of solvent. through the
walls of the vial, chemiluminescense etc. No variations should be allowed.

The quench correction method used should also be checked. This is best done by using the
technique of internal standard, that is, knowing the activity of the sample. The known
sample is then measured using the quench correction method of choice. If this method gives
the same counting efficiency as the internal standard method it is probably safe to use. The
user should never rely on some old quench correction calibrations made by some other
people. 1t should always be checked first. A correct use of the liquid scintillation counter, a
thoroughly selected method of sample preparation and checks of the samples are of basic
importance to get reliable results. If this is done LSC is an outstanding method of measuring
low activities of samples containing radionuclides which eroit beta-particles of low energies
like H-3 and C-14.


