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Abstract
Liquid scintillation alpha beta discrimination technique based on pulse shape analysis (PSA) was evaluated for determi-

nation of 226Ra and 222Rn in water samples. In view of the significance of calibration, for the reliable and precise

determination of 226Ra and 222Rn concentrations in water samples, calibration procedures were standardized for single and

two phase systems using Quantulus 1220 liquid scintillation counter. PSA optimization and efficiency calibrations were

performed using 226Ra standard rather than conventionally used pure alpha and beta standards and substantiated by

measuring the activity concentrations of 226Ra and 222Rn in the spiked water samples.

Keywords 226Ra and 222Rn in water � Quantulus 1220 liquid scintillation counter � Pulse shape analysis (PSA) �
Single and two phase counting systems

Introduction

Liquid scintillation counting (LSC) is a preferred analytical

method for quantification of beta as well as alpha emitters

in water samples due to ease of sample preparation, no self

absorption effects and nearly 100% counting efficiencies

for alpha. Radon (222Rn) and radium (226Ra) are probably

the most commonly assayed isotopes by a/b LSC [1]. LSC

provides a very simple and time saving method that avoids

the need for any chemical separation for the determination

of both 222Rn and 226Ra in water [2].
226Ra originates from the natural decay series of 238U

and is a long-lived radionuclide (t1/2 - 1600 years) that

decays by emitting alpha particles with energies of 4.60

and 4.78 MeV to 222Rn, accompanied with an c emission

of 186.2 keV (3.59%). The interest in the determination of
226Ra comes not only from the radiation protection

concern, but also from its application as environmental

tracer [3]. LSC is extensively used for determination of
226Ra by measuring its alpha emitting daughters, 222Rn,
218Po, 214Po or beta-emitting daughters 214Bi and 214Pb,

after attaining secular equilibrium. However, the detection

limit by measuring alpha emitters is much better than that

of beta emitters, because of the low background in the

alpha counting region and the high counting efficiency

([ 95%) [3]. Moreover, 214Po may be used alone to

quantify the 226Ra or 222Rn, as it forms a distinct, well

separated peak from composite peak of 226Ra, 222Rn and
218Po [4, 5].

The LSC method for direct determination of radium

involves procedures in which either water sample is mixed

with a immiscible organic cocktail (such as toluene) to

form a two phase system [6] where 226Ra can be measured

via 222Rn and its progeny [5, 7] or by mixing water in equal

proportions with miscible cocktail to form a homogeneous

(single phase) or semi-homogeneous sample in a scintil-

lation vial [8].

In view of significance of calibration for the reliable and

precise determination of radium concentrations in water

samples, alpha beta discrimination procedures were stan-

dardized for both, the single and two phase systems using

Quantulus 1220 liquid scintillation counter (LSC) coupled
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with pulse shape analysis (PSA) circuitry. Quantulus LSC,

enables discrimination of alpha and beta events, using PSA

technique which is based on the fact that alpha-induced

pulses decay more slowly than beta induced pulses [9].

Usually, according to sample type, composition, type of

vial and scintillation cocktail used, the PSA has to be set

for each one to achieve the optimum separation of alpha

and beta particle spectra [10].

Usually to optimize the PSA setting, a pure alpha

(214Am) and a pure beta standards (36Cl or 90Sr/90Y) are

measured independently and scanned at various PSA

levels. In view of the fact that the most accurate results are

obtained when both PSA calibration and measurements of

actual samples are carried out with identical radionuclide

energies, there is a reasonable assumption that 226Ra

standard as alpha emitter could better fit into PSA adjust-

ment instead of 241Am for 222Rn determination experi-

ments [11, 12]. This was the reason to believe that 226Ra

would be the ideal alpha standard and its beta progeny as

beta standard source for calibrating LSC. However, Sto-

jković reported in her work the limitations while working

with 226Ra as an alpha standard [12]. 241Am along with
90Sr/90Y gave much lower spillover (\ 5%) [13], on the

contrary, when 226Ra was used as mixed a/b standard for

PSA calibration, beta spillover was observed to be * 30%.

Therefore a thorough study was conducted to review the

calibration procedure using 226Ra as mixed a/b standard so

that the anomalies reported in the earlier studies would be

addressed in detail. The objective of the study was to

examine the effect of quenching on the LSC calibration and

to standardize alpha beta discrimination procedures for

single and two phase counting systems for radium/radon

measurements in water samples.

Experimental

Measurements were carried out using Quantulus 1220

LSC. It is specifically designed for the determination of

very low activities, using both an anticoincidence active

and a passive shield and low background construction

Materials [14]. Moreover, Quantulus LSC is equipped with

a guard counter that helps to reduce background count rates

by providing active shielding against cosmic particles and

environmental gamma radiation [15]. It has inclusive

spectral analysis capability and two dual programmable

multi channel analyzers (MCAs) in which alpha and beta

events are stored separately. Pulse shape Analyzer is a

software adjustable parameter (PSA parameter) which can

vary between 1 and 256 and separates alpha and beta

events in different MCAs at an optimal PSA setting. In

Quantulus, setting the PSA level by software, it is possible

to route beta events into one half of the MCA (SP11)

namely b-MCA and alpha events into other half (SP12)

namely a-MCA. Using net count rates in alpha and beta

MCAs, spillover of alpha in b-MCA and beta in a-MCA is

calculated. When no PSA setting is used, all events are

stored in a-MCA (SP12). As PSA values are scanned, some

events from a-MCA start registering into the b-MCA. At

an optimum PSA setting, alpha and beta events can be

discriminated with minimum spillover of beta events in a-
MCA and alpha events in b -MCA. The PSA setting at

which the spillover is minimum is selected as optimized

PSA [13].

In LSC technique, counting efficiencies get affected by

an interfering process known as quenching, that results in

poor conversion rate of deposited radiation energy to light.

To determine absolute sample activity in disintegrations

per minute (DPM absolute activity), it is essential to

quantify the level of sample quench, and then make the

corrections for the reduction in counting efficiencies. In

Quantulus 1220, SQP(E), spectral quench parameter of the

external standard, denotes the level of sample quenching

using 152Eu as an external standard that is inbuilt in the

instrument [15].

In the present study, the optimal PSA setting was

determined experimentally by measurement of a set of

unquenched and quenched calibration standards of 226Ra.
226Ra was used as a mixed a/b calibration standard that

was prepared from a standard solution having specific

activity 1200 Bq/g and an overall uncertainty of ± 3.2%.

Dilutions were made in 0.1 M HCl to attain the final

solution (10 Bq/g) for the calibrations. Two sets of 226Ra

standards were prepared, in which the absolute activity

(10 Bq) per vial was constant. In the first set, 11 ml of

spiked water was mixed with equal amount of immiscible,

organic toluene scintillation cocktail in glass vials. Thus

vials were filled completely without any air gap for effi-

cient transfer of radon in toluene. The water immiscible

toluene based scintillation cocktail was prepared in our lab

by adding 120 g of naphthalene and 4 g of PPO (2,5 di-

phenyl oxazole) to 1 l of Toluene. In the second set, water

samples spiked with 226Ra (activity: 10 Bq) was mixed

with commercially available di-isopropyl naphthalene

(DIN) based Optiphase HiSafe-III scintillation cocktail

(12 ml) in glass vials. To the vials in both sets, an incre-

mental amount of quenching agent, nitro-methane was

added to obtain the required range of quench. After

preparation, the standards and background samples were

sealed and stored for 3 weeks in the dark at 10 �C for best

stability and for the establishment of equilibrium. During

that time, 226Ra attained equilibrium with radon and its

short-lived daughters and any indoor radon, which might

have entered the vial during the sample preparation, would

have decayed completely [16]. After a month, standards

were counted for 30 min and sample spectrum was
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generated in log scale, counting region (ROI) for alpha

events was selected by visual inspection of the spectral

peaks can be seen at right of the energy spectrum (Fig. 1).

For each quenched 226Ra standard, quench indicating

parameter, SQP(E) was noted and optimal PSA setting was

determined.

In order to ensure the efficacy of the calibration proce-

dure, series of water samples, spiked with known activity

of 226Ra standard solutions with varying levels of

quenching was prepared. Quenching was introduced by

adding different amounts (10–100 ll) of nitro methane.

The 226Ra activity was varied from 50 mBq to 2 Bq in

these sets. Two sets were made out of these spiked sam-

ples, the samples in the first set, were prepared using

miscible cocktail forming single phase system (containing

12 ml cocktail and 8 ml sample) while the samples in

another set, were mixed with immiscible organic toluene

scintillator in glass vials (contained 11 ml toluene cocktail

and 11 ml sample). The sets were preserved for nearly 3

weeks. Later the samples were subjected to counting by

following the respective standardized calibration proce-

dures and activity was deduced using the count rate and by

applying corresponding alpha efficiencies from the quench

calibration plots.

Results and discussion

The spectra of 226Ra in equilibrium with its alpha and beta

progeny, that grew a month later sample preparation, are

illustrated in Fig. 1. The alpha spectrum presents 226Ra and

its short lived daughters 222Rn, 218Po and 214Po while beta

spectrum shows a continuum comprising 214Pb, 214Bi and

210Pb. Since 226Ra standard that we used was older, a low

energy beta emitter 210Pb is also seen in the spectrum.

Similar 210Pb peak was reported by Salonen in her study

while studying 226Ra spectrum [16].

The x axis in Fig. 1 represents the logarithmic pulse

height in terms of channels and Y axis represents counts per

channel. As the pulse height depends on many factors such

as type of cocktail, vials and sample quenching, LSC has to

be calibrated for each of these factors [8].

Criteria for optimization of PSA setting

Theoretically for 226Ra, after accomplishment of equilib-

rium, the gross counting efficiencies in a single phase

homogeneous system (with Optiphase HiSafe-III scintilla-

tion cocktail) should be 600%. This includes counting

efficiencies of alpha (226Ra, 222Rn, 218Po and 214Po each

having 100% efficiency—total 400%) and beta (214Pb and
214Bi—total 200%). Consequently the theoretical a/b ratio

should be 2. Whereas for two phase heterogeneous system

(with toluene scintillation cocktail specific to 222Rn), the

a/b ratio is 1.5 (total 300% alpha counting efficiency, each

alpha daughter nuclides, 222Rn, 218Po and 214Po having

100% and beta counting efficiency 200%). However the

observed alpha efficiency in case of 226Ra standard did not

match with the theoretical one (400%) and hence the a/b
ratio, as the distinct 214Po alpha, practically imparted lower

efficiency than expected (100% efficiency). The lower

efficiency in 214Po region is attributed to very short half-

life of 214Po (T1/2 = 164 ls) and ionization quenching due

to very high alpha energy (7.68 MeV) as reported by

Salonen [2, 4]. Additionally, if the guard counter in

Quantulus LSC is on, it eliminates a proportion of the 214Po

Fig. 1 Spectra of 226Ra in

equilibrium with its alpha and

beta daughters
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counts, since it detects some high energy 214Bi gamma

radiation, at the same time as the Quantulus detection

system registers the presence of 214Po alphas [4]. Also

another reason for reduced alpha efficiencies can be

attributed to radon gas partitioning between sample and air

in liquid scintillation vial [17, 18]. Therefore, not all alpha

emissions are counted with the same efficiency which leads

to somewhat wrong calibration [12]. To avoid these inac-

curacies in the calibration procedures while using radium

source as mixed a/b calibration standard, we followed a

unique criteria for optimization of PSA setting as suggested

by Spaulding and Noakes and Salonen which are very

specific and apt especially for 226Ra standard. Salonen

recommended a/b ratio that was obtained from the count

rate of a and b in specific counting windows as a key factor

for PSA optimization [2] and should agree with theoretical

value (a/b ratio- 2 for single phase and 1.5 for dual phase

counting systems as reported in literature) while Spaulding

and Noakes suggested plotting alpha MCA count rate

versus PSA for determination of a optimized PSA range

when working with mixed a/b calibration standard [19].

Determination of region of interest (ROI)

We slightly modified the method suggested by Salonen for

optimization of PSA setting, by selecting alpha counting

window as ROI that excludes distinct 214Po alpha peak. As

illustrated in Fig. 1, alpha spectrum of 226Ra with its alpha

active daughters (222Rn and 218Po) form a merged alpha

peak that spreads over a counting region comprising

640–760 channels while a distinctive 214Po peak can be

observed in 760–830 channels.

For deriving a/b ratio, instead of considering the entire

counting region that was spread over 640–830channels,

Region of interest (ROI) was set at channels 640–760,

where 226Ra, 222Rn and 218Po alpha peaks lie. By selecting

this ROI, we could get nearly 280% alpha counting effi-

ciency, thus the inconvenience due to lower counting

efficiencies in 214Po window was avoided. The problem

becomes worst on higher quench levels, as alpha efficiency

in the 214Po region was found to be declined as per the

level of quench (Fig. 2) that would alter the a/b ratio to a

great extent and would have posed difficulties in calibra-

tion. Thus by selecting the ROI that excludes 214Po region,

for single phase homogeneous counting system, the desired

a/b ratio was 1.5 (considering three alphas and two betas),

whereas for two phase heterogeneous system, the desired

a/b ratio was 1.0 (considering two alphas and two betas).

It is noteworthy to remember that ROI should be

selected according to spectral peak positions as it changes

according to the degree of quenching in the sample. San-

chez-Cabeza et al. [20] therefore compensated for the alpha

peak shift, as the result of sample quenching, by defining

counting windows with a fixed width (channels) but a

variable position in the spectrum for instance a wide alpha

window of 120 channels and a 214Po window of 70 chan-

nels. By adopting the modified method in which ROI set-

ting excludes the 214Po counting region, we could nullify

the dependency of a/b ratio on the sample quenching.

Variation in counting efficiencies and a/b ratio
at different PSA settings

Alpha counting efficiencies when plotted against different

PSA settings as shown in Fig. 3, it was observed that at

lower PSA settings, all the events (alpha as well as beta)

were registered in alpha MCA. Hence up to PSA 60, the

gross alpha efficiency exceeded the maximum value of

300% due to the spill over of beta events in a MCA. As

PSA levels were scanned, some beta events started getting

registered in beta MCA until an optimized setting was
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reached, where essentially all beta events were excluded

from a MCA and a plateau appeared in the mid-region.

In the PSA range 70–100, alpha and beta events were

precisely discriminated and a plateau of almost constant

efficiency was observed. Further beyond the plateau region,

due to alpha spill over in beta MCA, alpha efficiencies

were found to decline steeply at higher PSA settings.

Unlike alpha, gross beta counting efficiency increased

steeply until it reached a plateau. Later the plateau region,

at higher PSA settings, a steady rise in beta counting effi-

ciency was observed due to alpha spill over in beta MCA.

In the present study in order to choose the optimum PSA

setting within the plateau, we used a/b ratio as the decisive

factor. The a/b ratio at various PSA settings for single

phase homogeneous counting system is illustrated in

Fig. 4. At a plateau region, that covers a range of PSA

settings from 70 to 100, a constant value of a/b ratio

(* 1.5) was obtained.

226Ra spectra at various PSA settings

In view of the fact that 226Ra standard itself was used for

calibration, which has both alpha and beta progenies, PSA

discriminator setting played a major role in providing exact

spectra separation. At lower PSA settings, all alpha as well

as beta events get registered in alpha MCA as illustrated in

Fig. 5a where a prominent alpha (with highest beta spil-

lover) and minor beta spectrum can be seen (at the left

end). As PSA levels were scanned, some of the beta events

started registering in beta MCA. At optimized PSA setting,

a well separated alpha and beta spectra with specific, well

known peaks for alpha and beta progeny were obtained

(Fig. 5b). Further at PSA 150, alpha events started regis-

tering in beta MCA and beta spectrum was seen influenced

significantly by the same (Fig. 5c). At the extreme end of

the PSA setting range (220–250), a very vague alpha and

prominent beta (with highest alpha spillover) spectra were

seen as shown in Fig. 5d.

The calibration plots that correlate PSA settings at dif-

ferent quench levels are illustrated in Figs. 6 and 7 while

Figs. 8 and 9 show corresponding alpha and beta counting

efficiencies at the optimized PSA settings for single and

two phase counting systems respectively.

The standardized calibration procedures for determina-

tion of 222Rn and 226Ra activities in water samples were

verified by measuring the activity concentrations of the

spiked samples (226Ra) and comparing them with the

known referred values (50 mBq to 2 Bq). Activity (Bq) in

prepared spiked sample was calculated using the following

formula

Activity concentration ¼ Gross cpm� bkg:cpmð Þ
60 � V � Eð Þ

where E is the alpha counting efficiency corresponding to

the quench indicating parameter SQP(E) and V is the vol-

ume of the spiked standard. Excellent reproducibility with

utmost ± 3% deviation from the reference activity was

obtained over a wide range of quenching. The minimum

detectable activity (MDA) was evaluated using Currie

Formula [21].

MDA ¼ Ld= E � V � Tð Þ

where Ld ¼ 2:71þ 4:66
ffiffiffiffiffiffiffiffiffiffiffi

B � T
p

and B, E, V and T are

background count rate (cpm), counting efficiency, sample

volume and counting time (500 min.) respectively. MDA

of 45 mBq l-1 was achieved specifically for radon in two

phase counting system (11 ml deionised water was added

to the 11 ml toluene cocktail in glass vial) for a counting

time of 500 min with the following variables

B = 0.06 cpm (counting region: 645–745 channels),

E = 190%, V = 11 ml and T = 500 min with

SQP(E) = 800 and corresponding PSA = 60. MDA for

single phase counting system with Optiphase HiSafe-III

scintillation cocktail achieved was 39 mBq l-1 with vari-

ables B = 0.05 cpm (counting region 450–610 channels),

E = 280%, V = 8 ml and T = 500 min with

SQP(E) = 685 and corresponding PSA = 55. MDA can be

improved further by employing Teflon instead of glass

vials and by pre-concentration of water samples for esti-
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Fig. 5 Alpha and beta spectra of 226Ra in equilibrium with its progeny at different PSA settings
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Conclusions

A method was developed for calibration of LSC and

optimization of PSA settings using mixed a/b 226Ra stan-

dard for direct determination of radium and radon con-

centrations in water samples. The effect of quenching on

the calibration procedure was studied for one phase

homogeneous and two phase heterogeneous counting sys-

tems using Quantulus 1220 LSC. In order to choose the

optimum PSA setting, a/b ratio was used as the key factor.

The calibration procedures specifically standardized for

one and two phase counting systems, were established by

measuring the alpha activities in spiked water samples and

results were found to be within ± 3% of the reference

activities, over a wide range of quenching. Minimum

Detectable Activities (MDA) determined for 222Rn and
226Ra were 45 and 39 mBq l-1 respectively. Further,

practicability of these proposed calibration procedures will

be checked by analyzing real water samples for determi-

nation of 226Ra and 222Rn.
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