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ABSTRACT. A significant reduction in cosmic-ray activity and backgrounds of the gas-filled proportional counters, as mea-
sured in a heavy iron shield, was observed when the Uppsala Conventional 14C Laboratory was moved in 1984. The new site
was better shielded from cosmic rays because of additional concrete layers above the laboratory. A study that lasted over one
year yielded a figure for the muon reduction. The backgrounds were reduced approximately to the extent expected from the
soft-component contribution at the old Laboratory as judged from barometric-pressure dependence. After a few years, new
electronics enforced, and enabled, the revision and improvement of the standard values for the activity and age calculations.

A careful analysis of the results for the counters has increased the accuracy of the small corrections needed to yield internal
error-multiplication factors mostly between 1 and 1.5 for the background for short periods of up to 12 months, and <1.1 for
the oxalic acid samples combined for the last few years of measurements in the laboratory. Similar results were obtained for
two counters.

INTRODUCTION

The aim of this investigation was to improve the standard values used for the activity calculations
for two gas-filled proportional counters, and in particular to study any pressure dependence, to
determine whether there was a relationship between the muons and the background and to learn
more about the internal error-multiplication factor.

Late in 1984, the Laboratory was moved from a tower of the Department of Physics to the basement
of a building surmounted by three floors and an attic. The electronic system was replaced in 1989.
The background was, as expected, lower in the new Laboratory, and the new electronics allowed
improved studies of the counting statistics. The muon count rate decreased by almost one quarter.

De Vries (1956, 1957) had shown that some of the background of the counters in his laboratory was
from the soft component of the cosmic rays. Thus, background decreased with an increase of baro-
metric pressure. De Vries, Stuiver and Olsson (1959) gave a figure, —0.0035 * 0.0010 cpm per mm
Hg change in barometric pressure, for a background of ca. 0.9 cpm for the counter in the Uppsala
Laboratory (or ca. —0.003 cpm mbar-1). This background dependence on the barometric pressure is
too high to be due only to a decrease of the hard component of the cosmic rays (-0.12% mbar-1). The
dependence on the soft (nucleonic) component producing neutrons in the shield is-0.7% mbar-!. In
Uppsala, the background seemed to be lower for 1 and 2 atm CO, filling pressure than for 3 atm (de
Vries, Stuiver and Olsson 1959). Olsson (1988) published results indicating that the barometric-
pressure dependence of the background had probably disappeared or at least declined appreciably,
when the total passive shield was improved because of the additional concrete layers above the iron
shield in the new laboratory. In consequence, the relation between the background and the muon
count rate was also studied. Olsson (1982) summarized oxalic-acid values (activity of the modern
standard) for many years, showing that there was a residual pressure dependence of the activity after
normalization to standard filling pressure, normalized for temperature variations, and under the
same conditions in the electronic system. The decline in the count rate with increasing pressure was
significant according to that study.

Olsson et al. (1962) and El-Daoushy and Olsson (1977) similarly studied the characteristics for
varying pressures and discriminator levels. At the half-life measurement, extrapolation to the dis-
criminator level 0 was included and the end effects were eliminated with the help of a difference
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counter. This was accomplished by moving one end by turning a carefully calibrated screw. The
extrapolation was ca. 1% and the uncertainty estimated to 0.2%—one of the largest uncertainties
(Olsson et al. 1962, Table 1). El-Daoushy and Olsson (1977) could detect a decreasing background
for increasing discriminator levels, and an increasing background for increasing pressure for a
counter of the de Vries, Stuiver and Olsson (1959) design but with a nonlinear dependence. Previ-
ously de Vries and Barendsen (1953) had shown that there is an optimal discriminator level for each
counter determined by the gas pressure, the geometry of the counter and the radiation studied.

METHODS

The gas-filled counters were placed in a 9-ton shield that incorporated paraffin with boric acid to
reduce the influence of neutrons (Olsson 1958, 1988). One of the two counters used in this study,
PR4, was placed inside a mercury tank and the other, PRS, outside this tank in the same cavity of the
shield. The gamma rays produced at the capture of the neutrons were thus better absorbed for PR4
than for PR5. A set of Geiger counters surrounded the parcel comprising the mercury tank and two
copper tubes, attached to the tank, where proportional counters could be placed. The Geigers were
arranged (Olsson 1988, Fig. 4) so that muons could not pass the proportional counters without trig-
gering the Geigers. These were connected to a quenching circuit (Caini and Olsson 1962). The new
electronics for the proportional counters, including the anticoincidence traps, were designed and
described by Bjérnfot (1990). Three lines, or units, were available, so a line used for recording the
decays for the activity measurements for one counter could be used in parallel with another line for
comparisons. The discriminator levels were slightly different. Each line was split into three channels
with different discriminator levels—one for betas and muons with the same discriminator level, one
for alphas and another muon channel with a discriminator level to yield a count rate equivalent to
that on the steep part of the characteristic (Olsson 1958) to trace any drift during a measurement.
The high-voltage supplies for the proportional counters came from Fluke® (Model 410B). The mea-
surement period could be varied, but usually 100-min periods were chosen so the results for ca. 10
short periods were recorded every “night”. A simple statistical program allowed an automatic anal-
ysis of the uncertainties for these periods, giving the ratio between the real spread and that expected
on mathematical grounds (Gjea) / Oexpected, here called the K-value; the term “error multiplier” is also
used). This program was based on the principles given in Stuiver (1982).

The purity of the gas was checked on the first day shortly after filling the counter, and the next day
before it was refilled, or before the next “overnight” period (the same gas without refilling) was
started. For the purity check, muons were found suitable and used (Olsson 1958, 1988) so that the
standard procedure was to take three points on the steep part of the muon characteristic, each ca. 20
min. The computer calculated the normalized voltage for a fixed, chosen, count rate, “midpoint”,
after normalization for barometric pressure and the slope, where this part of the characteristic could
be assumed to be a straight line. The voltage for the working point was chosen close to a fixed value
above the voltage for the midpoint, yielding the effective voltage. The result obtained at the effec-
tive voltage was then normalized to the normal working point using the slope on the plateau. To
determine this slope, the effective voltage was varied—greatly for the background samples, and less
for the oxalic-acid samples, but more than for normal samples. The steep region had a slope of ca.
0.20 muons min-! V-1, This number decreased with increasing pressure. The corresponding net
count rates on the plateau were ca. 86 and 81, respectively. The count rate was thus ca. 42 £ 1.5 cpm
for the midpoint if 20-min measurements were used. The natural variations, the uncertainty, of the
muons should be taken into consideration. It could be seen that each point could be measured with
an uncertainty corresponding to ca. 10 volts.
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The program for activity and age calculations was a revised version of that described by Olsson
(1966). It allowed normalizations for background variations with barometric pressure and the extra
pressure correction for the betas seen by Olsson (1982). Factors for the various corrections could be
varied arbitrarily by changing the standard values for each counter. The corresponding filling-pres-
sure correction for the background, determined in this study, was not included in the revised pro-
gram, however. These corrections had thus to be made “by hand”. The uncertainties of the physical
measurements of the pressure, 13C, determinations of the “mid point” of the steep part and the fac-
tors for the various normalizations were considered in the calculations (Olsson 1958; Olsson et al.
1962).

From autumn 1984, the filling pressure was measured using pressure transducers, type PDCR
135/A, connected to a multichannel indicator constructed in the electronic workshop of the Depart-
ment. It was adjusted to indicate high numbers and not calibrated to yield absolute values although
we chose a setting such that ca. 1 bar corresponded to 500 “pressure units”. The pressure values
given here are thus in “units”, each corresponding to ca. 2 mbar. Since the activities of 14C samples
should be related to the international standards, there is no need for absolute pressure values in stud-
ies such as this. The pressures had, however, to be normalized to a fixed temperature to yield results
for the same number of molecules as for the standard. Their measurement in the counter, with a
slight correction for the dead volume in the connections, excluded possible error because of adsorp-
tion, which can disturb the result if the pressure is measured in a volume outside the shield and
adsorbing material is used (Olsson et al. 1962; Olsson 1988: 200—-201). The temperatures were mea-
sured using flat resistor thermometers fixed on the outer surface of the counters. The pressure was
measured ca. 1 h after the counter was filled to allow temperature stabilization and again just before
the gas was removed from the counter or sometimes once a day—when the gas was left in the
counter day and night.

The barometric pressure was measured in mm Hg with a barograph. (This has been the practice
since the Laboratory was established; it was found convenient to continue this procedure for routine
measurements and for comparisons between new values and old ones from the previous years.) For
very low and very high pressures, results from the Department of Meteorology or from a mercury
barometer were used, translated to the Laboratory barograph, since this failed at extreme values.

THE DEPENDENCIES STUDIED

The dependencies of the background on barometric pressure, effective voltage and filling pressure
were studied, as a first approximation, assuming a linear relationship although a nonlinear depen-
dence on filling pressure could be expected (Olsson 1958; El-Daoushy and Olsson 1977). A least
squares program written at Uppsala in the 1960s was used and could be combined with the statistical
analysis. Any drift with time and discriminator level was also checked. Since the early measure-
ments (Olsson 1958) also included comparisons of the muon count-rate variations with the cosmic-
ray results from a study group of cosmic rays, and the muons were also used for the purity checks,
the muon results were normalized to a standard barometric pressure. The background dependence
on these normalized values was also investigated. The dependencies of the measured oxalic-acid
activity on the effective voltage, filling pressure, time and discriminator level were also examined
assuming a linear relationship.

To start, results from periods of a few months or other suitable periods were used for the long-term
statistical analyses. The results for samples from a combustion were also compared with those from
other combustions. The short periods were later combined to longer intervals. Certain events, such
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as partial adjustments of the electronics, voltage breaks and problems with the equipment naturally
limited the periods considered.

The uncertainty in a dependence calculated using least squares will be considerable if the range is
short over which the independent variable is measured. This was often the case for the muons. The
weighted means for short periods were used. For the weighting, the calculated value from the least
squares calculation was used as well as the o-values for the beta channels. These two values were
also compared with a median value obtained after exclusion of values with large uncertainties. By a
combination of a critical, albeit at first subjective, evaluation of these values, successively pro-
longed periods and iterations of the activity-calculation program using step-wise improved standard
values, the dependencies could finally be excluded or accurately and objectively determined and
included in the calculations for the final age and activity measurements from 1989 until 1994.

SAMPLES USED

Anthracite was pretreated and burned on 10 occasions and split into 13 background samples used in
this investigation. Oxalic acid was burned to yield seven samples with internal numbers 11, 12, 14,
15, 16, 17 and 18. The oxalic acid used was previously called “Old oxalic acid” (also known as NBS
SRM-4990 (Mann 1983), Oxalic Acid I, SRM 4990B, or HOxI (Long 1995)). The 813C values from
these seven samples ranged from —21.14 to —18.35%0. Each sample was measured at least twice.
From the agreement between the results for a single oxalic-acid sample it is realistic to estimate the
uncertainty in each value to 0.2%o. The overall uncertainty on oxalic acid is thus here ca. 1%o, deriv-
ing mainly from the combustion. The earlier values from the Uppsala Conventional Laboratory,
oxalic-acid numbers 1 to 10, showed less spread. For these earlier results the overall uncertainty is
close to 0.3%o. Another source of uncertainty, presumably unlikely for the actual oxalic-acid sam-
ples, may derive from fractionation if the aliquot needed is taken from gas just from the sublimation
of dry ice. Craig (1961) and Polach (1973) give examples of wide ranges for 8!3C obtained at differ-
ent laboratories. Grey et al. (1969), Kim (1970), Polach and Krueger (1973) and Valastro, Land and
Varela (1977) report fractionation at the combustion—if not complete.

LIMITATIONS OF THE STATISTICAL ANALYSIS

The simplified statistical analysis acted as a tool for evaluating any improvements when adjusting
the normalization factors. Since the program was devised for variables with the same statistical
uncertainty, it was well suited for 100-min results “overnight” although the number of points was
only ca. 10 or 12 or sometimes, e.g. over weekends, somewhat higher. Only complete 100-min peri-
ods were taken into consideration for the K-value calculation. The results from a much shorter
period could very well fit the mean value from a statistical point of view, but would sometimes devi-
ate and have such a large 10-value that, although acceptable, it would cause the K-value to appear
much too high. When a few “overnight” periods were combined the short periods were thus also
excluded for the K-value calculation although kept for the least squares calculations, for which this
limitation was not valid. Results from special tests of a few hours duration could thus be included.
It was also seen in reality that most of the K-values tended to decrease when the shortest periods
were removed.

The number of the points in the least squares program was also limited to 99. This was not a serious
limitation since it seemed appropriate to divide the interval from 1989 to 1994 into shorter periods.

Because of the shape of the characteristics it was appropriate, and safe, to limit the voltage range to
ca. 200 volts for the least squares analysis—sufficient for normal activity measurements. It was
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seen, albeit from too few points to draw definite conclusions, that a wider range could have been
used. For the barometric-pressure dependence, the natural variations were < or << 30 mm Hg for
periods of months. Thus, a 10-mm change with a pressure dependence of —-0.001 cpm per mm Hg
will affect the background by 0.01 cpm or one third of the statistical uncertainty “overnight”, mak-
ing it difficult to determine this dependence with accuracy unless many values are available. The
filling pressure could, however, be varied at whim. Finally, it was observed that the pressure range
had to be limited for the oxalic-acid samples because of the complex relationship between such ele-
ments as gas amplification, pressure and shape of the characteristics.

RESULTS AND DISCUSSIONS
Pressure Dependencies

The background for PR4 did not show any significant relationship with the barometric pressure. The
weighted mean value is —0.000187 + 0.000284 cpm per mm Hg. The corresponding value for PR5
is —0.0010 * 0.0003, indicating a residual barometric-pressure dependence.

The filling-pressure dependencies for the backgrounds were evaluated to —0.00007 cpm per pressure
unit for PR4 and —0.00009 for PRS5.

The decrease of the oxalic-acid activity with increasing pressure, after normalization for the number
of molecules in the counter, was significant. The uncertainty of the final figures for this was slightly
<10% of the values to be used for age calculations. For PR4, the total pressure range had to be split
into two parts—one with 126 results at ca. 1360 units (a pressure close to that used for normal sam-
ples), and a second with 52 samples at ca. 1050 units. (One unit is about equivalent to 2 mbar, as
stated earlier.) There was a gap of slightly >100 units (200 mbar), except for six samples treated
together with the low-pressure group, between these two groups. Further, the whole period was
divided into two because of a change of electronic units. Oxalic acid 15 was treated separately. Orig-
inally, this oxalic acid was thought to be contaminated. The main reason was that the value of the
filling pressure deviated significantly from those of the other oxalic acids—especially in one of the
counters. The corrections because of the filling-pressure dependence were finally determined for
PR4 to —0.00165 unit~! for normal pressures and —0.00092, with large uncertainty, for low pressures.
The K-value for oxalic 15 in the first long period was 0.86 and for the other oxalic acids for the two
periods it was 1.11 and 1.25, when the iterations were stopped. A limited voltage range was used.
For the low-pressure samples, the corresponding values, although obtained with fewer samples,
were 1.24, 0.95 and 1.22. For PRS, the dependence was determined to be —0.0010 per pressure unit,
and only one range, ca. 700 units, was used because of the good K-value, e.g., 1.04, for 90 results.
Ten samples, oxalic-acid 15, with a range of ca. 580 units, were treated separately, yielding a K-
value of 0.98 for this counter. The pressure-dependence thus affects the result slightly more than the
statistical uncertainty for “overnight” periods for a deviation of ca. 60 or 100 units, respectively.

Statistical Spread

The available “overnight” background K-values are 157 for PR4 and 174 for PRS with 76 and 89
values < 1.0, respectively. The values for oxalic acid are 126 and 78 with 71 and 32 values <1.0.

The background measurements for PR4 yielded K-values 1.81, 1.32 and 1.34 for three periods. The
values for PR5, when split into four short periods with a total of 74 “overnight” values and two
longer intervals with 36 and 90 values, are 1.48, 1.18, 1.55 and 1.84 for the shorter, and 1.17 and
1.19 for the longer series.
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It was impossible to determine whether any relationship existed between the backgrounds and
muons, either in the Geigers or in the proportional counters.

Comments on the Values

The K-values for each of the seven oxalic-acid samples during the first and second periods with nor-
mal pressure in PR4 and for the entire single period in PRS varied from 0.77 to 1.41. A slight
increase of the background of PR4, from 0.9435 + 0.0031 to 0.9518 * 0.0040 cpm, observed from
the day the electronic unit (no. 3) had to be replaced (by no. 2) is probably due to slight differences
in the two units. The oxalic-acid activity increased on this occasion by ca. 0.6 * 0.3%. The calcu-
lated uncertainty before and after the replacement was 0.15 and 0.18%, respectively.

No relationship between the activities of the different oxalic acids and the 8!3C values, or the vary-
ing yield at the combustions, could be detected. No systematic activity differences between the dif-
ferent oxalic-acid samples were observed.

CONCLUSION

Simple, old-fashioned, cheap equipment can yield reliable results and prove to be stable for many
years. A simple statistical analysis can be applied for quality control as well as results from the inter-
national studies, e.g., on material from IAEA. This study indicates that the error multiplier can be
kept as low as 1.1.
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