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In the a-particle spectrometric technique for radium isotope analysis, the effects of the barium carrier
thickness and pore size of the membrane filter (used for the main Ba-Ra sulphate filtration) on the
resolution of the «-particle energy peaks were investigated. With 0.45 ym Millipore membrane filters, the
full width at half maximum (FWHM) for 4.78 MeV «-decay peak of *SRa decreased from 221.7 to
121.3 keV with reduction in barium carrier additions from 320 to 20 ug Ba. The resolution further
improved to 67,0 keV for 20 ug Ba carrier when 0.2 um Nucleopore filters were used. There was also a
significant decrease (20=50%) in the retention of radon and its daughters compared to their equilibrium
concentrations as the barium carrier thickness was reduced.

A correlation study between '3Ba tracer and 2Ra isotopes recovery factors gave a recovery factor
26Ra/'¥3Ba ratio of 0.93 £ 0.08 in the main Ba—Ra sulphate precipitate under various pH and sulphate

concentration conditions.

Introduction

Radium isotopes are frequently monitored in envi-
ronmental samples associated with the uranium
industry. For «-emitting radionuclides such as **Ra,
24Ra and **Ra, following a chemical separation of
radium as Ba-Ra sulphates, an «-particle spec-
trometric technique using a silicon surface barrier
detector provides a rapid method for the simulta-
neous measurement of their component fractions.
There are, however, spectral-interference related
problems in separating several parent and daugher
radionuclide energy peaks when the overall system
resolution is poor as reported in our previous study
(Lim and Dave, 1981). During that study it was
observed that the system resolution, defined as the
full width at half maximum (FWHM) of the
a-particle spectral line shape for a given energy peak,
was low (FWHM ~229 keV) and depended on the
amount of barium carrier added for co-precipitation,
particle size of the final precipitate and its uniformity
during deposition. Sill (1983) has also demonstrated
the effects of these parameters and has shown that by
reducing the crystal size of the final precipitate with
the addition of a barium sulphate seeding suspension,
a high a-resolution (FWHM 60keV) with 97%
analytical recovery can be obtained.

The amount of barium carrier added causes self-

*Author for correspondence.
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absorption and energy dispersion of a-particles,
resulting in the broadening of the spectral line shapes.
Theoretically, by decreasing the amount of the carrier
added, the resolution of the a-particle energy spec-
trum can be improved, but the extent of improvement
is limited by the required analytical recovery factors
and is dependent upon the solubility of BaSOQ, in the
final precipitating solution.

In the present study, we have investigated the
effects of the deposited sample thickness in terms of
barium carrier additions and the pore size of the
membrane filter on:

(1) the overall resolution of the system:

(2) the analytical recovery factor: and

(3) the final equilibrium between Ra and its
daughter products.

In a separate experiment we have further in-
vestigated the correlation between the recovery of
3Ba tracer and **Ra isotopes in the final Ba-Ra
sulphate precipitate over the entire range varying
between 0 and 100% recovery which was obtained by
altering various controlling parameters such as pH
and sulphate concentration in the final precipitating
solutions.

Method

The technique used here is 2 modification of our
previous method described in detail by Lim and Dave
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ABSTRACT

In the alpha-particle spectrometric technique for radium isotope
analysis. the effects of the barium carrier thickness and pore size of the
membrane filter (used for the main Ba-Ra sulphate filtration) on the
resolution of the w-particle energy peaks were investigated. With 0.45 um
Millipore membrane filters. the full width at half maximum (FWHM) for 4.78 MeV
alpha-decay peak of Ra-226 decreased from 221.7 keV to 121.83 keV with
reduction in barium carrier additions from 320 ug to 20 pg Ba. The resolution
further improved to 67.0 keV for 20 ug Ba carrier when 0.2 um Nucleopore
filters were used. There was also a significant decrease (20-50%) in the
retention of radon and its daughters compared to their equilibrium
concentrations as the barium carrier thickness was reduced.

A correlation study between Ba-133 tracer and Ra-226 isotopes recovery
factors gave a recovery factor Ra-226/Ba-133 ratio of 0.93 + 0.08 in the main
Ba-Ra sulphate precipitate under various pH and sulphate concentration

conditions.
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INTRODUCTION

Radium isotopes are frequently monitored in environmental samples
associated with the uranium industry. For «-emitting radionuclides such as Ra-
223. Ra-224 and Ra-226, following a chemical separation of radium as Ba-Ra
sulphates. an a-particle spectrometric technique using a silicon surface
detector provides a rapid method for the simultaneous measurement of their
component fractions. There are, however, spectral-interference related
problems in separating several parent and daughter radionuclide energy peaks
when the overall system resolution is poor as reported in our previous study
(Lim. 1981). During that study it was observed that the system resolution.
defined as the full width at half maximum (FWHM) of the a-particle spectral:
line shape for a given energy peak, was low (FWHM ~229 keV) and depended on
the amount of barium carrier added for co-precipitation, particle size of the
final precipitate and its uniformity during deposition. Sill (1983) has also
demonstrated the effects of these parameters and has shown that by reducing
the crystal size of the final precipitate with the addition of a barium
sulphate seeding suspension, a high a-resolution (FWHM 60 keV) with 97%
analytical recovery can be obtained.

The amount of barium carrier added causes self-absorption and energy
dispersion of a-particles, resulting in the broadening of the spectral line
shapes. Theoretically, by decreasing the amount of the carrier added, the
resolution of the «x-particle energy spectrum can be improved, but the extent
of improvement is limited by the required analytical recovery factors and is
dependent upon the solubility of BaSo, in the final precipitating solution.

In the present study, we have investigated the effects of the deposited
sample thickness in terms of barium carrier additions and the pore size of the

membrane filter on:




1) the overall resolution of the system;
2) the analytical recovery factor; and
3) the final equilibrium between Ra and its daughter products.

In a separate experiment we have further investigated the correlation
between the recovery of Ba-133 tracer and Ra-226 isotopes in the final Ba-Ra
sulphate precipitate over the entire range varying between 0 to 100% recovery
which was obtained by altering various controlling parameters such as pH and

sulphate concentration in the final precipitating solutions.
METHOD

The technique used here is a modification of our previous method
described in detail by Lim et al. 1981, and Zimmerman et al. 1971, in which
radium is separated chemically using barium as a carrier and co-precipitated
as Ba-Ra sulphate. The method is a two-step separation, Ra is first co-
precipitated along with sulphates of Pb and Ba added as carriers, the
precipitatevre~dissolved iﬁ ammoniacal solution of E.D.T.A. and finally
precipitated as Ba-Ra sulphate at pH of 4.8. In order to obtain high
resolution withou£ greatly sacrificing the analytical recovery, a certain
minimum amount of barium carrier concentration is required in the final
precipitating solution. The minimum volume of the final solution is a
critical parameter in controlling the thickness of the Ba-Ra sulphate
deposition as the amount of barium carrie} needed to exceed the solubility
limit depends on the final volume. The method used here is based on a final
volume of approximately 10 mL which contains 5 mL of 0.25 M ammoniacal
E.B.T.A. (for complexing the primary precipitate containing Pb, Ba and Ra
sulphates), 1 mL of saturated ammonium sulphate ‘solution (100 g (NH4)2 804/L)
and 8 to 4 mL of glacial acetic acid. |

‘'For the self-absorption and high resolution study, eight samples were



prepared in duplicate, each containing 29.7 Bq of Ra-226 and a known amount
(658.7 Bq) of Ba-133 tracer for recovery factor calculations. Varying amounts
of barium carrier containing 320. 120. 90, 70, 50, 30, 25 and 20 pug of Ba were
added to these samples. The samples were prepared according to the following
modified procedure and deposited onto two types of membrane filters. Millipore
0.45 um and Nucleopore 0.2 um polycarbonate. to investigate the effect of
filter pore size.

Following the primary precipitation procedure of Lim et al. (1981), the
combined precipitate of Pb, Ba and Ra was filtered on a Millipore HABP 04700
(0.45 um) filter. The filter paper was rolled with the deposited powder
facing inside and transferred into a 25 mL test tube. The precipitate was
dissolved in 5 mL of 0.25 M E.D.T.A. and three drops of concentrated ammonium
hvdroxide by heating the solution to near boiling. The filter paper was
carefully removed from the test tube, counted for the residual Ba-133 activity
and discarded if no residue was left. The solution was cooled. then 1 mL of
saturated ammonium sulphate and 3 mL of glacial acetic acid were added. mixed
well and allowed to stand for 15-20 min. The pH of the solution at this stage
was ~4.8 and a faint cloudy precipitate of Ba-Ra sulphate appeared. The
precipitate was filtered on Millipore HASP 02500 (0.45 um) or Nucleopore 0.20
gm polycarbonate filters. After carefully rinsing the glass tube and
filtering apparatus with 10% methanol, the filter paper was removed, glued
onto an aluminum planchet with double sticky tape and dried in a desiccator.
With this procedure the sample was prepared in less than an hour.

For Ba-Ra sulphate correlation study, forty samples were prepared in
batches of 10 samples, each containing 270 mBq of Ra-226 and 658.7 Bq of Ba-
133 tracer solution. The first batch of 10 samples was precipitated using the
standard procedure described above. The next 20 samples were precipitated

using the same procedure as above, but varying the pH of the final
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precipitating solution between 3.9 and 6.5. The last batch of 10 samples was
precipitated at pH 4.8, but having varying sulphate concentrations ranging

from 0.05 to 125 mg of ammonium sulphate.

The Ra-226 standard solution for these studies was prepared using‘

Amersham radium solution calibrated against an NBS standard and had an

activity of 1188 + 40 Bg/L. The Ba-133 tracer was prepared by diluting a

stock solution to contain 65.87 Bg/mL of Ba-133 in the working solution. The
samples were spiked with 10 mL of Ba-133 working solution.

The samples were counted for ‘alpha and gamma activities using the
experimental spectroscopy set-up described in detail by Lim et al., (1981).
For o-particle energy spectra, the arrangement consisted of an Ortec
ruggedized solid-state silicon surface barrier detector with 300 mm? surface
area, a preamplifier, an amplifier and a bias voltage supply. The detector
was positioned at approximately 2 mm from the source and measurements were
performed under vécuum. A 4096 channel Canberra 40 pulse height analyzer was
used for data acquisition. For y-spectroscopy, a Harshaw Type 10.2 x 10.2 cm

NaI(Tl) detector and a Tracor Northern data acquisition system was used.

RESULTS AND DISCUSSION

Figure 1 shows the observed a-particle spectra of Ra-226 obtained withb

barium carrier additions of 320 and 20 ug for 0.45 ym Millipore (a,b) and 20.

rg barium for 0.2 um Nucleopore polycarbonate (c) filters. The observed FWHM
for 4.78 MeV decay peak for various carrier additions are given in Table 1.
From these results, it can be seen that for 0.45 um Mil lipore filters, the
observed FWHM decreased from 221.7 keV for 320 ug barium to 121.3 keV for 20
1g barium carrier without any consistent trend as the carrier amount was
decreased. The data showed a scattering trend for carrier améunts below 120

ug which was consistent for 0.45 um Millipore filters. As pointed out in our




previous study by Lim (1981), and by Sill (1983) factors such as the
uniformity of the deposited sample thickness and the particle size of the
final precipitate became dominant below that range affecting the a-particle
absorption characteristice and hence the overall resolution of the system.
Sill (1983) improved the resolution to 60 KeV by reducing the crystal size of
the final deposited precipitate with the addition of a barium sulphate seeding
suspension to the final precipitating solution and also obtained high
analvtical recoveries (97%) for 100 ug Ba. Without the seeding suspension,
his alpha resolutions of 130 to 270 KeV for 100 ug Ba using 0.1 pm Tuffryn
filters are similar to our present results for 0.45 um Millipore filters as
the two procedures were basically similar.
In our study. we believed the resolution could be further improved by:

1. reducing the barium carrier concentration in the final precipitating

solution to near its solubility limits. thereby decreasing the particle

size of the precipitate: and
2. creating uniform depositional conditions by providing increased filter

resistance. The latter was achieved by using 0.2 um Nucleopore

polycarbonate membrane filters which provided about three times higher

resistance to liquid filtration than 0.45 um Millipore filters as the

variation in pore size distribution of the former was less,

Figure 1(c) shows the improvement in the resolution with 20 wug Ba where

the FWHM decreased from 121.3 keV for 0.45 um Millipore filters to between 67
to 74.5 keV for 0.2 um Nucleopore filters. Similar values were obtained using
Sill's (1983) method. The best resolutions obtained for commercially electro-
deposited mixed radionuclides, Pu-239, Am-241 and Cm-244 source (Amersham)
were respectively 70.3, 73.8 and 103.1 keV for 5.16 MeV Pu-239, 5.49 MeV Am-
241 and 5.81 MeV Cm-244 «-particle energy peaks. A resolution of 67 keV was

obtained for 5.49 MeV Rn-222 peak of a residual spectrum of Ra-226 daughters



attached to the detector surface after exposing the detector to a high
activity (approximately 36 Bg) Ra-226 source for two hours. For the present
sample detector geometry, the FWHM of the residual spectrum 67.0 keV
represented the best achievable resolution of the system,

It is readily seen from these results that by depositing the final

precipitate on 0.2 um Nucleopore filters, the a-resolution of the system could

be improved considerably to its practical limits without much loss in the
analytical recovery factors ranging between 65 to 85% (Table 1). Because of
the reduced Ba amounts these values are slightly lower than those of Sill's
(1983). The advantage of the present method is that it is a simplified
procedure requiring less preparation time.

The effect of the high resolution is clearly demonstfated in Figure 2
obtained for uranium tailings porewater samples containing Ra-223, Ra-224 and
Ra-226 isotopes. For comparison purposes, Figure 2(c) also shows a Ra-226
spectrum obtained with a 0.2 um Nucleopore filter and 20 pg barium carrier.
Note the resolution of 4.602 MeV (5.55%), and 4.785 MeV Ra-226 peaks, similar
to those described by Sill (1983).

From Figure 2 it is evident that although there is a clear separation
of Ra-226 peaks from those‘of Ra-223 and Ra-224, component resolutions among
Rn-222 (5.490 MeV), Ra-223 (5.61, 5.71 and 5.75 MeV), and Ra-224 (5.45 and
5.68 MeV) peaks is not possible because of spectral iﬁterference. Thus, in a

sample containing all three isotopes, Ra-226 can be measured directly, but the

presence of the other two isotopes can only be inferred qualitatively.-

Indirect determinations of Ra-223 and Ra-224 from their daughter products (Po-

215 for Ra-223), and (Po-212 for Ra-224) which are clearly resolved (as shown
in Figure 2) can be accomplished after a certain ingrowth period provided
appropriate corrections are made for the loss of radon isotopes from the

sample.' Table 2 shows the equilibrium ratios for Rn-222/Ra-226, and Po-218/



Rn-222 for Ra-222, and Po-214/Rn-222 for Ra-226 isotope after an ingrowth
period of 60 days.

It can be seen here that with the decrease in the barium carrier
concentration, there is a significant loss of radon gas from the sample with
only 55% of the equilibrium concentration retained for a sample containing 20
ug Ba carrier. The loss of radon gas is caused by the decrease in the
diffusion path related to crystal size and attenuation of the recoil radon
atoms as the carrier thickness is reduced. On the other hand, the equilibrium
ratio between radon and its daughter products is close to 95% for all samples
having resolution between 67 to'120 keV, and Ba carrier 20 to 40 pg. For
samples containing a higher concentration of barium carrier (320 pg, FWHM =
221.7 keV), the calculated ratio between radon and daughter products is less
than 100% which was caused by the poor resolution of Ra-226. Ra-222 and Po-218
peaks as the spectral overlap was significant (see Figure 1).

For a given sample, the measured retention ratio for Rn-222/Ra-226 at
equilibrium can be used to correct for daughter activities in calculating Ra-
223 and Ra-224 from their ingrown daughter concentrations. Alternatively, in
a sample containing Ra-223 and Ra-224 isotopes, their activities can also be
determined as follows:

1. At the time t=t, (~0), immediately following the separation of radium
isotopes from their parents, determine the combined activity, X, of Ra-223

and Ra-224 from their integrated decay peaks (5.45 to 5.71 MeV), such that:

where, A = activity fraction of Ra-223 at t=t, = e ™M to

B

it
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—
o

activity fraction of Ra-224 at t=t, At

Cra-223(0) = activity of Ra-223 at t=0

CRa—224(0) activity of Ra-224 at t=0, and

Ai. and A\j are decay constants for Ra-223 and Ra-224, respectively.



It is assumed in the above expression that the activity of ingrown Rn-222
daughters from the Ra-226 isotope was negligibly small for the short

counting period.

. After a certain ingrowth period of daughters, at time t=t determine the

g'
activity ratio of Po-215/Po-212 as:

Po-212 (tg)

where, the activities of Po-215 and Po-212 at t=t_  are given by:

g

where, D and F are expressed in terms of decay constants as:

3
D = Mpg-215 (nglasn e*xntg) Eq 4
MRa-223
for Ra-223 series. and

A g . 4

F = Po-212 .Br. nflaﬁn e n-g) Eq 5
PP Ee— =
*'Ra-224

for Ra-224 series,'
where, Br = branching ratio (0.64) for Bi-212 to Po-212, and

M AL Mpet , Eq 6
(xm”xn)(xm—l"xn)'"(xm—r"xn)(xz—xn)(xl_xn

a

mn =

where, m>n and m-r # n.

M P2, M- Eq 7

a =
(vp—1Mp) Oz A o (Mg =hp)

mm

for m = n.

kl, xa...xn = decay constants of Ra-223, Rn-219 and Po-215, etc.

k'l...X'n = decay constants of Ra-224, Rn-220.,.P0-212, etc.
Solving Equations 1 to 3 we have:

CRa_azs(O) = XYF Eq 8
(AYF + BD)

and, : CRa-224(0) = XD Eq 9
(AYF + BD)




Thug, the concentrations of Ra-223 and Ra-224 can be obtained by
measuring parameters X and Y with A, B, D and F,

It was assumed in the above derivations that there was no significant
difference in the retention characteristics of various radon isotopes and
their daughter products for the three radium isotopes. Use of computerized
models such as those developed by Witzig, et al. (1978), Westmeier (1984),
and Williams (1984) for complex a-particle spectra could further the
analytical capabilities of the present high resolution technique.

BARIUM-RADIUM RECOVERY

Table 3 gives the calculated recovery factors for Ba-133 and Ra-226.
true and corrected Ra-226 counts at 100% recovery for 6000 sec. The recovery
factors for Ra-226 were calculated using the measured value of the
instrumental efficiency factor, ¢ = 0.224 and source disintegration per minute
(dpm) = 22.2, equivalent to total counts per 6000 sec = 497. The observed
frequency distributions for Ba-133 and Ra-226 recovery factors are plotted in
Figure 3. Figure 4 shows the correlation between the observed Ra-226 counts
and Ba-133 recovery factors with a linear relationship of the form:

Y (Ra-226 counts/6000 sec) = 4.57 . (% Ba—-133 recovery)

2 - 0.98 and standard deviation of the

with the coefficient of regressionr
slope = 0.05.

Also shown in Table 3 and Figure 4, are the observed and calculated Ra-
226 counts at 100% recovery (curve 'D'). Note that the average Ra-226 counts
calculated for 100% recovery were 465 + 44 compared to the expected value of
497, the difference being of no statistical significance (p > 0.05). Figure 5
shows the correlation between the two calculated recovery factors for Ra-226

and Ba-133., The average value of the Ra-226/Ba-133 recovery ratio was

calculated as 0.93 + 0.08 compared to the expected value of 1.0. In the final
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BaSO4 precipitation procedure, it was aimed at varying the overall recovery of
Ba and Ra sulphates over a wide range by adjusting the controlling parameters
such as pH and sulphate concentrations, but the final recovery was always high
(>60%) except for eight sampies where it was zero and for two samples where it
varied from 10 to 30%. No attempt was made to vary the barium carrier
concentration to obtain different recovery factors as such was not the case in
the routine analytical procedure where the carrier concentration was always
constant. As seen from the data no systematic trends between low and high
recoveries were identifiable.

It can thus be stated from present results that by using a chemically
different isotope as a tracer (Ba-133) to measure chemical yield of Ra
isotopes, the correlation between the two can only be expressed within a
statistical uncertainty of approximately 8%. As Sill (1983) has pointed out,
better correlation between these two atoms differing in ionic radii and
chemical characteristics cannot be expected to the same degree as in the case
with similar isotopic tracers. For Ra-226 analysis, however, there are no

other radium isotopes with reasonable half-1lives that can be used as tracers.
CONCLUSIONS

This study has clearly demonstrated that the «-particle resolution of
the system can be improved by a factor of 3 by decreasing the barium carrier
concentration to 20 ug and using a 0.2 um Nucleopore membrane filter, without
much loss in chemical recovery. The overall effect was to reduce the
broadening of the a-spectral peaks because of self-absorption of a-particles
within the deposited barium sulphate and its crystalline matrix. There was
also a significant decrease in the retention of radon and its daughters with
the decrease of barium carrier.

Correlation between Ba-133 and Ra-226 isotopic recovery factors showed
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that for the main Ba-Ra sulphate precipitates, the recovery factors between
these two chemically different atoms can only be expressed within a

statistical uncertainty of +8%.
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TABLE CAPTIONS

Full width half makimum (FWHM) for Ra-226, 4.75 MeV peak for various

2

amounts of barium carrier added. The area of the source was 1.815 cm® and

detector source spacing ~0.2 cm.

. Equilibrium ratio between Ra-226 and its daughter isotopes: Ra-222, Po-218
and Po-214 at time t = 60 days after radium separation. Expected

equilibrium ratio = 100%.

Comparisons between Ba-133 and Ra-226 recovery factors and the observed
(true) and Ra-226 counts at 100% recovery. Ra-226 recovery factors were
calculated using the instrumental efficiency factor ¢ = 0.224, and true

counts = 497.5.




‘ Table 1 - Full width half maximum (FWHM) for Ra-226, 4.78 MeV peak for
various amounts of barium carried added. The area of the
source was 1.815 cm2 and source detector spacing ~0.2 cm.

Barium Recovery Calc. Barium
Carrier Factor Carrier FWHM
Added Ba-133 Thickness

‘g % ug/cm2 KeV

(for uniform depisition)

Filter type: Millipore, 0.45 um HABP 02500

320 91.3 161.0 221.7

120 56.3 37.2 188.5

* 90 91.8 45.5 116.2
70 89.4 34.5 168.2

8 50 98.0 27.0 134.3
30 74.5 12.3 166.0

25 79.8 11.0 127.8
20 84.6 9.3 121.3

250 81.0 111.6 229*

100 67.5 37.2 229%*

Filter type: Nucleopore., 0.2 um polycarbonate
20 67.4 7.4 74.3
20 65.6 7.2 67.0

* Data from Lim et al. (1981).




Table 2 - Equilibrium ratio between Ra-226 and its daughter isotopes:

Ra-222, Po-218 and Po-214 at time t =

60 days after radium

separation. Expected equilibrium ratio = 100%.
Sample FWHM Rn-222/Rn-226 Po-218/Rn-222 Po-214/Rn-222
No. (keV) (%) (%) (%)
1 221.7 106.1 77.1 84.17
2 120.0 84.0 100.0 96.4
3 76. 72.0 93.1 95.9 X=94.8
4 67. 55.0 92.7 90.8 ¢=3.3
Note: Sample 1 - Ra-226 standard solution precipitate deposited on 0.45 um
~Millipore filter; barium carrier = 320 ug.
Sample 2 - Ra-226 standard solution precipitate deposited on 0.22 um
Millipore filter; barium carrier = 40 ug.
Sample 3 - Ra-226 standard solution precipitate deposited on 0.2 um
Nucleopore polycarbonate filter; barium carrier = 40 ug
Sample 4 - Ra-226 standard solution precipitate deposited on 0.2 um

Nuc leopore polycarbonate filter; barium carrier = 20 ug.




Table 3 - Comparisons between Ba-133 and Ra-226 recovery factors and the

observed (true) and Ra-226 counts at 100% recovery.
recovery factors were calculated using the instrumental

efficiency factor e€=0.224, and true counts = 497.5.

Ra-226

Sample Recovery Ra-226" 100% Ra-226 Recovery Recovery
Yo Remark Ba-133 Counts/  Counts/ Ra-226 Ratio
‘ % 6000 s 6000 s Z %Ra/%Ba
1 Std. procedure 71.6 382 534 76.8 1.07
2 Std. procedure 90.4 454 502 91.3 1.01
3 Std. procedure 90.4 408 451 82.0 0.91
4 Std. procedure 90.5 400 442 80.4 0.89
5 Std. procedure 87.8 393 447 79.0 0.90
6 Std. procedure 86.8 406 468 8l.6 0.94
7 Std. procedure 87.0 391 450 78.6 0.90
8 Std. procedure 85.0 371 436 74.6 0.88
9 Std. procedure 90.0 413 459 83.0 0.92
10 Std. procedure 86.7 384 443 77.2 0.89
11 Prec. at pH=5.90% 76.2 369 484 74.2 0.97
12 Prec. at pH=5.45 81.0 404 499 81.2 1.00
13 Prec. at pH=4.98 92.4 420 455 84.5 0.91
14 Prec. at pH=4.48 88.7 347 391 69.8 0.79
15 Prec. at pH=3.95 97.6 385 395 77.4 0.79
16 Prec. at pH=5.98 89.8 390 434 78.4 0.87
17 Prec. at pH=5.25 87.9 389 443 78.2 0.89
18 Prec. at pH=4.99 99.3 462 465 92.9 0.94
19 Prec. at pH=5.30 97.5 416 427 83.7 0.86
20 Prec. at pH=4.56 68.8 329 478 66.2 0.96
21 Prec. at pH=4.68 24 .4 98 402 19.7 0.81
22 pH=1.18; pH=5.5%% 77.0 374 486 75.2 0.98
23 pH=3.42; pH=6.5 0.0 6 465 1.2 -
24 pH=3.38; pH=6.0 0.0 2 465 0.4 -
25 pH=3.3; pH=5.5 67.3 312 464 62.7 0.93
26 pH=3.25; pH=5.25 83.1 376 452 75.6 0.91
27 pH=3.3; pH=5.0 79.4 350 441 70.4 0.89
28 pH=3.4; pH-4.8 68.2 331 485 66.6 0.98
29 pH=3.0; pH=6.5 0.0 2 465 0.4 -
30 pH=3.42; pH=4.8 80.0 331 414 66.6 0.83
31 Final+0.05mg ASt 0.0 2 465 0.4 -
32 Final+50mg " 0.0 2 465 0.4 -
33 Final+2lmg " 0.0 1 465 0.2 -
34 Final+125mg " 13.7 80 583 16.1 1.17
35 Final+ll5mg " 72.2 373 517 75.0 1.04
36 Final+75mg " 56.3 292 519 58.7 1.04
37 Final+2mg " 0.0 3 465 0.6 -
38 Final+50mg " 0.0 2 465 0.4 -
39 Final+75mg " 67.0 341 509 68.6 1.02
40 Final+100mg " 74.0 371 501 74.6 1.01
Average: 464.9 0.93
Std. Dev: 44 0.08

* Final precipitation at specified pH.
%% First precipitation at pH = 1,18, and second at pH = 5.5
+ AS - Amount of ammonium sulphate added to final precipitating solution
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half maximum.
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In the a-particle spectrometric technique for radium isotope analysis, the effects of the barium carrier
thickness and pore size of the membrane filter (used for the main Ba—Ra sulphate filtration) on the
resolution of the a-particle energy peaks were investigated. With 0.45 pm Millipore membrane filters, the
full width at half maximum (FWHM) for 4.78 MeV «-decay peak of Ra decreased from 221.7 to
121.3 keV with reduction in barium carrier additions from 320 to 20 ug Ba. The resolution further
improved to 67.0 keV for 20 #g Ba carrier when 0.2 pum Nucleopore filters were used. There was also a
significant decrease (20-50%) in the retention of radon and its daughters compared to their equilibrium
concentrations as the barium carrier thickness was reduced.

A correlation study between '*Ba tracer and ??Ra isotopes recovery factors gave a recovery factor
226Ra/'»Ba ratio of 0.93 4 0.08 in the main Ba-Ra sulphate precipitate under various pH and sulphate

concentration conditions.

Introduction

Radium isotopes are frequently monitored in envi-
ronmental samples associated with the uranium
industry. For a-emitting radionuclides such as ?’Ra,
24Ra and 2%Ra, following a chemical separation of
radium as Ba—Ra sulphates, an «-particle spec-
trometric technique using a silicon surface barrier
detector provides a rapid method for the simulta-
neous measurement of their component fractions.
There are, however, spectral-interference related
problems in separating several parent and daugher
radionuclide energy peaks when the overall system
resolution is poor as reported in our previous study
(Lim and Dave, 1981). During that study it was
observed that the system resolution, defined as the
full width at half maximum (FWHM) of the
o-particle spectral line shape for a given energy peak,
was low (FWHM ~229keV) and depended on the
amount of barium carrier added for co-precipitation,
particle size of the final precipitate and its uniformity
during deposition. Sill (1983) has also demonstrated
the effects of these parameters and has shown that by
reducing the crystal size of the final precipitate with
the addition of a barium sulphate seeding suspension,
a high o-resolution (FWHM 60keV) with 97%
analytical recovery can be obtained.

The amount of barium carrier added causes self-

*Author for correspondence.

63

absorption and energy dispersion of a-particles,
resulting in the broadening of the spectral line shapes.
Theoretically, by decreasing the amount of the carrier
added, the resolution of the «-particle energy spec-
trum can be improved, but the extent of improvement
is limited by the required analytical recovery factors
and is dependent upon the solubility of BaSO, in the
final precipitating solution.

In the present study, we have investigated the
effects of the deposited sample thickness in terms of
barium carrier additions and the pore size of the
membrane filter on:

(1) the overall resolution of the system:

(2) the analytical recovery factor: and

(3) the final equilibrium between Ra and its
daughter products.

In a separate experiment we have further in-
vestigated the correlation between the recovery of
1%Ba tracer and *Ra isotopes in the final Ba—Ra
sulphate precipitate over the entire range varying
between 0 and 100% recovery which was obtained by
altering various controlling parameters such as pH
and sulphate concentration in the final precipitating
solutions.

Method

The technique used here is a modification of our
previous method described in detail by Lim and Dave
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(1981), and Zimmerman et al. (1971), in which
radium is separated chemically using barium as a
carrier and co-precipitated as Ba—Ra sulphate. The
method is a two-step separation, Ra is first co-
precipitated along with sulphates of Pb and Ba added
as carriers, the precipitate re-dissolved in ammoniacal
solution of EDTA and finally precipitated as Ba-Ra
sulphate at pH of 4.8. In order to obtain high
resolution without greatly sacrificing the analytical
recovery, a certain minimum amount of barium
carrier concentration is required in the final precipi-
tating solution. The minimum volume of the final
solution is a critical parameter in controlling the
thickness of the Ba-Ra sulphate deposition as the
amount of barium carrier needed to exceed the
solubility limit depends on the final volume. The
method used here is based on a final volume of
approximately 10 mL which contains 5 mL of 0.25 M
ammonical EDTA (for complexing the primary pre-
cipitate containing Pb, Ba and Ra sulphates), 1 mL of
saturated ammonium sulphate solution (100 g (NH,),
SO,/L) and 34 mL of glacial acetic acid.

For the self-absorption and high resolution study,
eight samples were prepared in duplicate, each con-
taining 29.7 Bq of Ra and a known amount of
(658.7 Bq) of '¥Ba tracer for recovery factor calcu-
lations. Varying amounts of barium carrier contain-
ing 320, 120, 90, 70, 50, 30, 25 and 20 ug of Ba were
added to these samples. The samples were prepared
according to the following modified procedure and
deposited onto two types of membrane filters: Milli-
pore 0.45 pm and Nucleopore 0.2 ym polycarbonate,
to investigate the effect of filter pore size.

Following the primary precipitation procedure of
Lim and Dave (1981), the combined precipitate of Pb,
Ba and Ra was filtered on a Millipore HABP 04700
(0.45 pum) filter. The filter paper was rolled with the
deposited powder facing inside and transferred into
a 25mL test tube. The precipitate was dissolved in
5mL of 0.25M EDTA and three drops of concen-
trated ammonium hydroxide by heating the solution
to near boiling. The filter paper was carefully re-
moved from the test tube, counted for the residual
13Ba activity and discarded if no residue was left. The
solution was cooled, then 1 mL of saturated ammo-
nium sulphate and 3 mL of glacial acetic acid were
added, mixed well and allowed to stand for

15-20 min. The pH of the solution at this stage was

~4.8 and a faint cloudy precipitate of Ba—Ra sul-
phate appeared. The precipitate was filtered on Milli-
pore HASP 02500 (0.45 pm) or Nucleopore 0.20 um
polycarbonate filters. After carefully rinsing the glass
tube and filtering apparatus with 10% methanol, the
filter paper was removed, glued onto an aluminium
planchet with double sticky tape and dried in a
desiccator, With this procedure the sample was
prepared in less than 1 h.

For the Ba-Ra sulphate correlation study, 40
samples were prepared in batches of 10 samples, each
containing 270 mBq of **Ra and 658.7 Bq of '*Ba

tracer solution. The first batch of 10 samples was
precipitated using the standard procedure described
above. The next 20 samples were precipitated using
the same procedure as above, but varying the pH of
the final precipitating solution between 3.9 and 6.5.
The last batch of 10 samples was precipitated at pH
4.8, but having varying sulphate concentrations
ranging from 0.05 to 125 mg of ammonium sulphate.

The *%Ra standard solution for these studies was
prepared using Amersham radium solution calibrated
against an NBS standard and had an activity of
1188 + 40 Bq/L. The '¥Ba tracer was prepared by
diluting a stock solution to contain 65.87 Bq/mL, of
33Ba in the working solution. The samples were
spiked with 10mL of **Ba working solution.

The samples were counted for « and y activities
using the exprimental spectroscopy set-up described
in detail by Lim and Dave (1981). For «-particle
energy spectra, the arrangement consisted of an Ortec
ruggedized solid-state silicon surface barrier detector

"with 300mm? surface area, a preamplifier, an

amplifier and a bias voltage supply. The detector was
positioned at approx 2mm from the source and
measurements were performed under vacuum. A
4096 channel Canberra pulse height analyzer was
used for data acquisition. For y-spectroscopy, a
Harshaw 10.2 x 10.2cm Nal(Tl) detector and a
Tracor Northern data acquistion system was used.

Results and Discussion

Figure 1 shows the observed o-particle spectra of
2%Ra obtained with barium carrier additions of 320
and 20 ug for 0.45 um Millipore (a,b) and 20 ug
barium for 0.2 um Nucleopore polycarbonate (c)
filters. The observed FWHM for the 4.78 MeV decay
peak for various carrier additions are given in
Table 1. From these results, it can be seen that for
0.45 um Millipore filters, the observed FWHM de-
creased from 221.7keV for 320 pg barium to
121.3 keV for 20 pg barium carrier without any con-
sistent trend as the carrier amount was decreased.
The . data showed a scattering trend for carrier
amounts below 120 ug which was consistent for
0.45 um Millipore filters. As pointed out in our
previous study (Lim and Dave, 1981; Sill, 1983)
factors such as the uniformity of the deposited sample
thickness and the particle size of the final precipitate
became dominant below that range, affecting the
o-particle absorption characteristic and hance the
overall resolution of the system. Sill (1983) improved
the resolution to 60 keV by reducing the crystal size
of the final deposited precipitate with the addition of
a barium sulphate seeding suspension to the final
precipitating solution, and also obtained high
analytical recoveries (97%) for 100 ug Ba. Without
the seeding suspension, his o« resolutions of
130270 keV for 100 ug Ba using 0.1 um Tuffryn
filters are similar to our present results for 0.45 um
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Fig. 1. 2®Ra a-particle energy spectra using 0.45 um Millipore filter with barium carrier (a) 320 ug; (b)
20 pg; and (c) 0.20 um Nucleopore polycarbonate filter with 20 ug Ba. FWHM = full width at half

maximum.

Table 1. Full width half maximum (FWHM) for *¢Ra, 4.78 MeV
peak for various amounts of barium carried added. The area of the
source was 1.815cm? and source detector spacing ~0.2cm

] Calc. barium
Barium  Recovery carrier
carrier factor thickness
added 13Ba (ug/cm?) FWHM
(ug) (%) (for uniform deposition) (keV)
Filter type: Millipore, 0.45um HABP 02500
320 91.3 161.0 221.7
120 56.3 372 188.5
90 91.8 45.5 116.2
70 89.4 34.5 168.2
50 98.0 27.0 1343
30 74.5 12.3 166.0
25 79.8 1.0 127.8
20 84.6 93 121.3
250 81.0 111.6 229
100 67.5 37.2 229*
Filter type: Nucleopore, 0.2 um polycarbonate
20 67.4 7.5 74.5
20 65.6 7.2 67.0

*Data from Lim and Dave (1981).

Millipore filters as the two procedures were basically
similar.

In our study, we believed the resolution could be
further improved by:

(1) reducing the barium carrier concentration in the
final precipitating solution to near its solubility limits,
thereby decreasing the particle size of the preciptiate:
and

(2) creating uniform depositional conditions by
providing increased filter resistance. The latter was
achieved by using 0.2 um Nucleopore polycarbonate
membrane filters which provided about three times
higher resistance to liquid filtration than 0.45 um
Millipore filters, since the variation in pore size
distribution of the former was less.

Figure 1(c) shows the improvement in the resolu-
tion with 20 ug Ba where the FWHM decreased from



66 TIOE-PA LM et al.
1000 - L 5.71 Mev Ra-223
N | 6.62 MeV Bi-211
a) b 1. 6.82 MeV Rn-219
2 |
(=]
O
S~
0
R s
=}
=
Q
Q
Alpha energy in MeV
1000 = | 5.168 T{ev Ra-224
} 36.29 MeV  Rn-220
b) § * e 5:78 MeV Po-216
g “ | % ° 6.05& 6.09 MeV Bi-212
¥ . *s N
§ . lg—8:78 MeV Po-212
]
1S
=]
=3
O
[&]
Alpha energy in MeV
1000 4 | 4,78 Mev Ra-226
o " | 5.49 MeV Rn-222
¢ g : lo_6:00 MeV Po-218
§ » | 7.69 MeV Po=214
©° *
S~ .
1) o
o .
g te
3 2
© Vi j( ‘ | I |
.-ﬁ'J Jx
T T 1 ’ T
5 6 7

4

8 9

Alpha energy in MeV

Fig. 2. Expanded a-particle energy spectra of radium isotopes (a) 0.45 pm Millipore with 320 ug Ba; (b)
0.20 pm Nucleopore with 40 ug Ba; and (c) **Ra spectrum only, 0.2 um Nucleopore with 20 ug Ba.

121.3 keV for 0.45 um Millipore filters to between 67
and 74.5keV for 0.2 um Nucleopore filters. Similar
values were obtained using Sill’s (1983) method. The
best resolutions obtained for commercially elec-
trodeposited mixed radionuclides, *°Pu, *'Am and
#Cm source (Amersham), were respectively 70.3,
73.8 and 103-1keV for 5.16 MeV *°Pu, 549 MeV
'Am and 5.81 MeV 2%Cm a-particle energy peaks.
A resolution of 67keV was obtained for the
5.49 MeV #?Rn peak of a residual spectrum of **Ra
daughters attached to the detector surface after ex-
posing the detector to a high activity (approx 36 Bq)
26Ra source for 2 h. For the present sample detector
geometry, the FWHM of the residual spectrum
67.0 keV represented the best achievable resolution of
the system.

It is readily seen from these results that by depos-
iting the final precipitate on 0.2 um Nucleopore
filters, the a-resolution of the system could be consid-

erably improved to its practical limits without much
loss in the analytical recovery factors ranging be-
tween 65 and 85% (Table 1). Because of the reduced
Ba amounts these values are slightly lower than those
of Sill’s (1983). The advantage of the present method
is that it is a simplified procedure requiring less
preparation time.

The effect of the high resolution obtained or ura-
nium tailings porewater samples containing **Ra,
24Ra and ?°Ra isotopes is clearly demonstrated in
Fig. 2. For comparison purposes, Fig. 2(c) also shows
a ?*Ra spectrum obtained with a 0.2 um Nucleopore
filter and 20 g barium carrier. Note that the resolu-
tion of the 4.602 and 4.785MeV, *Ra peaks is
similar to that described by Sill (1983).

From Fig. 2 it is evident that although there is a
clear separation of 2*Ra from ?*’Ra and **Ra peaks,
component resolutions among *?Rn (5.490 MeV),
#Ra (5.61, 5.71 and 5.75 MeV), and **Ra (5.45 and



A

High resolution alpha-spectrometry 67

Table 2. Equilibrium ratio between °Ra and its daughter isotopes: *?Ra, 2'*Po and
MPo, at time =60 days after radium separation. Expected equilibrium

ratio = 100%
Sample FWHM
No. (keV) MRaRn M%Po/Rn  *Po/*Rn
1 221.7 106.1 77.1 84.7
2 120.0 84.0 100.0 96.4
3 76.0 72.0 93.1 95.9 XY =948
4 67.0 55.0 92.7 90.8 =133
Sample 1—2*Ra standard solution, precipitate deposited on 0.45 um
Millipore filter: barium carrier = 320 ug.
Sample 2—?*Ra standard solution, precipitate deposited on 0.22 um
Millipore filter: barium carrier =40 ug.
Sample 3—*°Ra standard solution, precipitate deposited on 0.2 um
Nucleopore filter: barium carrier = 40 ug.
Sample 4—?*Ra standard solution, precipitate deposited on 0.2 um
Nucleopore filter: barium carrier = 20 ug.
5.68 MeV) peaks is not possible because of spectral ~ where,
interference. Thus, in a sample containing all three A =activity fraction of **Ra at =1,
isotopes, Ra can be measured directly, but the exp(—4, )
presence of the other two isotopes can only be B =activity fraction of *Ra at =1,
inferred qualitatively. Indirect determinations of exp(—41t)

2Ra and 2*Ra from their daughter products *Po
for #Ra, and *?Po for *Ra which are clearly
resolved (as shown in Fig. 2) can be accomplished
after a certain ingrowth period, provided appropriate
corrections are made for the loss of radon isotopes
from the sample. Table 2 shows the equilibirum
ratios for *?*Rn/**Ra, 2*Po/*?Rn and **Po/*?Rn
for 2%Ra isotope after an ingrowth period of
60 days.

It can be seen here that with the decrease in the
barium carrier concentration, there is a significant
loss of radon gas from the sample with only 55% of
the equilibrium concentration retained for a sample
containing 20 ug Ba carrier. The loss of radon gas is
caused by the decrease in the diffusion path related to
crystal size, and attenuation of the recoil radon
atoms as the carrier thickness is reduced. On the
other hand, the equilibrium ratio between radon and
its daughter products is close to 95% for all samples
with a resolution between 67 and 120 keV, and Ba
carrier 20-40 ug. For samples containing a higher
concentration of barium carrier (320 ug,
FWHM = 221.7 keV), the calculated ratio between
radon and the daughter products is less than 100%
which was caused by the poor resolution of the ZRa,
22Rn and ?®Po peaks as the spectral overlap was
significant (see Fig. 1).

For a given sample, the measured retention ratio
for 2?Rn/**Ra at equilibirum can be used to correct
for daughter activities in calculating *’Ra and **Ra
from their ingrown daughter concentrations. Alterna-
tively, in a sample containing ’Ra and *Ra iso-
topes, the activities can be determined as follows:

(1) At time t = t, (~0), immediately following the
separation of radium isotopes from their parents,
determine the combined activity, X, of **Ra and
24Ra from their integrated decay pcaks (5.45
-5.71 MeV), such that: -

A Cy(0)+ B Cpy(0)=X at 1=1, 1))

A.R.L 40/1—E

sz] (0) = aclivity Of 223Ra at t = 0
C1,4(0) = activity of ?*Ra at t =0,

and 4,, and 4] are decay constants for **Ra and
24Ra, respectively. It is assumed in the above expres-
sion that the activity of ingrown *2?Rn daughters
from the ?**Ra isotope was negligibly small for the
short counting period.

(2) After a certain ingrowth period of daughters, at
time ¢ =, determine the activity ratio of **Po/*"?Po
as:

(*¥Po/*Po),=Y 93}
where, the activities of 2'°Po and ?*'Po at 1 =1, are
given by:

25Po (t;) = D Cy3 (0)

2P0 (1,) = F Cp4 (0) 3

where, D and F are expressed in terms of decay
constants as:

1(215})0) 3
D= Ry (L, e k) @

for 22’Ra series, and

k’ (ZIZPO) 6 ,
= ("Ra) Br ngl ag, exp(— A ,,Ig)) (5)
for 2*Ra series,
where Br = branching ratio (0.64) for *?Bi to '*Po
and

F

4, = Ay ©)
Cm—2) A1 —4,) ...
o Ao = A (A — 4,)(A) — 4,)
where, m >n and m —r #n, and
a, = AAy. o Ao )
G = 2m) Qs — A) oo (A — A,)

for m=n.
2, 4;...4,=decay constants of **Ra, ?*Rn and
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Table 3. Comparisons between '>’Ba and ?Ra recovery factors and the observed (true) 2*Ra counts at 100% recovery. *Ra recovery factors
were calculated using the instrumental efficiency factor € =0.224, and true counts = 497.5

Recovery Recovery Recovery
Sample '3Ba 26Ra 100% **Ra 2%Ra ratio
No Remark (%) (counts/6000 s) (counts/6000 s) (%) (%Ra/%Ba)
1 Std procedure 71.6 382 534 76.8 1.07
2 Std procedure 90.4 454 502 91.3 1.01
3 Std procedrue 90.4 408 451 82.0 0.91
4 Std procedure 90.5 400 442 80.4 0.89
5 Std procedure 87.8 393 47 79.0 0.90
6 Std procedure 86.8 406 468 81.6 0.94
7 Std procedure 87.0 391 450 78.6 0.90
8 Std procedure 85.0 3N 436 74.6 0.88
9 Std procedure 90.0 413 459 83.0 092
10 Std procedure 86.7 384 443 77.2 0.89
11 Prec. at pH = 5.90* 76.2 369 484 74.2 0.97
12 Prec. at pH =5.45 81.0 404 499 81.2 1.00
13 Prec. at pH =4.98 924 420 455 84.5 0.91
14 Prec. at pH =4.48 88.7 347 391 69.8 0.79
15 Prec. at pH = 3.95 97.6 385 395 774 0.79
16 Prec. at pH = 5.98 89.8 390 434 78.4 0.87
17 Prec. at pH =5.25 87.9 389 443 78.2 0.89
18 Prec. at pH =4.99 99.3 462 465 92.9 0.94
19 Prec. at pH =5.30 97.5 416 427 83.7 0.86
20 Prec. at pH =4.56 68.8 329 478 66.2 0.96
21 Prec. at pH = 4.68 244 98 402 19.7 0.81
22 pH = 1.18; pH = 5.5¢ 77.0 374 486 75.2 0.98
23 pH=342; pH=6.5 0.0 6 465 1.2 —
24 pH =3.38; pH =6.0 0.0 2 465 0.4 —
25 pH=33; pH=55 67.3 312 464 62.7 093
26 pH =325, pH =525 83.1 376 452 75.6 0.91
27 pH=33, pH=5.0 79.4 350 4] 704 0.89
28 pH =34; pH =48 68.2 331 485 66.6 0.98
29 pH =3.0;, pH=6.5 0.0 2 465 0.4 —
30 pH =342, pH=438 80.0 331 414 66.6 0.83
k)| Final 4+ 0.05 mg AS} 0.0 2 465 0.4 —
32 Final + 50 mg AS} 0.0 2 465 0.4 —
33 Final + 21 mg AS} 0.0 1 465 0.2 —
34 Final + 125 mg AS} 13.7 80 583 16.1 1.17
35 Final + 115 mg AS} 72.2 373 517 75.0 1.04
36 Final + 75 mg AS} 56.3 292 519 58.7 1.04
37 Final + 2mg AS} 0.0 3 465 0.6 —
38 Final + 50 mg AS} 0.0 2 465 04 —
39 Final + 75 mg AS} 67.0 341 509 68.6 1.02
40 Final + 100 mg AS} 74.0 371 501 74.6 1.01
Average: 464.9 0.93
SD: 4 0.08

*Final precipitation at specified pH.
tFirst precipitation at pH = 1.18, and second at pH = 5.5.

tAS—Amount of ammonium sulphate added to final precipitating solution.

MPpg. etc. 4)...4,=decay constants of **Ra,
20Rn...*?Po etc.
Solving equations (1) to (3) we have:

Con 0 = ——TE__ ®)
(AYF + BD)
and
Co®=——2 ©)
(AYF + BD)

Thus, the concentrations of **Ra and **Ra can be
obtained by measuring parameters X and Y with 4,
B, D and F known.

It was assumed in the above derivations that there
was no significant difference in the retention charac-
teristics of various radon isotopes and their daughter
products for the three radium isotopes. Use of com-
puterized models such as those developed by Watzig
and Westmeier, (1978), Westmeier (1984), and Will-
iams (1984) for complex a-particle spectra could

further the analytical capabilities of the present high
resolution technique.

Barium—Radium Recovery

Table 3 gives the calculated recovery factors for
'Ba and **Ra and the true and corrected *Ra
counts at 100% recovery for 6000s. The recovery
factors for 2*Ra were calculated using the measured
value of the instrumental efficiency factor, € =0.224
and source disintegration per minute (dpm) = 22.2,
equivalent to total counts/6000 s = 497. The observed
frequency distributions for '**Ba and **Ra recovery
factors are plotted in Fig. 3. Figure 4 shows the
correlation between the observed Ra counts and
'%Ba recovery factors with a linear relationship of the
form:

Y (**Ra counts/6000s) = 4.57-(% '“Ba recovery)

with the coefficient of regression r? = 0.98 and stan-
dard deviation of the slope = 0.05.
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Fig. 3. Frequency distribution of '*’Ba and *°Ra recovery factors.

Also shown in Table 3 and Fig. 4 are the observed
and calculated 2*Ra counts at 100% recovery (curve
“D”). Note that the average 2*Ra counts calculated
for 100% recovery were 465 + 44 compared to the
expected value of 497, the difference being of no
statistical significance (P > 0.05). Figure 5 shows the
correlation between the two calculated recovery
factors for *Ra and '’Ba. The average value of
the Ra/'”Ba recovery ratio was calculated as
0.93 + 0.08 compared to the expected value of 1.0. In
the final BaSO, precipitation procedure, it was aimed
at varying the overall recovery of Ba and Ra sul-
phates over a wide range by adjusting the controlling
parameters such as pH and sulphate concentrations,
but the final recovery was always high (>60%),
except for eight samples where it was zero and for
two samples where it varied from 10 to 30%. No
attempt was made to vary the barium carrier concen-
tration to obtain different recovery factors, and in the
routine analytical procedure the carrier concentration
was always constant. As seen from the data, no
systematic trends between low and high recoveries
were identifiable.

It can thus be stated from present results that by
using a chemically different isotope as a tracer ('”Ba)
to measure chemical yield of Ra isotopes, the cor-
relation between the two can only be expressed within
a statistical uncertainty of approximately 8%. As Sill
(1983) has pointed out, better correlation between
these two atoms which differ in ionic radii and
chemical characteristics cannot be expected to the
same degree as in similar isotopic tracers. For ?*Ra
analysis, however, there are no other radium isotopes
with reasonable half-lives that can be used as tracers.

Conclusions

This study has clearly demonstrated that the
a-particle resolution of the system can be improved
by a factor of 3 by decreasing the barium carrier
concentration to 20 ug and using a 0.2 um Nucleo-
pore membrane filter, without much loss in chemical
recovery. The overall effect was to reduce the broad-
ening of the a-spectral peaks because of self-
absorption of a-particles within the deposited barium
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Fig. 4. Correlation between the observed 2*Ra counts and '¥Ba recovery factor curve (A) and with 95%
confidence limits (curves B and C). Curve D is the calculated *Ra counts at 100% efficiency.
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