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THE SOLUBILITY OF KRYPTON IK LIQUID CO ; 

K. J. Hotz 
A. B. Meservey 

ABSTRACT 

The solubility of krypton in liquid (X>2 was Measured experi
mentally over essentially the entire liquid range of CO2, from 
-53 to 29*C- A tracer technique using ^ 5Kr was employed, and 
equilibrated gas-liquid saaples were analyzed in situ with a 
colliaated counter. Dilute concentrations of krypton were used, 
and the data are expressed as a distribution ratio, Yj^/X^, the 
log of which is nearly linear with respect to temperature from the 
lowest temperature to about 20*C, above which the values fall off 
rapidly toward a value of unity at the critical tempereture. The 
numerical values obtained for the distribution ratio increase from 
1.44 at 29#C to 29.4 at -53*C. 

INTRODUCTION 

The reprocessing of spent HTGR fuel releases large quantities of CO-
85 containing saall aaounts of Kr, which aay have to be reaoved before the 

CO- is discharged to atmosphere. The preferred method to accomplish this 
85 2 3 

removal of Kr is the KALC process. ' The acronym is derived from the 
first seep in this process, Krypton Absorption in Liquid CO.; subsequent 
steps are fractionation and stripping. The KALC process is currently in 4-9 the final stages of engineering-scale development. During the early 
stages of paper studies related to this process, information was needed 
on the distribution of Kr between gaseous and liquid CO., which prompted 
the experimental study described in this report. 

Initially, krypton solubility was calculated, at first assuming 
ideality of both phases, and later correcting for non-ideality in the liquid 
phase and then also for non-ideality in the gaseous phase (see Sect. 4.2). 
The results varied rather widely, depending on the assumptions, and it was 
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deeaed necessary to obtain experimental data. The first attempts were 
based on a sampling-and-analysis procedure, which caused considerable 
difficulties, and was therefore abandoned in favor of the jLn situ counting 
procedure which is the expetinental basis of the work described in this 
report. After our work was starttJ, we became aware of similar work being 
done at KFA Jiilich and of some Kr distribution data which they had obtained 

., . . . 11,12 by a sampling method. 

From a more general point of view, data of this nature are of interest 
from theoretical considerations, because they provide checkpoints against 
which solution theories can be tested. In this context, the present study 
is of considerable interest since it deals with a rare gas solute and a 
highly noa-ideal solvent and because it covers almost the entire liquid 
range of the solvent, from the triple point to the critical temperature. 

13 In this regard, subsequent work on the solubility of xenon in liquid CO 
provides pertinent and complementary data. 

2. EXPERIMENTAL 

2.1 General Method 

The krypton distribution between gaseous and liquid CO. was measured 
at various temperatures over the entire liquid range of CO- by comparing 

85 the gi—in activities from Kr in equal volumes of the two phases. The 
krypton tracer (~ 100 mCi) was added to a 1-in.-diameter stainless steel 
cylinder approximately half full of liquid CO., and equilibrated between 
the two phases. Activities were measured in situ, through the cylinder 
wall, by means of collimated gamma beams and a scintillation counter. Two 
gamma energy ranges were used — the range above 0.4 MeV, consisting chiefly 
of the 0.51 MeV peak; and the range above 40 keV, which included the lower 
energy brensstrahlung as well. 

2.2 Equipment 

A schematic diagram of the apparatus is shown in Fig. 1. The assembly 
was operated in a fume hood because of the toxicity of the trichloroethylene 

85 
(TCE) usrd in the cold bath and because of the possibility of leakage of Kr. 
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A - Counterwelqht 
B - lead-shielded scintillation counter 
C • Cylinder 1n countlnq position 
C* - Cylinder In eouH1brat1nq position 
D - Controlled temperature bath 
E - Motor-driven oscillator 

F - Circulating oump 
fi . Dry 1ce/solvent cold reservoir 
H - Temnerature controller 
I - Sensing element 
J • 250 watt heater 

Fig. 1. Schematic drawing of equipment for measuring krypton aolublllty. 
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A photograph of the assembly and associated instrumentation is shown in 
Fig. 2. 

2.2.1 Controlled-Temperature Cold Bath (D) 

This was constructed of 16 gage welded aluminum sheet, in the form of 
an open tank 10 in. wide, 15 in. long, and 18 in. high, insulated with 
2 in. of pressed cork except for the left end. For accurate lateral 
placemen; of the counter and shield (pig) assembly, this end was insulated 
with glued layers of two 1/2-In. layers of cork and one 1/4-in. layer of 
plywood; also, this end of the box was made of 1/4-in. aluminum sheet for 
rigidity. The top of the bath was covered by removable 1-in. Styrofoam 
slabs, which were wrapped in aluminum foil to protect them from solvent 
vapors. 

2.2.2 Pry Ice Reservoir (G) 

A dry ice/TCE bath maintained at dry ice temperature (-78'C) provided 
the primary refrigerant for the cold bath (D). This was a cylindrical 
stainless steel vessel 11 in. diameter x 16 in. high with 2 in. of insulation. 

2.2.3 Pump and Cooling Coll (F) 

A stainless steel Eastern centrifugal pump, model D-ll, was fitted 
with 3/8-in. copper tubing to circulate TCE from the cold bath through 10 
coils in the dry ice reservoir. Flow through the reservoir was metered, 
and a bypass loop was provided. The pump also provided circulation in the 
cold bath. Metered flows of TCE for maintaining the desired temperatures 
were achieved by means of a rotameter and needle valve, whose feed was 
filtered to prevent clogging. A Fulflow filter with a Honeycomb filter 
tube 175 mm x 67 mn OD, 25 mm ID was used. Initial rapid cooldown was 
achieved by bypassing the ror»-eter and filter. 

2.2.4 Precision Mercury/Thallium Thermoregulator (I) 

This was a JUMO sxHel MS DBF, with a range of -59 to 40*C. This 
regulator could be set manually within 1 or 2* of a desired temperature. 



Fig. 2. Photograph of equipment for measuring krypton solubility. 
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and,once set,would hold the set-point teaperature within X 0.03. 

2.2.5 Temperature Controller (H) 

Lapine electronic relay, 20 amp., which was actuated by the therao-
regulator. 

2.2.6 I—ersion Heater (J) 

Stainless steel knife blade type, 250 W, 115 V, deriving power via 
the teaperature controller. 

2.2.7 Precision Teaperature Measurement 

A four-junction, copper-constantan theraopiie was used versus a 
water-ice reference junction. The theraopile had been previously calibrated 
to t 0.01°C and a Honeywell aodel 2732 potentioaeter was used for precision 
readout. The constancy of teaperature control was aonitored continuously 
via the saae theraopile reading through a Kosely potentioaeter aodel 7100B 
strip-chart recorder. 

2.2.8 Scintillation Crystal and Shielding 

A Harshaw Nal (Tl-doped) scintillation crystal 1-7/8 in. in diameter 
x 1 in. long was used. The crystal, photoaultipiier tube, and voltage 
divider were encased in a lead shield (pig) with 2-in. walls. The face of 
the pig adjacent to the crystal was pierced by a horizontal collimator 
slot .1/4 in. high and 2 in. wide. The pig, which weighed about 100 lb, 
was counterweighted for ease of height positioning. The shield and collimator 
geometry are shown in Fig. 3. 

2.2.9 Gaaaa Counter and Spectrometer Assembly 

This system consisted of: 
Victoreen linear amplifier model DD-2, 851A. 
0RNL logarithmic counter rate meter model Q-1454B-1R16. 
0RNL decide scaler model Q-1743C-1, with timer. 
Brown recorder. 
Victoreen high-voltage power supply. 
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l"0. SAMPLE CYLINOER 
WITH C0 2 AND 8 5 Kr 

SWEPT-OUT VOLUME 

l/4'toch: PLYWOOD, CORK. CORK 
AND ALUMINUM 

Fig. 3. Geometry of cylinder, crystal, and collimator. 
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2.2.10 Cylinder Rocking Device (E) 

A Modified flask shaker, belt-driven through a speed reducer, and 
adjusted to raise and lower an a m at 24 cycles per minute, with a 12-ca 
amplitude, rocked the sample cylinder. One end of the CO. cylinder was 
suspended froa the arm by a wire for mixing as shown. 

2.2.11 Sacple Cylinder (C.C) 

The sample cylinders were made of l-in.-O.D. 16 gage stainless steel 
tubing (0.07-in. wall thickness), either 11 in. or 12 in. long, with 
welded end caps and a Hoke or Whitey cone seat valve (Fig. 4). The 
bottom ends were fitted with a l-in.-long centering tip, for exact vertical 
positioning for counting, that also served as a suspension pivot rod during 
cylinder rocking. The top end of the cylinder was secured during counting 
by a Teflon rod threaded into the valve and then clamped. The cylinders 

2 were nydrostatically tested to 3000 lb/in. . The internal volume of each 
cylindei (~ 100 ml) was determined to t 0.05 ml by evacuating, filling with 
water, and wei£hing. 

2.2.12 Vacuum Manifold 

This was used for transfer of CO- and Kr (to load the cylinders) by a 
combination of evacuation and chilling with liquid nitrogen. The CO-
content of a cylinder was determined by weighing. 

2.3 Materials 

Comaercial dry ice and trichloroethylene were used in the cold baths. 
The CO, used for the solubility measurements was Matheson research grade, 
and the cold krypton was UHP grade, from Cryogenic Rare Gas Labs, Inc. 

85 The Kr tracer was supplied by the Isotopes Division of ORNL, and was 
85 normally about 5Z Kr, 95Z stable Kr isotopes, with > 99Z radiochemical 

purity, and contained only trace quantities of atmospheric and rare gases. 
The oxygen used for solubility measurements in the ternary system was 
Matheson extra dry high-purity grade. 
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2.4 Preparatory Procedures 

This work involved both general procedures (e.g., deadtime and 
background determinations) and specific procedures (e.g., correction for 
attenuation by the CO. solvent). 

2.4.1 Resolving Tine (Deadtime) Measurements 

The DD2 amplifier resolving time was determined to be 2.0 t 0.2 usee. 
g 
14 

Two x Cs sources of 0.1 mc each were used for this calibration, employing 
the standard method of counting the sources separately and then together 
The deadtine correction in a typical experimental measurement was about 
0.25Z of the value of the ratio, which is nearly negligible. 

2.4.2 Casma-Ray Spectrum 
85 The 10.7-year Kr isotope is chiefly a beta emitter, 99.62 of the 

disintegrations resulting in the emission of beta particles having a 
85 maximum energy of 0.68 HeV. The daughter is stable Rb. About 0.4Z 

of the disintegrations, however, result in the emission of a 0.51-WeV 
85 gamma ray through the decay of a metastable Rb with a half-life of 

0.9 usee. Our observed gamma spectrum therefore consisted of considerable 
bremsstrahlung from the beta particles, along with the 0.51-HeV gamma peak. 
Our observed spectrum is nearly identical to the one published in 1957 for 
a 3-in. x 3-in. Hal detector crystal. A small shoulder at 279 keV is 
probably due to Compton scattering within the detector crystal. Increas-

85 ing the pressure of CO. in a cylinder containing Kr increases the internal 
attenuation of the beta particles and decreases the bremsstrahlung emission 
through a decrease in the quantity and energy of beta particles reaching 
the metal container walls. Figure 5 shows the overall spectrum and also 

85 the bremmstrahlung decrease when - 100 mCi of Kr has about 1000 psl C0 2 

added to it. Note that the counting rate at about 75 keV is decreased by 
50Z. This effect can cause counting errors if not corrected for by means of 
appropriate attenuation curves (described in Section 2.4.7). 
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Based on the gaaaa spectrua, Kr activity was counted over two 
energy ranges: > 40 keV and > 0.4 HeV. The former is tne entire spectrun 
except for the extreme low end, and therefore gives the best statistics 
because of the large count. It is also a suet higher count rate than back
ground, but it does require a significant correction for CO. density 
because of the attenuation effect around 100 keV. Above 0.4 MeV, the gaana 
peak is the major contributor to the count rate, and it is relatively free 
of attenuation by C0 ?, but the statistics are less favorable and background 
becoaes sore significant. It was felt desirable to work with both energy 
ranges in order to have an internal check on the self-consistency of the 
aethod and the results. 

2.4.3 uniformity of Ca—a Count Along Cylinder 

Sxnce the gaana activity of an equilibrated cylinder was to be measured 
at different levels for coaparison of liquid and gas phases, it was iaportant 
first to establish that the activity was unifora along the vertical axis 
of the cylinder when it contained only gaseous krypton. This was verified 

85 for each cylinder used, with Kr tracer and before carbon dioxide was added. 
This gave indirect proof that the cylinder walls were of uniform thickness 
and that the cylinders were aounted parallel to the left face of the cold 
bath. 

2.4.4 Stability of Ca—n Counter 

Drifting of the gain level of the aaplifier during an analysis would 
result in an error in the ratio of gas-to-liquid activities. Suitable 
replicate counts, alternating between liquid and gas phases, guarded against 
this type of error, when the aaplifier was set to count only those pulses 
above 0.4 HeV, it was particularly iaportant to watch for shifts in accep
tance level, since the count rate would be strongly affected by aoveaent 
of the rutoff point out of the valley at 0.4 MeV (see Fig. 5). Generally, 
drift *a* ainiaal during the course of a determination, which took about 
three hours, and was handled by replicating counts, as described above. 
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2.4.5 Counter Background 

The background count of the shielded scintillation crystal was neasured 
frequently. During the first part of rhis work the background was about 52 

85 of the Kr counting rate for the energies over 0.4 HeV «od about 1.3Z of 
the rate for the energies over 40 keV. Later •*u,the background count was 
reduced about 75Z by increasing the shielding around soae uraniun and 
thorium compounds stored in the same room. The precision of the background 
count was such that it contributed less than ± 0.1Z error to the final 
results. 

No correction was made for the contribution to background of the 
85 
Kr itself; i.e., non-coilimated radiation from the bulk of the sample, 

which penetrated the lead shield. The contribution of non-coillasted 
radiation could not easily be determined directly, but was determined 
indirectly by turning the shield sideways toward the cylinder. Under 
these conditions, the contribution was about equal to the normal back' 
ground. The effect tends to be self-cancelling since it applies more-or-
less equally to both phases and it is estimated that the maximum error to 
the separation factor which could result from this source is 0.6Z at 
-53*C, and proportionately less at higher temperatures. Self-cancellation 
would be complete at the critical temperature of CO-, where the distribution 
ratio becomes unity. 

2.4.6 Gamma Attenuation Curve 

The gamma counting method for the determination of krypton in gaseous 
and liquid CO, would have been seriously biased had we not corrected for 
the gamma attenuation by CO- which was mentioned in Sect. 2.4.2. Initially, 
this correction was determined directly, for CO. densities from zero to 
0.49 g/cc, by incrementally adding CO- to a cylinder containing 100 mCi 
85 
Kr and reading the counting rate at energies > 40 keV and > 0.4 HeV. At 

the higher densities it was necessary to warm the cylinder above the 
critical temperature to ensure having all the CO- in th# gaseous state, 
which was necessary in order to have a homogeneous sample. The percentage 
attenuation was plotted as a function of CO. density (Fig. 6). As shown 
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in the figure, for > 40 keV the attenuation rises quite steeply and then 
levels off at a d- nsity of about 0 4 g/cc to a value of 26.0 t 0.51. 
For the > 40 MeV energy range, a such saaller effect occurs which levels 
off at 4 _ 1.5Z at a density of about 0.1 g/cc. The precision of the 
> 0.4 MeV attenuation curve above a density of 0.2 g/cc became relatively 
poor, due to instrumental drift in the energy cutoff point over the period 
of several days required to determine the curve. 

The density attenuation curve was used to correct the observed count 
to what it would be in the absence of CO. by dividing the observed value 
by the fraction not attenuated: 

j ~ /«^\ Observed Count . ,-x 

Corrected Count (CC) - [ t _ ( I a t t e n u a t l j o / 1 0 o ) ] <1> 
A more detailed description of the procedure for obtaining the 

empirical calibration curves follows. The evacuated cylinder was chilled 
8*» in liquid nitrogen and 100 mCi "Kr transferred into it by means of the 

vacuum manifold. The uniformity of gamma counts along the length of the 
cylinder was verified by mounting the cylinder in its vertical position 
in the TCE bath and measuring the counting rare every centimeter. As a 
base figure to determine the gamma attenuation, it was first necessary 
to obtain precision counting rates of the krypton before CO- was added. 
This was done at two positions, at 1/4 and 3/4 the height of the cylinder, 
corresponding roughly to the anticipated centers of the liquid and gas 
phases, in order to have a set of duplicate determinations and to insure 
that there was no significant difference between the two positions. 

The cylinder vis then loaded with CO. in 12 incremental steps, 
corresponding to the 12 density points on Fig. 6. Known volumes and 
pressures of CO. were added via the vacuum manifold and chilling with 
liquid nitrogen. The amounts added were also measured directly by the 
weight gains of the cylinder. After each addition, the cylinder was 
warmed, and the krypton and C0 2 gases were mixed by inverting the cylinder 
many times and by heating the lower end to generate gas convection currents. 
Gamma counts in the two energy ranges were then taken at room temperature 
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(25 t 1*C) up to a density of 0.2035. so liquid phase was present, since 
the condensatics teaperature of C0 2 at this density is 21.7*C. Mixtures 
above this density were counted only after they had been warned to 
33-36#C (i.e., above the critical teaperature of 31*C) in the TCE bath, 
with thorough nixing. Thus only a gas phase was present in the cylinder. 
He nade no direct gaana attenuation ueasureaeuts above a density of 
0.49 g/cc, because of the very high pressures involved above the critical 
teaperature at higher densities. 

After this work was coapleted, indirect attenuation values were 
determined at higher deasities by filling the cylinder alaost full of 
liquid CO- and correcting for the fraction of krypton in the gas phase 
by scans of the distribution ratios aeasured experiaentally during the 
course of this work. The results (Fig. 7) verified the previous 
attenuation values and also justified, within experinental error, the 
extrapolations aade previously to a CO, density greater than 0.49 g/cc. 
The data in Fig. 7 include a correction for the increased density of TCE 
at the low teaperature (-35*C) required for the highest density. This 
correction is about 3X, and results froa the increased attenuation by the 
increase in TCE density at lower teaperatures. This correction is required 
for self-consistency of the attenuation correction curve itself, which is 
relate 1 to the base count obtained at sab lent teaaeratures. However, in 
aeasureaents of distribution ratios a correction for the TCE density is 
not necessary since the factor cancels out in the ratio. 

2.4.7 Density of CO3 

The densities of CO. liquid and vapor as a function of teapcrrture 
are required for two reasons: to use the density attenuation curve, 
and to calculate the distribution ratio (see Sect. 2.5.3). Published 

18 data on CO- densities were used, and for teaperatures known with an 
accuracy of t 0.1'C the precision on the CO, gss density is t 0.5Z; 
on the liquid density it is t 0.1Z. A graph of the density data is given 
in Fig. 8, based 00 ref. 18. The data in ref. 18 were taken froa the 
"G. C. Hodson Tables," which were prepared froa the coapilation of 
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19 Plank and Kuprianoff, who drew on the original work of Lowry and 
Erickson, Aaagat, Behn, and Jenkin. Quinn and Jones tabulate the 

22 data of the last three authors. Din also includes a compilation of 
23-25 00- densities, and several Russian papers are known, which are 

substantially in agreement with ref. 18. It should be noted that the 
26 data given in the Handbook of Chemistry and Physics are in error. 

85 In calculating distribution ratios from Kr count data, it is 
the ratios of CO- liquid/gas densities which are of interest. The 
calculated ratios are plotted in Fig. 9. 

85 The effect of decay heat from Kr tracer on the temperature of 
the CO- within the sample cylinder was calculated and found to be 
negligible. The thermal power 2 7 of 100 mCi of 3Kr is 1.6 x 10~* 
watts, or 0.4 x 10 cal/sec. The equation for AT (in *C) from 
centerline to periphery in an infinite cylinder is: 

AT « QR2/4 k, 

where 
-1 -3 Q * heat generation rate (in cal sec cm ), 

R - radius (in cm), 
k « thermal conductivity (cal sec~ cm" /*C). 

For the cylinders used, the volume is 100 ml and R is 1.2 cm. The value 
of k for gaseous CO- (at 1 atm) is 3.4 x 10~ 5; for liquid CO-, it is 
about ten times larger (estimated from CS_). The calculated ATs are 0.0( 
and 0.0004*C, respectively. 

2.4.8 Gamma Profiles of Loaded Cylinder 

For the CO--loaded cylinder described in Sect. 2.4.7, the- single-
phase maximum density was 0.49 g/cc. Below 31*C, the CO- ftep&rated into 
liquid and gas phases, the relative volumes depending on the temperature. 
For example, at 21*C the liquid volume was about 52Z and at -52.8'C it 
was 412 of the cylinder volume, as computed from the densities at these 
two temperatures. Figure 10 shows the count activity profiler- at a 
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function of vertical position for this charge of carbon dioxide with 100 
85 •Ci Kr at these two extreses of temperature. In each case, the location 

of the gas/liquid interface is clearly indicated. Host of the krypton is 
contained in the liquid phase, although the krypton activity rer graa of 
C0_ is higher in the gas phase. 

By means of these counting profiles, optima counting points for high-
precision counting of the two phases were selected. For liquid phase 
counting, 6 to 8 en was used, depending on the teaperature, and for gas 
phase counting 21 ca was used at all teaperatures. The liquid level 
changed relatively little with teaperature becai ' at lower teaperatures, 
where aore CO- was liquid, the density was greater. 

2.5 Procedure for Gas/Liquid Batio Determination 

2.5.1 Cylinder Cooldown and Equilibration 

The procedure for cooling and equilibrating the C0--Kr cylinder was 
straightforward. The dry ice reservoir was stocked with lumps of dry ice, 
which were replenished as necessary. The CO2 cylinder was mounted in the 
horizontal position and the rocking device was actuaced. The desired tem
perature was set on the theraoregulator and the temperature controller 
was turned on. The pump was started and the bypass valves set to allow 
the maximum flow through the cooling coil for rapid cooldown. The thermo
couple cold junction was prepared from ice and distilled water, and the 
potentiometer and recorder were zeroed. As soon as the controller first 
called for heat from the immersion heater, the flow of TCE through the 
reservoir was cut back and routed through the filter and rotameter at 
such a rate that the heater cycled on and off approximately every 20 to 
30 seconds. The control valve to the cold bath was normally fully open 
at this stage, to provide high turbulence and thorough mixing of the TCE 
in the cold bath. When this steady cycling was reached, the precise 
temperature was monitored by bucking out the thermopile voltage with the 
potentiometer and recording the fluctuations with the recorder set at 
maximum sensitivity, with zero at mldscale. After the teaperature had 



23 

remained constant within * 0.1*C for at least 30 minutes, the cylinder 
rocking device was stopped and the cylinder transferred to the vertical 
holding brackets while keeping it constantly fully immersed in the 
circulating TCE. 

2.5.2 Gamma Counting 

With the trichloroethylene circulating at the stabilized control 
temperature, the collimator was set at the appropriate gas or liquid 
counting position, the desired energy range was set on the electronic 
gate circuit, and the timer and counter simultaneously started. The 
count was stopped after a suitable Poisson precision had been reached 
(at least 2 x 10 counts, for a statistical standard deviation <_ 0.2SZ), 
which was usually 10 to 20 minutes. The gate was then reset to the other 
energy range and the count repeated. The collimator was then moved to 
the other counting position and the two energy ranges counted as before. 

2.5.3 Calculations 
28 The relative volatility is a useful way to express gas solubilities: 

v v 
Kr / CO, 

RV = - T5 . (2) 
*Kr / XC0 2 

where 

Y = mole fraction in the gas phase, 
X. - mole fraction in the liquid phase. 

At low concentrations of krypton, Y„. and X_. are nearly unity, and 
Eq. (2) simplifies to: 

RV - Y K r/X R r , (3) 

which may also be called a distribution ratio. 

The Kr concentration data are obtained as counts per unit volume, where 
the volume (V) is that which is swept out by the collimator. Neither this 
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voluae nor the actual aole ratios of Kr need be determined in order to 
obtain quantitative values for the ratio of Eq. (3). By definition, 
Eq. (3) aay be restated: 

•Kr 1 

where ai * aoles per swept-out voluae V. At dilute concentration of Kr: 

rv rv 
The first tern is equal to the ratio of the counts after correction by 
Eq. (1) and the second ten, at low Kr concentrations, is equal to the 
ratio of the CO- densities in liquid and gas phases. Therefore, to 
calculate the distribution ratio at a specific teaperature: 

Hrv ' RVT » l^W^r^ I • (°> 

where the corrected counts and the densities are at teaperature T. 

The calculation is illustrated below by the data obtained at -13.55'C. 
Precisions are quoted as 95Z confidence liaits. The CO- gas and liquid 

1A 
densities, obtained froa the ASRE data, are 0.0625 t 0.0003 and 1.000 t 
0.001 g/al. The gaaaa c<-Tits were first talk. *- '-he liquid position at 
the two energies, then in the gas position, and were then repeated in 
both positions. There being no significant difference between deter
minations as shown by Halts of error calculated froa the Polsson 
distribution, the data were pooled, with 32 and 30 ainutes of counting 
tine for the > 0.4 MeV energy in the liquid and gas positions, and 22 
and 26 ainutes for the > 40 keV energy range. Table la shows the data 
after normalization to counts/minute, with the calculated confidence 
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Table 1*. Geana counting races at -13-55*C 

> 0.4 He* > 40 keV 
U e a i d Cas U e a i d Gas 

Observed 30,995 t 62 15,510 ± 45 141,372 t 160 78,137 t 110 

tockgromd 137 ± 10 137 ± 10 245 t 15 245 ± 15 

fee coaacs/aia 30.818 + 63 15,373 ± 46 141.127 t 161 77.892 • U l 

Gsana Attenuation. X 4.0 ± 1.0 3.5 t 0.5 26.0 t 0.5 18.1 t 0.2 

Y fractioa not ± «. + Q M f + Q ^ 
attenuated 

Corrected couaca/aia 32.102 15.931 190.712 95.106 

Table lb . Distribution rat ios at -13-55'C 

> 0.4 MeV > 40 keV 

Input values / l S f 9 3 l \ / 1 ^ 0 0 \ / 9 5 I 1 0 6 \ / 1 ^ 0 0 \ 
P \ 32 ,102 /V0 .0625 / \ 1 9 0 , 7 1 2 / VO.0625/ 

Distribution ratios 7.94 + 0.10 7.98 t 0.07 

Note: at -13.55'C: C02 gas density - 0.0625 ± 0.0003 
C02 l iquid density » 1.000 t 0.001 
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Halts, and the corrections made for background. The gaaaa attenuation 
values were read from Fig. 6. Using Eq. (6), the distribution ratios 
were calculated; the results are shown in Table lb. The 95Z confidence 
Units shown for the SF at both energy ranges include only the known 
precision* on the attenuation factor, the CO- densities, and the counting 
rates; and the relative contribution froa these three sources declines 
in the order listed. In this instance the two values are within the 
calculated limits of each other, but this was not always the case. 

2.6 Gas/Liquid Equilibrium 

The attainment of equilibrium, was demonstrated two ways: by repeated 
measurements over a period of time at a fixed teaperature, and by approaching 
a given teaperature both from above and from below. 

Krypton distribution between gaseous and liquid CO- came co equilibrium 
at -33*C in a 40-minute cooldown from room teaperature followed by 45 ainutes 
at the stabilized teaperature. This was shown by first counting after the 
45 minutes at stabilized teaperature, and then counting three more times 
at 30-minute intervals, each of which included additional mixing in the 
horizontal position. As shown in Table 2a, there was no significant dif
ference among ratios in either energy range, although in this case there 
was a small difference between the two energy ranges. 

A second equilibrium test at -26.9*C showed that the same krypton 
distribution ratio was attained whether the target temperature was 
approached from below or from above. After the routine measurement of a 
ratio at -43*C, the teaperature was raised to -26.9*C and the JQ2 cylinder 
remixed for 45 ainutes. This new ratio was then obtained, and the bath 
and cylinder were allowed to warm up. Three days later, the bath was cooled 
down again to -26.9'C with the cylinder being mixed, and the ratio redeter
mined. Results are shown in Table 2b. 
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Table 2a. Replicate distribution rat ios at -33.01* t 0.07*C 
(sanple cylinder renixed 30 nin between deteminat ioas) 

Determinations > 0.4 HeV > 40 keV 

1 14.544 t 0.22 14.380 t 0.16 
2 14.494 t 0.22 14.419 t 0.16 
3 14.486 • 0.22 14.428 + 0.16 
4 14.528 t 0.22 14.384 • 0.16 

Avg. 14.513 • 0.044 14.403 • 0.038 

Table 2b. Distribution rat ios at -26.9*C, 
approached fron below and above 

> 0.4 HeV > 40 keV 

Fro* -43*C 11.83 ± 0.18 11.88 t 0.13 
Fron +22*C 11.81 • 0.18 11.85 t 0.13 
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2.7 Verification of Method 

2.7.1 Cross-Check with Other Co—ting Apparatus 

Excellent agreement was obtained using other counting equipment in 
another laboratory location. The sane CO. cylinder, collimator, and crystal 
were used, bat it was not practicable to use the trichloroethylene cold 
bath; instead, aa ice bath was -sed for one determination, and several 
measurements were aade at aabieat air teaperature. These values are 
included in the tabulation given in the Results Section. 

2.7.2 Solubility of Kr in Mater 

Direct confirmation of our aethod was obtained by aeasuring the solu
bility of Kr in water at aabient teaperature. A nuaber of workers have 

29-33 reported data on the aqueous solubility of Kr, in good agreement with 
each other (Table 3). (At aabient temperatures, the solubility of Kr in 
BLO is rather sensitive to teaperature, passing through a ainiaua value 
at about 90"C. then increasing at higher teaperatures; * see Fig. 11.) 
Our results are also shown in Table 3, and are also in agreement. A 
description of our procedures and results follows. 

Figure 12 is a gaaaa counting profile of a standard 1-in. x 12-in. 
cylinder containing 26 cc of nonradioactive krypton spiked with about 

85 50 aCi Kr, at a pressure of 96 psia, over 85 al of distilled water. 
The two phases had been alxed for 1 hour in the TCE bath at 23.8*C, then 
erected and counted for 2 alnutes in each position. The counting rate is 
plotted on a seal-logarithaic scale, because of the large difference in 
counting rate between the two phases, caused by the 1 » solubility of Kr 
in water. The high counting rate of the gas phase affects the observed 
rate in the liquid phase auch aore for water than for C0 2* Also, this 
effect ia greater in the > 40 keV energy range than in the > 0.4 HeV 
range, and the former data were not used to calculate the solubility be
cause there is no liquid-phase plateau. There was soae question it the 
gas phase count for > 0.4 MeV was really on a plateau, so soae water was 
.-eaoved and the count repeated (Fig. 13). The results were quite siallar. 



29 

Table 3. The solubility of Kr in water 

Source Te»p. C O B* (cc/al) 

Ref. 28 (by interpolation) 23 0.0S9 
Ref. 29 (froa equation) 23 0.056 
Ref. 31 (reported value) 25 0.057 
Ref. 32 (fro* graph) 23 0.057 

This work (> 0.4 MeV) 23.8 0.061 
This work (> 0.4 MeV) 22.8 0.062 
This work (> 0.4 MeV) 23.0 0.060 

*Bunsen coefficient: cc of Kr (STP) dissolver per al of water 
at P„ * 1 at«. 
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The data given on the two figures are adequate to calculate the 
Hansen coefficients. No attenuation corrections were aade, but this 
should not introduce significant errors since only the > 0.4 NeV data 
were used. Mo attenuation factors were obtained for BJO and Kr. bjt by 
analogy with the CO- factor (Fig. 6), corrections of 41 for the liquid 
phase and 2 to 3Z for the gas phase would be anticipated, and these are 
largely self-cancelling anyway. 

2.8 Wall Wetting 

After completion of the experimental part of this work, a question 
was raised concerning the efferts of a possible liquid layer of C0 ? on the 

34 cylinder wall in the gas phase region. This had been considered earlier 
and thought to be highly unlikely because of the very low viscosity of 

35 36 
liquid CO. and because of its very low surface tensiou. Howsvtx, if 
such a film did exist, the result would be a larger value for the distribu
tion ratio, which is the direction in which our results lie relative to 
the Julich data. The presence of such a fila was clearly disproved in 
related and similar work on the Xe-00. system. Xenon, rather than 
krypton, was used to demonstrate the nonexistence of a significant liquid 
film because it provides a more sensitive test than does Kr, because Xe is 
more soluble than Kr. Since the film, if it existed, would depend on CtK 
properties, the Xe results can be extended to include Kr. 

3. RESULTS 

3.1 Experimentally Determined Distribution Ratios 

Using the procedures described in the previous section, in* result* 
tabulated in Table 4 were obtained (some of the raw data are given ir. Table 
81. The data are presented graphically in Fig. 14. The table and figure 
show all the data points which were obtained; no data were discarded. All 
data fall very close to a smooth curve, except for three points obt rlned 
early in this work with a 2-in. cylinder and several points obtain id with 
added oxygen. 
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Table 4. Distribution ratios (Y/X) for Kr in CO. 
t 

Temp. CC) Y/X Comments Temp. CC) >0.4 HeV" > 40 keV* Comments 

20.9 2.73 20 aCi, 2-in. cylinder0 

- 21.2 10.35 20 aCi, 2-in. cylinder0 

- 33.2 15.72 20 aCi, 2-in. cylinder0 

- 50.8 26.92 27.10 100 aCi, 1-in. cylinder 
- 42.6 20.09 19.86 100 aCi, 1-in. cylinder 
20.3 2.70 2.68 100 aCi, 1-in. cylinder 
21.6 2.56 2.53 100 aCi, 1-in. cylinder 

- 33.0 14.51* 14.40b 100 aCi, 1-in. cylinder 
- 4.6 6.57 5.91 120 mCi, 2-in. cylinder0 

- 43.0 20.15 20.16 100 mCi, 1-in. cylinder** 
- 26.9 11.83 11.88 Equilibrium reached froa below 
- 26.9 11.81 11.85 Equilibrium reached froa above 
- 48.6 24.84 24.82 
21.0 2.67 2.62 
5.30 4.40 4.39 

- 13.55 7.94 7.98 
- 52.8 29.34 29.53 
25.1 2.19 2.21 d 
29.1 1.43 1.44 With other counting equipaent 
28.2 1.76 1.80 With other counting equipaent 
0.0 5.19 5.12 With other counting equipaent 

- 19.03 9.29 9.38 
- 19.03 9.32 9.51 With 100 psi krypton 
- 19.03 9.47 9.54 With 100 psi oxygen 
- 1*.03 9.86 9.65 With 450 psi oxygen* 
- 19.03 9.90 9.92 With 450 psi oxygen, for 

recalculated attenuatione 

* 
tsmma energy range counted. 
**.>econd loading of Kr-85 in 1-ln. cylinder. This was used for the reaaining 
determinations. 

'Average of four determinations: 14.54, 14.49, 14.49, 14.S3. 
^Average of four determinations: 14.38, 14.42, 14.43, 14.38. 
cNot used in computing the least-squares line because a non-standard cylinder 
was used. 
''Not used because the temperature is In the non-1 in»ar region. 
eNot used because of the high oxygen content. 
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The data, as plotted in Fig. 14, are nearly linear, except for the 
data at 25lC and higher. The higher temperature values extrapolate to 
a value of unity at the critical temperature, in agreement with the fact 
thnt at T there is, in fact, no separation. The other data were fitted 
to a straight-line equation of the form log y = a + bx: 

log10(DR) » 0.7090 - 0.01395 t , (7) 

where t is the temperature in *C. The constants in Eq. (7) were obtained 
by the method of least squares, using those data points indicated in Table 
4. A total of 40 da'̂ a points were used in the least-squares calculations. 
The correlation coefficient for the fit is 0.9992, and the 95Z confidence 
intervals for the constants are 0.7090 ± 0.0040 and -0.01395 t 0.00013. 
Ihese limits, which are equivalent to about ± 1.5Z, are representative of 
the calculated or estimated known errors, as described previously, and are due 
to uncertainties in the count rate, the temperature, and the density of CO*. 

Closer examination of Fig. 14 shows a slight, but systematic, positive 
curvature below -40°C. Class, who is more concerned with lower temperatures 
in his work, and in which he needs a more general equation, fitted the data 
below 10°C to the three-constant Valentine equation: 

log (V~) - * + *> log T + | , 
where P* = the saturation vapor pressure of C0 2 at T. 

3.2 Effect of Added Oxygen (and Krypton) 

Ideally, the partial pressure of Kr above liquid C0~ should be nearly 
independent of other gases, except to the degree that they dissolve in the 
liquid C0~ and thereby make X„ smaller and, therefore, the partial pressure 
also. Within the limits of this work, no significant effects due to oxygen 
addition were observed. Table 4 includes data at one temperature in which 
oxygen was added to the cylinder. Oxygen was used since it is the other 
major component in the KALC process, and is therefore of the most interest 
from a practical aspect. The distribution ratios shown for the ternary 
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system are pseudo-ratios, since they do not admit the effect of oxygen on 
the mole fraction of krypton, which is a rather large effect for the gas-
phase composition. As calculated, these ratios are concentration terms, 
rather than mole ratio terms. However, for the present purpose, this is 
the preferred mode of expression, since it allows direct comparison with 
the control data. 

After a standard determination of the separation factor at -19*C, 
additional stable Kr was added. The amount added is about 10 times as 
much as was originally present, and it had no effect on the distribution 
ratio. This is in agreement with ideal behavior and indicates that, 
technically, the krypton concentration is still "dilute." 

Oxygen was then added in two increments, to a total pressure of 
450 psi. The maximum pressure was limited by the capability of the sample 
cylinder. As shown in Table 4, the addition of oxygen caused a small 
increase in the values for the distribution ratio, but the change is not 
necessarily significant and may simply be an artifact. A gamma attenua
tion curve was not prepared for oxygen, and the values for the distribution 
ratio for recalculated attenuation were obtained by assuming that attenua
tion due to the added oxygen is the same as attenuation due to CO- at an 
equal gas density. The direction of the change in the distribution ratio 
is opposite to that expected and, if real, must be due to the non-ideality 
of the C0.-0- system. ~ The change is, in fact, in the proper direction 
for the reported non-ideality of this system, where the activity coefficient 

39 of CO. is - 1.02 under these conditions. 

3.3 Calculation of Henry's Law Constants 

Henry's Law states that the quantity of gas in solution is proportional 
to its pressure. This relationship is expressed in either of two ways: 

Pi " " Xi ' 
Xi = k Pi • 

where H - 1/k. Since ?t » YjP , 
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1 

and for saall values of X , P = P , where ?CQ is the saturation vapor 
pressure of C0 2- Calculated values of H are listed in Table 5, along with 
the corresponding values of k. The vapor pressure data for CO- are in 
the literature. 

3.4 Calculation of Bunsen and Ostwald Coefficients 

The Bunsen absorption coefficient (a) is defined as the quantity of 
gas, expressed as t'ne voluae (V ) under standard conditions, which will 

o 
dissolve in a unit voluae of solvent (V) under a gas partial pressure of 
1 atat: 

a « V o/V P R r . (9) 

Since P. « H L and 

V o - (aoles of COj) (22,400) X^. , 

V - (soles of C0 2) (4 4 ) / P a ) , 

Eq. (9) aay be recast as: 

22,400 p, co 2 

- ^ . (10) 44 H 

The Ostwald coefficient of solubility (6) is defined as the vol 
of gas, aeasured at the teaperature and pressure under which solution 
occurs, per unit voluae of solvent. This coefficient aay be calculated 

43 from the Bunsen coefficient: 

6 - a T /273 , (11) 
a * 

where T is the absolute teaperature. 
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Table 5. try 's Law coastaacs for Kr ia CO, 

T C O T/X *» (ata)" CO- • <at«) k (aca * ) 

- 50 25.8 6.74 

- 40 18.3 9.91 

- 30 13.4 14.1 

- 20 9.70 19.5 

- 10 7.05 26.2 

0 5.12 34.6 

10 3.72 44.5 

20 2.69 56.7 

24 2.29 62.2 

28 1.72 68. i 

173.9 

181.4 

188.9 

189.2 

184.7 

177.2 

165.5 

152.5 

142.4 

117.1 

5.75 a 10 

5.51 

5.29 

5.29 

5.41 

5.64 

6.04 

6.56 

7.02 

8.54 

-3 

*Data of Michel* et a l . 4 1 * * 2 
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Using Eos. (10) and (11), the values tabulated in Table 6 were 
calculated. The Bunsen coefficient generally increases with decreasing 
teaperature, while the Ostwald coefficient remains constant. This 
behavior is shown by the values in Table 6, except at 28"C. which is 
quite close to the critical teaperature of CO-. 

3.5 Calculation of the Beat of Solution 

The heat of solution (AH ) of Kr in CO- any be related to the Bunsen 
44 coefficient by the van't Hoff type equation: 

In a - -AH /RT + constant . (12) 

Thus, a plot of In a vs 1/T gives a curve whose slope is -AH /R. Values 
of In a and 1/T are tabulated in Table 7, and the plot is shown as 
Fig. IS. A saoothed curve is drawn through the data since the fine 
structure is probably not real. The point at 28*C is obviously erratic, 
presumably because of nearness to the critical teaperature of CO.. 

The heat of solution, as determined graphically froa Pig. 15, is 
about -900 cal/aole at -50*C and about -200 cal/aole at 10*C The curve 
levels out above 20%, Indicating & AH of zero as the critical teaperature 
is approached. 

4. DISCUSSION 

4.1 Comparison with Other Data 

The Jiillch data, referred to previously, are shown in Fig. 16. 
They differ froa our results in two respects: (1) over the region of 
Interest to KALC, their values are lower by a factor of about 2, and (2) 
as the critical teaperature is approached, their values level off at about 
2 (the singular point at 30* is questionable because of nearness to T ). 

Private discussions with both Laser and Beaujean failed to disclose 
an explanation for the differences shown in Fig. 16. However, froa our 
own, earlier difficulties with a sampling procedure, we conclude chat 
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Table 6. Bunsen (a) and Ostwald (6) coefficients for Kr in linnid CO. 

T (hC) o „ (g/nl) a (ataf1) 8 <atn"*) 

- 50 1.151 3.370 2.75 

- 40 1.114 3.126 2.67 

- 30 1.074 2.894 2.57 

- 20 1.030 2.771 2.57 

- 10 0.980 2.701 2.60 

0 0.924 2.655 2.66 

10 0.859 2.642 2.74 

20 0.768 2.564 2.75 

24 0.718 2.567 2.79 

28 0.646 2.808 3.10 
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Table 7. Data to plot Equation (12) 

T C O 1000/T In ot 

- 50 4.481 1.215 

- 40 4.289 1.140 

- 30 4.113 1.063 

- 20 3.950 1.019 

- 10 3.800 0.994 

0 3.661 0.976 

10 3.532 0.972 

20 3.411 0.942 

24 3.365 0.943 

28 3.321 1.032 

T - t C O + 273.15. a 
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they incurred a systematic error from this source. At the one ooint 
where our data are in agreement, it is clear that their results are 
showing an improbable behavior. 

4.2 Comparison with Calculated Solubilities 

For the ideal case, the value of the distribution ratio is sizply 
the ratio of the vapor pressures. From Raoult's Law, P * 3L ? , 
where P. is the vapcr pressure of the pure component, and from Dalton's 
Law, P.. * Y„ P , where P is the total pressure, wherebv Y_ /X_ •= Kr Kr t t Kr Kr 
P AP . At dilute concentrations of krypton, P ~ P , so that 

PKr 
\ r P* 

idea! rCC, 

(13) 

Vapor pressure data are, of course, available for CO-,, * but for Kr, 
which is here above its critical temperature of -64aC, P* must be 
estimated. This can be done by several methods, which differ slightly 
in their results. Thus, a range of calculated values is obtained from 
Eq. (13) Tor the ideal case, as indicated by the shaded region in 
Fig. 17. 

Improvements can be made in the calculations by applving regular 
solution theory, as developed by Hildebrand, Prausnitz, and Scott," 
and by allowing for the known, real behavior of gaseous CO,, which has 
a significant Z factor (see Fig. 18). These improved calculations have 

48 been made bv Davis, and are also shown in Fig. 17. 

Two observations are worth noting: (1) none of '.he calculated curves 
represent the experimental results very well, and (2) none of the calcu
lated curves approach a value of unity at the critical temperature. This 
latter point suggests that the models for tht> calculations are either 
being used out of their range or they are incomplete in not allowing 
for behavior near the critical region. 
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4.3 The Solubility Parauetei 

A related calculated quantity of interest is the so-called Cohesive 
Energy Density (CEO), the square root of which is sometiaes referred to 
as the "solubility paraaeter". This calculation is used to compare 
relative solubility, and reflects the philosophy that "like dissolves 
like." Thus, if solvent and solute have nearly identical solubility 
paraaeters. that solute should show a re la.:vely high solubility in 
that solvent. This correlation has been teste 1 by cteinb*srg and 
Manowitz for Kr and Xe, and is the basis for the Freon process 
currently under development at ORGDP. Froa the definition of CED, 

AH 
CED - V 

aolar voluae 

tie solubility paraaeter of Kr is calculated to be 7.9 (cal/cc) * at its 
49 

boiling point, in close agreeaent with the paraaeters for the hydro
carbons (7 to 9) and Freon-12 (7.6) that have been used as solvents for 
the rare gases. (For coaparison, the solubility parameter of water is 
23(cal/cc) * and for silicone oils it is about 5(cal/cc) * .] For CO-, 
the solubilit> paraaeter is in a favorable range, with values of 9.5, 
8.3, and 7.1 (cal/cc) at teaperatures of -40, -20, and 0°C, respectively. 

4.4 Casparison with Other Solutes 

One basis for relating the solubility of various solutes in a given 
solvent is in teras of the Henry's Law constant vs the aolal energy of 
vaporization, AE/. cal/g-aole. This relationship has been plotted by 

° 52 
Mull ins for those few jasea where the solubility in COj is known, as 
shown in Fig, 19. The general validity of this relationship is demon
strated for CO-. Internal fine structure, e.g., for the similar series 11 N-/C0/0-, nay exist. The Jiilich data are seen to fall furthest off 13 the estimated line. The xenon data are froa the ORNL work. 
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4.5 Comparison with Absorption Data 

By operating an absorption column in a "pinched" condition, the 
value of the separation factor can be deduced from the L/V ratio. This 
has recently been done in conjunction with KALC engineering development 

o 
work. The experimental and calculated values are coapared in Fig. 20, 
and fall close to the 45* line, indicating good agreement. 

4.6 Material Balance 

A standard procedure to check the internal self-consistency of any 
experiment is to do a material balance and determine if a satisfactory 
"closure," or accounting of material, is obtained. For these experiments, 
a material balance of total counts was corJuried with data obtained from 
the second loading of the 1-in. cylinder. These data are shown in Table 4 
starting with the -43.0*C data; data are listed in Table 4 in chronological 
order. Data obtained "with other counting equipment" cannot be used in 
this exercise since the counting geometry and statistics are different 
from the other data. 

A count total was obtained for each applicable data point described 
above. The procedure used was to multiply the counts/min for each phase 
by the calculated volume of that phase, then sum the two products. (The 
gas and liquid volumes were calculated from the known cylinder volume 
and CO- content, and from the literature values for the densities.) The 
counts/min are for the volume swept out by the collimator. Although this 
volume is not known, it is constant for all measurements and is defined 
to be the unit volume. This procedure was applied to the counts taken 
at both energy ranges. A correction was then made for radioactive decay 
over the time interval involved. The numerical results are given in Table 
8. Inspection of the results shows overall constancy, with ranges of 
t 9% on the > 0.4 MeV energy and t 5Z on the > 40 keV energy. 
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Since the observed variations were larger than was expected, a 
systematic basis was sought. The results were plotted two ways: 
chronologically and as a function of teaper.ture (Figs. 21 and 22). The 
data were analyzed statistically, and the pertinent values are shown on 
the graphs. Two of the tested relationships show a significant correla
tion: the teaperature effect on the > 40 keV gaaaa count (correlation 
factor of 89Z), and the chronology effect on the > 0.4 HeV gaaaa count 
(correlation factor of 35Z). 

The teaperature effect was noted earlier, and is due to the increased 
density of the TCE cold bath at lower teaperatures (Sect. 2.4.6). Previously, 
a aeasured correction of 3Z was required at -35*C, which extrapolates to 
4Z over the entire teaperature range, vs the 7Z actually observed. A 
teaperature effect does not occur with the > 0.4 MeV count since the 
higher energies are not seriously attenuated by the TCE. 

The chronology effect on the > 0.4 NeV count shows considerable scatter, 
but is real (the "t" test shows that the slope is not zero, at the 9SZ C.L.). 

85 This effect is of uncertain origin. Based on the > 40 keV counts, no Kr 
was lost during the series of aeasureaents. It is postulated that instru-
aental drift was responsible since a slight shift in the position of the 
0.4-MeV gate would have a relatively large effect on the observed count. 

4.7 Attenuation Effects 

The 0.51-MeV gaaaa peak should be relatively free of attenuation by 
CO2 because of the low atoaic nuabers of carbon and oxygen. This is veri
fied by the saall (4Z aaxiaua) effect deterained for the > 0.4 HeV range. 

The beta decay, which Accounts for 99.6Z of the ~ Kr decay, is lr.rgely 
attenuated by ion pair production, with a saall fraction being attenuated 
by bremsstrshlung. Based on the beta energies and the C0~ densities 
involved, it is estiaated that nearly all the beta radiation could be 

53 attenuated by ion pair production. 
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Breasstrahlung attenuation is important only for higher energy (E) 
betas, and with absorbers of high atomic nuaber (Z). The ratio of attenua-

54 tion by breasstrahlung/ionization is about EZ/800, and for CO- and the 
steel cylinder these values are about 0.5 and 1.5Z, respectively, for a 
total of 21. This agrees exactly with the observation that,although there 
is 250X as such beta radiation as gi—ii (fro* 99.6/0.A), the recorded 
spectrun shows only about 5X as such breasstrahlung as it does gaana peak, 
or 50X less (i.e., 22) breasstrahlung than ion-pair production. 

Backseatter (or dose buildup) uccurs whenever there is a significant 
quantity of absorber, and for our range of CO. densities the saturation 
distance is estimated to range froa 2 to 35 an. Thus, a significant 
increase in count is expected at increasing CO. density froa this source. 

A combination of these effects accounts for our density attenuation 
curves (Figs. 6 and 7), which flatten out and then reaain essentially 
constant. It is obvious that compensating effects are at work, and 
breasstrahlung attenuation and backseatter are two such effects. The 
41 attenuation for > 0.4 MeV counts is probably froa attenuation of the 
breasstrahlung component since the gaaaa peak at 0.51 MeV should be 
relatively unaffected by the changing CO- density and, if it were, the 
effect should be linear with density. 

4.8 Error Sources 

A nuaber of error sources have been aentioned and discussed, as they 
occurred throughout the text. For convenience, they are all listed here: 

Counting statistics (Sect. 2.5.2) 
Counter dead tiat (Sect. 2.4.1) 
Instrument drift (Sect. 2.4.4) 
Gate position (Sect. 2.4.4) 
Background (Sect. 2.4.5) 
Teaperature (Sects. 2.2.4 and 2.2.7) 
C0 2 density (Sect. 2.4.7) 
Internal attenuation (Sect. 2.4.6) 
Colliaation (Sect. 2.4.8) 
Position of counter (Sect. 2.4.3) 
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In general, anst errors are largely self-cancelling because the 
quantity which was directly Measured is a ratio. Those error sources 
which, by their nature, could not be self-cancelling (e.g., internal 
attenuation) were indirectly shown to be quite saall by neans of (1) 
excellent agreement between the two energy ranges used for counting, 
(2) a satisfactory aaterial balance, and (3) good agreement with 
published data for the water-Kr system. 
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