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CONTROL OF TRITIUM IN LMFBR SODIUM BY COLD TRAPPING

C. C. McPheeters and D. Raue

ABSTRACT

Control of tritium in the sodium coolant of
LMFBRs is important for achieving as low ,is practi-
cable release of radioactivity. Cold-trapping has
been shown to be an effective method for controlling
hydrogen in sodium and should be effective for con-
trolling tritium as well. Two mechanisms for removal
of tritium from sodium have been studied: (1) copre-
cipitation of hydrogen and tritium from solution in
sodium in a cold trap and (2) isotopic exchange of
tritium in sodium with hydrogen in solid NaH In a
cold trap.

Mathematical models have been developed to des-
cribe the two mechanisms and experimental runs have
been nade to determine their relative effectiveness.
These experiments, together with the models, have
indicated that the coprecipitation mechanism is, as
expected, much more effective in removing tritium
from sodium than the isotopic exchange mechanism.
The model was used to calculate tritium levels in the
E8R-II primary system, and agreement with measured
levels was achieved within a factor of three.

The isotopic exchange mechanism by itself cannot
be expected to adequately control tritium in LMFBRs.
Hydrogen sources such as corrosion in the steam
generators will be important factors in controlling
the" tritium level.

INTRODUCTION

One of the objectives of the Clinch River Breeder
Reactor Plant (CRBRP) and future LMFBRs is to achieve
as low as practicable radioactivity releases to the
environment. One of the most difficult radioactive
isotopes to contain in the LMFBR is tritium (3H) be-
cause, as an isotope of hydrogen, it diffuses readily
through structural materials at the LMFBR tempera-
tures. Cold-trapping the sodium coolant Is an effec-
tive method for removing hydrogen from sodium, and It
is expected that the method should be effective in
retaining tritium and preventing its release. The
purpose of this paper is to present the results of
studies with sodium cold traps and their effectiveness
for removing tritium from sodium under various operat-
ing conditions.

Tritium is produced in the reactor core by three
primary mechanisms: 1) three-particle fission of the
fuel, 2) activation of boron in the Bi,C control rods,
and 3) activation of boron and lithium impurities in
the fuel, sodium coolant, and structural materials.
One fission in every 200-300 results in a third par-
ticle. TheBe third particles are either alpha-parti-
cles or tritons; the alpha-particles being favored
roughly ten to one over the tritons. The fission
yield of tritium1 from LMFBR fuel is expected to be
of the order of 25 to SO kd/s-Je (2 to AxlO1* Cl/1000
MWe-yr). Tritium production from the Bt,C control
rod* is expected to be approximately 76 kd/s-Je (6.5
xlO1* Cl/1000 MWe-yr), whereas the combined production
of the impurity sources should be less than 2 kd/s-Je
(2xl03 Ci/1000 MWe-yr).2 Essentially all of the
tritium generated in the fuel and from impurity
•ources is expected to be released to the coolant
sodium,'J1* whereat as little as 20 percent of that

born in the control rods may be released.s>6 Thus, the
total tritium source, released into the sodiua coolant
is expected to be 40 to 90 kd/s-Je (3.5 to 7.5X1O1*
Ci/1000 MWe-yr). To keep the release as low as prac-
ticable, the cold traps will be required to remove at
least 90 percent of this tritium burden.

MECHANISMS OF COLD-TRAP OPERATION

At least two mechanisms are available for control
of tritium in sodium: 1) coprecipitation with hydrogen
and 2) isotopic exchange with hydrogen In solid NaH.
The coprecipitation mechanism is simple precipitation
from a solution of hydrogen isotopes In sodium.
Tritium should be precipitated with hydrogen in the
same ratio as they exist in solution. The isotopic
exchange mechanism consists of exchanging tritiun In
solution with hydrogen in the cold-trap deposit. The
driving force for this exchange is proportional to the
difference between the tritium specific activities in
solution and in the solid deposit.

A simple cold-trap model was developed to describe
the behavior of tritium and the operation of the two
mechanisms described above. The model for the copre-
cipitation mechanism is quite simple in that it is
assumed thac tritium precipitates with hydrogen in the
same ratio as the tritium/hydrogen ratio in solution.
In a finite system with no significant hydrogen or
tritium sources, the tritium would be removed by the
cold trap along with the hydrogen, and the tritium
specific activity, Cj, would decline according to the
relationship

''HO
(1)

where C T 0 " the initial tritium specific activity,
d/s-kg,

CJJ * the hydrogen concentration at any time,
mg/kg, and

C|JQ • the initial hydrogen concentration, mg/kg.

The tritium/hyrogen ratio in solution would remain
constant throughout the cold-trapping run.

The hydrogen concentration, CJJ, changes during a
cold-trapping run according to the equation

-E, &t
H HO e e

where C * the equilibrium hydrogen concentration
e based on the minimum cold-trap temperature,

mg/kg,
EL » efficiency expressed as the fraction of

hydrogen removed by the cold trap in a
single pass,

W - the sodium flow rate through the cold trap,
kg/s

M - sodium mass in the system, kg, ant!
t " elapsed time from the beginning of the

cold trap run, s.

The decline of tritium specific activity in a
closed sodium system with no significant hydrogen or
tritium sources during a cold-trapping run can be
described by combining equations 1 and 2.
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CH0
(3)

The aodel describing the isotopic exchange mecha-
nism is more complex than the coprecipitation model.
This complexity arises from the experimentally-deter-
mined fact that the isotopic exchange mechanism is so
Ineffective that hydrogen from even small sources in
the system becomes Important in coprcJpitating with
tritium. This model consists of two parts, and
includes a coprecipitation term and an isotopic ex-
change term. The tritium mass balance in the system
is expressed as follows:

where S_ » the tritium source tetm, d/s2, (zero in
these experiments),

Rc - the copreripitation removal term, d/s
2, and

Rj fc the isotopic exchange rertoval term, d/s2.

If the tritium source term were not zero, it could
be carried through the integration as a constant. This
source term is used in models that, describe the behav-
ior of tritium in LMFBRs; however, durii.g the cold-
trapping experiments, the tritium source was zero.

The coprecipitation removal ten.1 was assumed to
be the same as that described by the differential of
equation 3. In describing the isotopi-. exchange term,
Rj, it was assumed that the driving fot.ee for isotopic
exchange is simply the difference between the tritium
specific activity in solution and the specific acti-
vity that would be in equilibrium with th? solid
deposit.

- kA [CT(ave) - (5)

where k the tritium mass transfer coefficient,
kgV-s.

A • precipitation surface area, m2

CT(ave) « the average tritium specific activity
in solution in the cold trap, d/s-kg.

C T e - Che equilibrium tritium specific activity
based on the composition of the solid
cold-trap deposit, d/s-kg.

If the isotopic exchange mechanism were solid-
state-diffusion limited, the differences in specitic
activities above would occur in the solid deposit,
and the mass-transfer coefficient would be indepen-
dent of sodium flow rate.

R_ may be rewritten as

Rl " a k A <CToUt-
CTe>

(6)

where a
CT(ave) - C T e

CTout " CTe

and Cf • the specific activity of tritium In the
the cold trap effluent, d/s-kg. The constant, a, is
u«ed simply to relate the driving force to measurable
quantities. Previous cold-trapping studies7 have
shown this constant to be in the range of 0.5 to 0.8.

From mass balance, Rj may also be written

<VCTout> (7)

Combining equations 4, 6, and 7, and Integrating
we obtain the equation that describes the combined
Isotopic exchange and coprecipitation mechanisms:

CT " 'So " T CTe' e" ^ 3. _ (8)

where D 1- jr") + E_], and

akA
efficiency cold trap for"T " W~+—kA

removing tritium by isotopic exchange,
fractional.

The ratio, Cg/Cjj, depends upon the hydrogen source
term; the larger the hydrogen source, the smaller the
ratio. The terra, D, is the sum of the tritium removal

E T
efficiencies of the two mechanisms. The term, -g- C T e,

is the final tritium concentration at t + ». If there
were no hydrogen source, D would reduce to £p and the
final tritium specific activity would be C T e; however,
with a hydrogen source, the final tritium specific
activity is lower than Cye« In the case where both
tritium and hydrogen sources exist, the final tritium
level may be either above or below C T e, depending upon
the relative magnitudes of the sources. The effi-
ciencies were experimentally determined using the

E~
final tritium concentration, -g- CT , and equation 8;
it was not necessary to determine C T e experimentally.

EXPERIMENTAL

The cold-trapping experiments were conducted with
the Apparatus for Monitoring and Purifying Sodium
(AMPS). The AMPS is a .378 m3 (100-sallon), forced
convection sodium system capable of operation at 650°C
(1200°F) and 340 kPa (50 psig) pressure. It is
equipped with two cold traps: one for impurity control
and one for experimental work. Impurity monitoring •
instrumentation, which Includes an in-sodlum hydr.-scn
meter, a cover-gas hydrogen meter, an oxygen meter,
two tritium meters and a multi-purpose sodium sampler
are part of the AMPS system. Each of the hydrogen
meters8'9 consists of a nickel membrane inserted in
the sodium (or in the cover gas) with a vacuum system
attached to the nickel membrane. The vacuum system
is capable of measuring either hydrogen flux (AS an
ion-pump current) or hydrogen pressure (with an ion
gauge). The hydrogen pressure in the vacuum system
reaches equilibrium quickly and can be interpreted as
being in equilibrium with the hydrogen in the sodium.

The oxygen meter is an electrochemical call, 1 0*"
the voltage of which is related to the oxygen activity
of the sodium. The cell uses a solid ThO2-15 wt %
Y2O3 electrolyte tube and an air reference electrode.
This type of cell has been used extensively in odium
systems with good results.

The tritium meters12 are similar to the hydrogen
meters in that they use nickel membranes to allow the
tritium to diffuse through from the sodium. They
differ in that an argon-lX hydrogen sweep gas is used
to carry the tritium from the membrane to a counting
chanber where the tritium activity is constantly
monitored.

The multi-purpose sampler13 was used both to
take sodium samples for tritium analyses and to
equilibrate scandium tabs and vanadium wires. The
scandium tabs and vanadium wires were analyzed for
hydrogen cad oxygen content respectively, and these
analyses were correlated with hydrogen and oxygen
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activities In sodltn using previously determined dis-
tribution coefficients. The results of these analyses
were compared with the hydrogen, oxygen and tritium
meter readings for calibration purposes.

One of the trit lira meters wan used as a tritium-
lnjectlon device to add tritium to the sodium. Argon
containing 200 vppm hydrogen and tritium with an ac-
tivity of 10x10'° d/s-m3 was passed through the mem-
brane region at a very low flow rate. The tritium
entered the sodiun quantitatively, so that the amount
added could be accurately determined by Integrating
the gas flow.

The cold-trap used In these experiments was of an
integral economizer-crystallizer design with the econo-
mizer located in the upper half of a vertical pipe
16B mm O.D. x 7.1 nm wall thickness, (6-in. schedule
40 (NPS)] and the crystallizer region In the lower
half. Sodium flowed into the top of the cold trap,
downward through the economizer into the annulus of
the crystallizer region. The crystallizer was packed
with stainless-steel uire mesh and was air-cooled on
the outer surface. The sodium continued up tl>j center
section of the crystallizer, through the economizer,
and out the top of the cold trap. Temperature control
was maintained by varying the input to heaters on the
external surface of the cold trap while the air coolant
flow was maintained constant. The volume of the
crystallizer region was 9300 cm3 (2.46 gallons).

The hydrogen source term for the AMPS was experi-
mentally determined at two separate times. The primary
sources of hydrogen were thought to be the two tritium
meters and corrosion of the piping by atmospheric
moisture. During all the runs, except run 1-15-76,
both tritium meters were in operation using a sweep-
gas composition of argon -I- 5 percent hydrogen. For
run 1-15-76, one of the tritium meters was shut down
and the other meter was operated with a sweep-gas com-
position of argon + 1 percent hydrogen. The hydrogen
source was measured before this change and was found
to be 140 ng/s. Following the change, the source
dropped to 8.6 ng/s. The soutr.es were measured over
periods of three weeks and one week, respectively.
The day-to-day variations in the source are not known.

The coprecipltatlon runs were Initiated with high
(above equilibrium) hydrogen and tritium concentra-
tions. The cold-trap flow was started with a low
cold-trap temperature, and the hydrogen and tritium
concentrations were carefully monitored as the -.old
trap renoved them from the system.

The isotopic exchange runs were conducted dif-
ferently. Both hydrogen and tritium were cold-trapped
to a low level initially and the cold trap was iso-
lated from the system. Tritium was injected to
Increase the tritium/hydrogen ratio, and the hydrogen
concentration was carefully measured. The cold trap
was then started up at the hydrogen saturation tem-
perature to avoid any transfer of hydrogen into or out
of the cold trap. The tritium specific activity was
then measured as it declined, and the hydrogen concen-
tration was measured periodically to be assured that
It was remaining constant.

RESULTS

Tritium Injections

A total of five copreclplt«tlon and five lsotopic

exchange cold-trapping runs were completed. Tritium
injections were made prior to each isotoplc exchange
run to Increase the tritium/hydrogen ratio at the
beginning of each run. The results of the tritium
Injections are suoaarized In Table I. The Injections
resulted in excellent recovery of the tritium, i.e.,
the tritium concentrations observed with the tritium
meter were, in all cases, within 27 percent of the
quantities added. This discrepancy is thought to be
an accumulation of uncertainties in gas flowmeter
readings and statistical counting variations. The
tritium measurement error is thought to be less than
the injection error because the flowmeters were opera-
ting very near the lower end of their range. Uncer-
tainties in reading flow rates could easily reach 20
percent. The data appear to have a negative error
bias that could also be attributed to a bias in the
flewmeter at the lower end of the scale.

Table I. Tritium Injections into AMPS Sodium

Tritium (kd/s-kg) Dlff.
No.
1
2
3
4
5

Inj.
10.1
11.8
23.6
23.6
23.6

In it.
2.52
2.48
2.78
1.96

21.5

Coprecipitation Runs

Total
12.6
14.3
26.4
25.5
45.1

Meas.
14.5
14.2
26.1
18.7
38.8

(Z)
+15
-.8
-1.1
-26.8
-13.8

Tlie first assumption in the coprecipitation model
is that tritium and hydrogen are precipitated in the
same ratio as they exist in solution. This assumption
leads to the conclusion that the tritium/hydrogen
ratio should remain constant during a coprecipitation
run. The tritium/hydrogen ratio was determined as a
function of time during each of the five coprecipita-
tion runs. Some variation was observed in the ratios,
and the limits of these variations are shown in Table
II. Also shown are the hydrogen removal efficiencies
determined with the use of equation 2, and the uncer-
tainties associated with the counting statistics for
the different tritium activity levels of the various
runs.

Table II. Variations of Tritium/Hydrogen Ratios
During Coprecipitation Runs

Run No.
6-18-75
7-17-75
7-30-75
9-10-75
9-25-75

Residence
Time, (s)

150
588
588
264
192

H Removal
Efficiency
(percent)

40
100
100
63
67

T/H
Ratio

(kd/s-ms)
15 + 31Z
4.8 + 23Z
28 + 33Z
30 + 4Z
17 + 6Z

Final T
Cone.

(kd/»-kg)
1.29 ̂
.78 H

1.89 H
25.9 H
10.0 H

• HZ
• 12Z

• 1 0 *

' 4Z
- 6Z

The tritium/hydrogen ratio remained constant
within statistical counting variations for the last
two runs; however, larger variations were observed
during three earlier runs. These first three runs
were conducted at such low tritium levels that the
variations in tritium/hydrogen ratio, although larger
than the statistical counting variations, are not
considered to be significant.

The hydrogen and tritium reductions during run
9-10-75 are shown In Fig. 1. The data points are the
concentration and specific activity readings, whereas
the curves represent equations 2 and 3 plotted with a
hydrogen removal efficiency of 30 percent. As can be
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.05

ZOO 300
TIME, k«

400

Fig. 2. Tritium removal by the cold trap
during run number 1-15-75.

8 12 16
TIME, ks

20

Fig. 1. Tritium and hydrogen removal by the
cold trap during run number 9-10-75.

Table III. Cold-Trapping Efficiencies for All Runs
Sodium Sodium Tritium Removal

Flow Rate Residence Efficiency
Run Ho. (cm3/g) Time (s) (Percent)

seen from this figure, the coprecipltation model ex-
presses the tritium and hydrogen reductions very veil.

Isotoplc Exchange Runs

The lsotopic exchange model (equation 8) was used
to analyze each of the five runs of this type. One of
these runs (run 1-15-76) is shown in Fig. 2 where the
tritium specific activity and hydrogen concentration
are shown as a function of elapsed time following the
startup of the cold trap. Equation 8 is plotted using
a tritlua removal efficiency of 22 percent. The fit of
the model with the trltlua specific activity data is -
fair, h't not as good as desired. The tritium level
drops «n>re rapidly In the first 50 ks of the run than
the model predicts; also the decline continues more
rapidly than the model predicts after 400 ks of elapsed
tine. Some slight variations in the hydrogen source
tern during these runs could cause these deviations
froa the predicted behavior.

Su—ary of Copreclpitation and Isotoplc Exchange
Runs

Equations 3 and 6 were used to determine the cold-
trapping efficiencies of all the runs conducted in this
study. Efficiencies were chosen that resulted In the
best fit with the experimental data. The results of
this analysis are shown in Table III vhrre the sodium
residence times In the cold trap, the sodium flow rate
and the resulting trltlua removal efficiencies are
listed for each run.

The data in Table III are shown graphically In
Fig. 3, where cold-trap efficiencies are plotted us.
sodium residence times. In general, efficiencies

Coprecipitatlon Runs
6-18-75
7-17-75
7-30-75
9-10-75
9-25-75

62
16
16
35
47

Isotopic Exchange Runs
11-6-75
11-11-75
11-19-75
12-8-75
1-15-76

32
32
60
17
16

150
580
580
270
200

290
290
160
550
580

40
100
100
63
67

7.0
7.5
2.4
30
22

increase with Increasing residence times, as expected.
The effectiveness of the isotopic exchange mechanism
is much lower than that for the coprecipitation mecha-
nism; however, the efficiencies Increase with resi-
dence time in both cases.

DISCUSSION ASP CONCLUSIONS

The specific cold trap used in this study has
demonstrated impurity removal characteristics similar
to some cold traps of similar design that have been
tested in the past.14 Hydrogen removal efficiencies
tend to Increase with increasing sodium residence
times up to 300 to 600 s. Tritium removal efficien-
cies were found to increase similarly in the copre-
cipitatlon experiments.

The data obtained In this work are applicable to
a specific cold trap and sodium system, and caution
should be used in applying the numbers to systems that
are significantly different. Large variations in cold
trap efficiencies from system to system are not ex-
pected; however, the scaling factors are not well
understood and are the subject of continuing work.
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The general conclusion! are considered to be valid for
most cold-trap systems; however, the uncertainties In
the efficiencies applied to other systems are not
known.

To assess the applicability of the mathematical
model developed In this work, a modified veralon of
equation 8 was compared with tritium data from the
EBR-II primary sodium system. It was necessary to
modify equation 8 co Include the tritium source term
and an overall system-boundary permeation term. The
modified equation Is:

PT (CT0- T T CTe

C P
where D Is redefined as [EH(1- g

5) + E T + jjl, aad P -

an overall permeation constant, kg/s. In the calcula-
tions, Kumar's'5 values for the permeation constant,
0.032 kg/s, and tritium source term, 288 kd/s2, were
used. The "equilibrium" tritium concentration for CT

(If no hydrogen source were present, Cj e would be the
e

final tritium concentration) was determined using the
following reasoning: The rate of hydrogen deposition
in the cold trap was calculated from the hydrogen con-
centration In the EBR-II system, the equilibrium concen-
tration based on the cold-trap temperature, and the
cold-trap flow. The rate of deposition was calculated
to be 19 ug/s. The rate of tritium transfer to the
cold trap was calculated using Kumar's source term and
the permeation constant. This transfer rate was
231 kd/s2. The ratio of these rates should be equal
to the tritium/hydrogen ratio In the cold-trap deposit.
Tills tritium/hydrogen ratio is 12.3 Md/s-mgH. The
equilibrium hydrogen concentration is known based on
the cold trap temperature, and the equilibrium
tritium concentration should be In the same ratio as
that in the solid deposit, i.e., Cj - Cexl2.3Md/s-mgH
so that C T e was calculated to be 737 kd/s-kg.

The hydrogen and tritium removal efficienciei!
were taken directly from the data In Fig. 3 so that

1-
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Fig. 3. Cold-trapping efficiencies for coprcclplta-
tlon and lsotoplc exchange experiments.

En - 1 and Ej - 0.3. Figure 4 Is a plot of equation
9 showing the predicted rise of the tritium specific
activity in the EBR-II primary system from an initial
valve of zero to equilibrium at -<-1000 kd/s-kg
(27nCl/g) after one month of operation. Also shown In
figure 4 are data from three reactor-startup periods
over the last three years. In general, the predicted
specific activity Is within a factor of three of the
observed values, and the activities appear to rise to
equlllbriun in approximately one month of operation.
(The vertical bar represents the range of equilibrium
values that have been observed in EBR-II primary sodium
in recent years). Considering the uncertainties in
sone ot the values used in this analysis (source term,
permeation data, and correlation between AMPS cold
trap and the EBR-II cold trap), the agreement appears
to be fairly good. Additional tritium data from
EBR-II, along with Improved permeation data and addi-
tional AMPS cold-trapping data, should be helpful in
improving the LMFBR tritium behavior model.

Several additional conclusions nay be drawn from
the results of this study with the AMPS system:

A. The lsotoplc exchange mechanism is much less
effective than the coprecipitation mechanism
for removing tritium from sodium. The data
produced in this study Indicate that for any
given sodium flow rate, the isotopic exchange
mechanism Is only 10 to 20 percent as effective
as the coprecipitation mechanism.

B. The isotopic exchange mechanism by itself was
not considered a candidate mechanism for con-
trolling tritium in future LHFBRs. This work
has confirmed the previous thinking and has
allowed order-of-magnitude prediction of ex-
pected efficiencies of the mechanism. At typi-
cal LMFBR cold-trap residence tiroes (approxi-
mately 5 min.) the tritium removal efficiency
with no hydrogen source will be less than 10
percent. Normal hydrogen sources In the system
will increase the overall tritium removal effi-
ciency; the extent of removal will depend on

10*
r

• JULY-AUG. 1973
O OCT.- NOV. 1974
O JULY-AUG. 1975 r-ao—-

270

27 o
il
o
a.
in

2.7
f I06 f

I WK. I M0.
TIME FROM REACTOR STARTUP, S

Fig. U. Tritium specific activities observed
in EBR-II primary sodium compared with
the activities predicted by the mathe-
matical model.
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the magnitude of the hydrogen source. 11.

C. Models designed to describe the behavior of
tritium in IHFBRs should account for hydrogen
sources, including corrosion in the steam
generators and permeation through the IHX from 12.
the secondary to the primary systen. These
hydrogen sources nay constitute the primary
mechanism for removal of tritium with the

primary and secondary cold traps.
D. The equations developed in this work are use- 13.

ful in determining the res;>=.ctive hydrogen
and tritium removal efficiencies of a cold
trap. The equations also allow separate
determinations of the coprecipitation effi-
ciency and the isoto^ic exchange efficiency.
Additional work is needed (and is planned) to 1*«
describe the hydrogen and tritium mass-trans-
fer coefficients and the composition and
location of the impurity deposits. This work
will allow development of a more sophisticated
model fur tritium cold-crapping. 15.

B. R. Grundy, E. Berkey, E. T. Weber, and W. A.
Ross, "Performance of the Improved Electrochemi-
cal Oxygen Meter Using High Purity Electrolytes,"
Trans. Amer. Nucl. Soc. 14(1), 186 (1971).

R. Kunar, A. F. Panek, D. J. Raue, and P. A.
Nelson, "Continuous Monitors for Tritium in
Sodium Coolant and Cover Gas of an LMFBR," AEC
Report ANL-8079 (March 1974).

V. M. Kolba, J. T. Holmes, S. B. Skladzien,
M. A. Slaweckl, E. C, Filewicz, and P. A. Nelson,
"Multipurpose Sodium Sampler for LMFBRs: Design
and Operation," USAEC Reporr V8L-8O31 (February
1974).

1. L. Gray, R. L. Neal and B. G. Voorhees,
"Control of Oxygen in Sodium Heat Transfer
Systems," Liquid Metal Technol., Part I. 53,
(1957).

R. Kumar, "Tritium Transport in an LMFBR," AEC
Report ANL-8089 (August 1974).

REFERENCES

1. M. J. Fluss, N. 0. Dudey, and R. L. Makewickl,
"Tritium and Alpha-Particle Yields in Fast and
Thermal Neutron Fission of 235U," Phys. Rev. C,
6 (December 1972).

2. L. E. Trevorrow, B. J. Kullen, R. L. Jarry, and
M. J. Stelndler, "Tritium and Noble-Gas Fission
Products in the Nuclear Fuel Cycle," AEC Report
ANL-8102 (October 1974).

3. J. H. Goode and V. C. A. Vaughen, "ORNL Experi-
ments on the Behavior of Tritium During Head-End
Processing of Irradiated Reactor Fuels," AEC
Report ORNL-TM-2792 (February 1970).

4. G. P. Hozadlo, B. F. Rubin and P. Roy, "Tritium
Analysis of Mixed Oxide Fuel Rods Irradiated in
a Fast Flux," AEC Report GEAP-13864 (August 1972).

5. C. C. Miles, S. Herder, and E. R. Ebersole,
"Tritium Retention in EBR-II Irradiated Boron '
Carbide," AEC Report ANL-8107 (June 1974).

6. J. A. Basmajiui, Neutron Absorber Technology
Staff, Hanford Engineering Development Laboratory,
Richland, Washington, private communication
(November 1975).

7. C. C. McPheeters, "Mass Transfer of Oxygen In
Sodium Cold Trap> ," AEC Report LA-3936 (June 1968),

8. D. R. Vissers, J. T. Holmes, C. C. McPheeters,
L. G. Bartholme, V. M. Kolba, P. A. Nelson and
L. Burris, "Hydrogen-Meter Leak Detector for
LMFBR Steam Generators," USAEC Report AHL-8047
(October 1973).

9. D. R. Vissers, J. T. Holaes, L. G. Bartholme,
P. A. Nelson, "Hydrogen Activity Meter for Liquid
Sodium and Its Application to Hydrogen Solubility
Measurement," Nucl. Technol. 21.(3), 235 (March

10. B. Minuskin and M. Kolodney, "Development of a
Continuous Electrochemical Meter for Oxygen in
Sodium," USAEC Report UNO-5131 (1967).


