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An.Experiment for Accurate Determination of Time-Dependent

Fission Product Energy Release After Thermal Neutron Fission

of
235

U

There is considerable need for a reliable experimental

determination of the decay heat after reactor scram for

safety analysis related to a loss of coolant accident (COCA).

Previous experiments have established standards with associ-

ated errors ranging upwards of seven percent.(42) Computer

modeled calculations of shutdown heating have been deter-

mined to have lesser errors. 32a)
These studies cannot b

validated by such poor experiments. This thesis details an

experiment which would utilize thermometry to provide the

required information within an uncertainty range of 2% for

the integral heat, as shown below:

Source of Uncertainty Magnitude

Normalization of fission product
gamma escape from dilatometer 0.25 %

Normalization of delayed neutron
escape from dilatometer 0.13 %

Calibrational uncertainty (See
Table 3.) 1.9 %

Net Uncertainty. 1.92 %

A small sample of 235U is to be alloyed with natural

209,
bismuth BI) to form a small pellet which is then placed

at the center of a sphere of solid bismuth inside an adia-

batic dilatometer. The entire mass will then be melted and

have its level adjusted to a suitable initial position. The
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dilatometric apparatus will undergo a pulse irradiation of

neutrons. This neutron bombardment causes heating to occur

in the sphere due to both the coulombic and prompt y energy

of fission (prompt or direct heating), and the 13, and y

heating due to fission product decay (afterheat). The diam-

eter of the sphere will be about 15 cm (6 inches) so that

99% of the fission product gamma ray photons will be atten-

uated in the bismuth. All beta emissions will be absorbed

in the sphere since betas are charged particles will a low

power of penetration.

Bismuth has a very low heat capacity (similar to that of

mercury) and consequently will experience a significant

temperature rise due to this heating. This rise in tempera-

ture causes an expansion which will expel liquid bismuth

from the sphere through a capillary, increasing the mass in

a conical bismuth reservoir. (See Figure 1.) As the sample

cools, the bismuth will contract and return back into the

sphere. Thus, the temperature of the bismuth sphere is di-

rectly proportional to the mass of bismuth in the reservoir.

By the use of a sensitive electrobalance, in situ, and a re-

mote chart recorder, the quantity of bismuth expelled may be

displayed as a function of time. Through suitable calibra-

tion, this may be converted into a plot of temperature and

thus energy release, both integral and differential, over

time.

The calibration for the number of fissions in the sample
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is available immediately. The prompt energy release from

fission causes a temperature spike on the chart recorder.

The size of the spike is proportional to the energy input.

This determination is separated in time from afterheat and

can be ascertained independently.

The neutron source for the experiment will be the Oregon

State University TRIGA Reactor (OSTR). A short burst of

neutrons is obtained from the reactor by rapidly removing

the transient control rod. While the reactor is licensed

for a 4000 MWt peak power pulse, pulse operation is routine-

ly conducted at about 2600 MWt. The pulse duration is ap-

proximately 10 msec. This makes available a high neutron

fluence, in excess of 5 x 10
13 neutrons/cm

2
, adjacent to the

core during pulse operation. Any other pool type research

reactor, with pulse mode capability, could be used if the

requisite flux can be achieved.

The apparatus is located close to the reactor core to

take advantage of the locally high neutron flux. Therefore,

the experiment needs to be shielded from gamma ray photons

originating in the core to avoid their heating effects. If

not attenuated, they will be mistakenly included into the

afterheat energy measured. Shielding can easily be perform-

ed by interposing lead bricks between the experiment and the

core. The lead bricks will shield the gamma flux but will

not substantially reduce the neutron flux.

Adiabatic isolation from the surrounding environment is
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accomplished by the use of silvered vacuum regions (similar

to a dewar flask). Extensive calibration of the system will

decrease the error range for the heat losses due to the im-

perfectly adiabatic apparatus. Replicate volumetric tech-

nique should yield an error of less than 0.1% in determin-

ing the temperature of the bismuth. Blank runs, ie., with-

out
235

U can be performed in or out of the reactor to ascer-

tain the 'background' characteristics of the apparatus.

These can then be subtracted out from an actual run to

yield the true energy release of the run.

The experiment is sufficiently broad in scope of appli-

cation that, using the same apparatus, further decay heat

studies of other fissile radionuclides can be undertaken.

A logical followup to this study would examine the energy

release from thermal neutron fission of 239Pu.
Since about

50% of the fissions in light water reactors occur in
239

Pu

at the end of fuel life, this particular secondary analysis

should be of great interest. Other determinations could in-

clude the decay heat from thermal fission of 233
U and 241

Pu.

This thesis will address only the energy released from fis--

sion of 235
U. The feasibility calculations, detailed

herein, would be approximately the same for other fissile

nuclides. Radiological hazards would not.

The experiment provides some novel problems for a uni-

versity scale health physics department. It involves both a

thermally and radiologically hot sample. Direct contact with
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the sample can not be tolerated. The design of the transfer

box (see Section IV), together with standard radiation pre-

cautions, will minimize the release of the sample from the

contained volume so as not to require elaborate and expen-

sive remote handling facilities. The sample is to be irra-

diated within a precision, reusable, dilatometer and then

transferred to a disposable storage container. The storage

boxes from the several runs will be allowed to decay and

.

then shipped to a government repository. (235U
is special

nuclear material and must be safeguarded and accounted for.)

The precise data which this experiment will yield will

enable regulatory agencies to analyze more exactly a loss of

coolant accident. Current practice is to accept only the

worst possible (greatest) heat source and then to provide

an additional, liberal safety margin when designing emergen-

cy core coolant systems. If the error range is reduced,

then, for the same mean value of decay heat, there will be

a lower maximum heat source. This could result in an up-

rating of the power level of operating reactors, leading to

an additional source of electric power not now available.
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Necessity for the Experiment and a Review of the Berkeley

Experiment

The Physical Nature of Fission Energy Release

The majority of energy liberated from the fission pro-

cess is released promptly (within 10
-15

seconds)
(21)

after

scission through the slowing -down of the fission fragments.

This release requires two conversions of energy. First, the

particles repulse each other due to potential, coulombic,

energy which is then transformed into kinetic energy of

motion. Second, this kinetic energy is dissipated as heat

energy through the electromagnetic interaction of these

highly charged particles with the adjacent atoms.

The other contributors to the energy transmission from

binding energy to released heat energy are prompt gamma pho-

tons, prompt and delayed neutrons, neutrinos, and, beta and

gamma emission from the decaying neutron rich fission frag-

ments. Prompt neutrons and neutrinos are also released in

the same 10
-15 second time frame during which coulombic ener-

gy is dissipated(21) The prompt fission gammas are emitted

within 10-11 seconds of the fiseion split(21) These time

ranges are so narrow that they may be considered coincident

to fisSion for all purposes except detailed nuclear struc-

ture analysis.

Once the control rods are inserted into a nuclear reac-

tor, stopping the chain reaction, the only heat sources re-

maining will be decay beat and delayed neutrons.
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Delayed neutrons arise from fission products which are

particularly unstable against neutron decay, such as these

nuclei with one neutron more than a neutron "magic number."

(19,25)
They will be emitted from the parent radionuclide

with a characteristic half-life
21) The longest half-life

of a delayed neutron precursor is 87Br with a 55.6 second

half-life(.17) Clearly, delayed neutrons will not contri-

bute to the afterheat for more than the first few minutes

after fission.

For
235U, 0.65% of the total neutron population is de-

layed(19) Since only about 2.5% of the energy of fission is

manifested in neutrons, this means that delayed neutrons

represent less than 0.0163% of the total energy of

As the fission product a, and y afterheat is about 3.5%

of the total energy of fission, delayed neutrons make up

less than 0.47% of the afterheat.

This amount is quite small and will not substantially

affect the determination of teitarafterheat energy if it is

not included in the determination due to leakage. It should

be noted that this induces an error of one-half of one per-

cent in the the proposed experiment if it is not normalized.

There is a wide range of half-lives exhibited by the

fission product radionuclides due to their varying nuclear

stability. Nuclides which have long half-lives such as
90

or
137Cs (28.9 and 30.2 years, respectively)

(17) are rela-

tively stable against beta decay as they both lie at one.0-Z.
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the unusual "magic numbers" of the shell model of nuclear

structure
15

'

25) Those species which are greatly removed

from islands of nuclear stability such as
110Tc or

1 46
Cs

have half-lives on the order of tenths of a second (0.83 and

0.19 seconds, respectively)
17) It is these short lived

nuclides which create difficulties in modeling decay heat by

computer.

A computer decay heat simulation, such as CINDER,
(11)

while difficult to program, is actually very simple arithme

tic. It is necessary only to feed in the characteristic de-

cay scheme of all fission products, give the computer the

proper mix of the ingredients, and they ask it to 'decay'

the radioactive materials for a given time interval accord-

ing to the well validated exponential recipe. At that point,

the computer prints out the new mix of nuclides, sums up the

products of the individual nuclide's decay energy and radio-

activity, and thus yields the instantaneous decay energy. A

number of such calculations, at different times, will produce

a well documented decay heat curve.

Unfortunately, the accuracy of such a calculation de-

pends solely on the accuracy of the input decay schemes.

The computer will retain any input errors throughout its

calculations. Therefore, if speculative data is given to

the computer, only speculative data will be output.

The magnitude of the experimental errors in determining

the decay schemes varies as the inverse of the half-life.
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Those nuclides which have long half-lives lend themselves

easily to sophisticated and time consuming analysis. Such

analysis is generally quite accurate. On the other hand,

when the nuclide of interest exists for one second or less,

only relatively quick and dirty observations may be made.

These measurements may typically have an error of an order

of magnitude or more. Indeed, for many radionuclides there

can be no direct experimental observations of their proper-

ties using today's state-of-the-art equipment.

In these cases, quantum mechanical models of nuclear

structure and decay are proposed. Information obtained in

this manner not only carries with it the inaccuracy of such

mathematical calculations, but, also the possible intrinsic

error of the model. Indeed, these calculations are at the

current frontiers of human knowledge. Logically, and his

torically, research in nuclear structure can modify or out-

date the antecedent knowledge. One precendent for such an

intrinsic error was the outdating of many predictions of the

shell model when large electrical nuclear quadrupole moments

(
were detected in nuclei which are far from closed shells.

15)

The collective model was then proposed as rectification.

Further refinements have been evinced by the developement of

the unified, the optical, the statistical, and the Brueck-

ner--Bethe--Goldstone models of nuclear structure.
(6,15,25,26)

Calculations had to be revised with the introduction of each

theory.
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Thus, characteristic data about such transitory constit-

uents of nature has been difficult to obtain and is often of

dubious accuracy.

Because of such inaccuracies inherent to the computer

simulation, it is necessary to experimentally validate the

decay schemes. Until science and technology advances, it is

not possible to verify each scheme individually. The thrust

of the experiment detailed in this thesis, and those cur-

rently being undertaken elsewhere, is to provide a quantita-

tive assessment of the total time-dependent decay energy of

all fission product radionuclides.

Relation of Energy Release to Nuclear Reactor Safety

A loss of coolant accident (LOCA), one hypothetical re-

actor design basis accident, has the following basic scenar-

io: 1) A double ended, 'guillotine', pipe break occurs, in-

terrupting the normal flow of cooling water to the reactor

core. 2) The reactor is scrammed by a rapid insertion of

control rod neutron poisons (absorbers) into the core. 3)

An auxiliary coolant system, emergency core coolant system

(ECCS), is actuated to deliver water to the core in suffi-

cient quantity to avert potential core meltdown due to the

continuing heating caused by radioactive decay (afterheat).

There are four prime considerations in assessing the

possible consequences of the accident when performing safety

analysis. First, will the pipe rupture? Will the scram
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circuit operate in a timely manner? Will ECCS actuate? And

lastly, will the quantity of cooling water delivered to the

core be sufficient to avoid meltdown? Wash-1400 contains an

(extensive analysis of the first three questions. 38)
The

last question requires that the decay heat source be known.

This is the subject of this thesis.

Previous experiments have set standards for afterheat on

which regulatory judgements as-to the adequacy of cooling

water flow rates for a rated power level have been made.

These experiments have had large associated error ranges.(42)

Analytical, or computer studies, have been demonstrated to

have lesser errors, but, the previous experiments do not yet

give empirical validation of the studiesP2a) Because of

this, the conservative regulatory judgements have prompted

large design safety margins to ensure that the 'worst possi-

ble' value of aftevat is much less than cooling capacity.

If the basic data on radioactive decay heating is im-

proved, with a reduction in the error range, the design mar-

gins can be safely and justifiably reduced. Since decay

heat is directly related to the reactor power level (strict-

ly a function of the number of fissions), the immediate con-

sequence of this change Would be to allow reactors to operate

at a higher power level than they are currently rated for.

Such an uprating of reactors would produce more electric

power. This certainly would help alleviate present and

future energy shortages.
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A Review of the Decay Heat Experiment at UC Berkeley

Three categories of experiments have been or are being

performed or designed to measure fission product afterheat.

These are: 1) Measurement of the fission product beta re-

(3,18,23,24,34)
lease rates. 2) Measurements of the fission

product gamma release rates
(4,12,27,40,44)
. 3) Calorimetric

determination of total fission product heat release.
(39,43)

The first two methods have been analyzed elsewhere!
42)

This

paper designs one calorimetric method. Another calorimetric

method is being conducted at the University of California at

Berkeley (UCB) under the direction of Prof. Virgil E.

Schroc0'
39) Their experiment, while similar in physical.

description to the proposed OSU project, has a differert

philosophy of execution.

Figure 2 shows a general schematic of the Berkeley ex-

periment. The fissile sample, a 24 mg uranium wire, is en-

riched 40% in 235U. It is clad in a tapered aluminum

housing.

Irradiation will be varied from 1 to 11 days adjacent to

the core in the General Electric Test Reactor (GETR) at a

flux of 1014neutrons/cm
2
second. Cooling water will be sup-

plied to the sample while in the core to remove the heat of

fission. After the desired irradiation, the sample will be

hydraulically transferred by water to a calorimeter external

to the reactor. The calorimeter is shown in Figure 3,

The calorimeter utilizes mercury as the thermometric
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fluid. It will be heated by absorbing 99% of the fission

product gammas as well as by the. transfer of heat from the

aluminum-uranium capsule which is caused by beta and alpha

decay. Due to delays in heat conduction, the beta energy

time constant will be 0,5 seconds.

The detection of the level in the UCB dilatometer is ac-

complished by a fiber optic visual scan device, a "fotonic
-

senso." It will have a precision of 2.5 x 10 8m (1 p-in).

Readings will continue for 28 hours.

Four parameters are used to calculate the heat source.

A constant time base recording will be made of: 1) The "fo-

tonic sensor" (volts); 2) The output of the thermopile (liv);

3) The five bridge thermistors of the calorimeter (mv) ; and,

4) The pressure transducer (mv). Thus, the rate of heat

loss from the dilatometer can be added back in to the recas-

tered heat of the mercury. The volume of expelled mercury

can be corrected from experimental conditions to standard

conditions of temperature and pressure. It is then a rela-

tively simple task to obtain the absolute heat input.

There are self-powered neutron detectors at the terminus

of the hydraulic system in core. These are useful in assur-

ing a constant power history during the irradiation. With

suitable calibration, they should also serve as'a secondary

determination of the number of fissions which took place in

the sample. The primary method is radiochemical y ray

spectroscopy of the wire after removal from the calorimeter
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(presumably analyzing for
99M whose fractional fission

yield is well known). Gamma spectroscopy of 99Mo is rou-

tinely performed with 99% accuracy.

The most significant difference between the UCB project

and the OSU project is the time span of the irradiation.

Nuclear decay of the fission products will occur during the

UCB irradiation. Therefore, the heat source data as deter-.

mined in the calorimeter will not contain all the afterheat

of all the fissions. Some afterheat will be dissipated dur-

ing the neutron bombardment. Since irradiation at OSU will

be during a 10 msec pulse (as opposed to the 1 to 11 days at

UCB) all fissions are restricted to essentially one point in

time and thus total afterheat is recorded.

Because the afterheat will be dependent on the history

of the reactor power level during the irradiation period at

UCB, it is important that a near constant power-level be

maintained. This is particularly vital during the last hour

before sample transfer. The sensitive, self-powered neutron

detectors should keep extremely good track of this.

There is a short time delay in removing the fissile sam-

ple from the GETR and obtaining temperature information from

the calorimeter. The OSU calorimeter, however, is designed

to operate in situ adjacent to the core. There is no time

delay in recording afterheat. In fact, the primary deter-

mination of the number of fisSions is directly available due

to the prompt energy release temperature spike (see Section
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V), UCB will rely on the somewhat more difficult and less

accurate radiochemical y determination.

Both thermometric fluids, mercury and bismuth, will ab-

sorb 99% of the gamma ray energy, Although the experimental

apparatuses are approximately the same size, there is a ba-

sic difference in geometry. The OSU concept is a near

spherical ball of bismuth. UCB's is a right cylindrical

annulus of mercury. This second version will allow gamma

escape vertically through the transfer tube: hotirever, the

additional mercury in the diagonal directions will provide

extra shielding so as to yield a net 99% absorption of the

gamma rays.

Since the "fotoniO sensor" fiber optic device will be of

high precision, little difficulty should be experienced in

determining the temperature of the mercury after appropriate

calibration is performed. The OSU electrobalance would work

equally well in the UCB project.

One last important difference in the approached: At

OSU, the uranium is in an intimate mix with the thermometric

fluid so that there will-be no time delay in registering

beta energy. The UCB delay of 0.5 seconds should be of

little importance, however, as their experiment will not

yield data for 10 seconds after the end of bombardment due

to the settling time required for the capsule after its

hydraulic transfer. One-half second out of 10 is not a very

great error and it quickly becomes insignificant at longer
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times.

The experiment proposed in this thesis has several ad-

vantages over the other experiments. 1) There will be no

time delay betwee irradiation and the measurement of after-

heat. 2) It measures both beta and gamma energy release

simultaneously. 3) There is a well defined reference time

of fission. 4) Because it is self contained, with the ex-

ception of electrical connections, it can be moved to any

pool type reactor which can supply the requisite or higher

neutron flux. On the negative side, it will be more diffi-

cult to work with or near the irradiated bismuth. See Sec-

tion VI for a detailed analysis of this problem.

The elucidation of the average decay power, per fission,

will enable sophisticated calculations of reactor fuel temp-

erature due to afterheat. These calculations can utilize

integration over the power history curve to provide an ex-

pected fuel temperature for any desired power history and

coolant flow rate
16) It will provide needed data which can

be used as input by regulatory agencies such as the US

Nuclear Regulatory Commission when evaluating LOCA safety.

It is both a desirable and needed project.
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Feasibility of the Experiment

When an experiment is designed, it is necessary to know

what its purpose is, what data it will produce, how it

yields that data, and how reliable its conclusions are.

This project will determine the time dependent energy

release of fission. It will detect all energy in the form

of fission fragments, all beta and alpha decay energies, and

99% of gamma photon energies. It will not detect energy

given up in the form of neutrinos. Neutrino energy, howev-

er, does not contribute to afterheat,

One of the oldest ways of measuring temperature, and

thus indirectly, heat, is to use a thermometer. This exper=-

iment is essentially a big, fancy thermometer.

Bismuth is used rather than mercury as the thermometric

fluid because mercury has much too high of a neutron capture

)

cross section, 370 barns,
(17 to be used. Bismuth's cross

section is 35 millibarns,
(17) approximately one-ten thou-

sandth that of mercury. It is important to use materials

with low thermal neutron absorption cross sections because

they will not substantially attenuate the neutron flux be-

fore it reaches the fissile material.

The fissile material,
235U, is placed at the center of

the thermometric liquid. When irradiated by thermal neu-

trons it will fission. The heat of fission and its after-

heat causes heating in the fluid. The fluid expands through

a capillary and we have our thermometer.
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The harsh radiation environment at the irradiation posi-

tion precludes direct, visual monitoring of the height of

the capillary column the traditional manner of reading a

thermometer. Indirect visual methods such as closed circuit

television are sensitive to radiation and are too expensive

to buy and regularly replace. They would give poor (or non-

existent)data during the pulse and doubtful data thereafter.

The purpose of visual methods is to determine how much fluid

has been expelled from the bulb reservoir. The same task,

with very much greater accuracy, can be done by using an

electrobalance to weigh the expelled bismuth.

The output from the electrobalance transducer is analog

voltage. It is quite easy to utilize electronic differen-

tiators so that integral, instantaneous, and differential

energy release can be supplied to the experimenter. These

three quantities can be simultaneously displayed on a chart

recorder to provide time synchronized records. Alternative-

ly, or additionally, an analog to digital converter could be

used to store the results on magnetic tape for subsequent

analysis.

Weighing is an exceptionally precise and accurate means

of analysis. A commercial balance suitable for this deter-

mination is accurate to ± 0.1 pg. As the lowest expected

weight change will be on the order of milligrams, this leads

to a possible error of only 0,01% in deterMining the weight

and therefore the temperature of the bismuth, much better
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than the total calibrational accuracy which is expected to

be 1,9%. The net relative error is 1,9%.

The dilatometer has been chosen to be constructed out of

Invar, a steel, because of its lows linear coefficient of

thermal expansion: 2 x 10- 5cm/cm°CC11 for the temperature

range of this experiment. Such an expansion can be easily

cancelled out by the procedures given in the calibration

section. There is, additionally, only very minor solvation

between bismuth and iron (the major constituent of Invar)

(
for the planned experimental durations and temperatures.

2)

Invar will not appreciably affect the performance of the

apparatus as it will not change size or react with the

thermometric fluid.

Bismuth is a good choice for a thermometer above 280°C.

(
It melts at 271.3

o
C.

41) Its low heat capacity, 0.167

(joule/goC,
8) is similar to mercury so that even a minor in-

put of heat will result in a measurable temperature rise.

The thermal expansion coefficient is 1.8 x 10-4/°C(1) which

means that a 2000 jould heat input will raise the tempera-

ture 0.65°C and thus expel 2.15 g bismuth from the 1850 cm3

dilatometer. (The 2000 joule input would be approximately

the energy from 1 g of
235U undergoing a 1300 MWt pulse on

the OSTR.) Again, such a quantity of expelled bismuth is

easily and accurately measured by the electrobalance.

Highly enriched, 93.15+ w/o, 235U will be the fissile

material for the initial afterheat determination. Future
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studies can consider other materials, Uranium is soluble in

bismuth, A temperature of 300°C will allow 1% uranium to be

dissolved in bismuth. The alloy is then cooled and allow-

ed to solidify as a pellet.

This is one area in which preliminary research needs to

be performed. For small quantities of fissile material, 0.1

gram or less, the pellet size is quite small. If however, a

1 gram sample of 235U is desired, the pellet needs to be

10 cm 3
, that is, it would have a diameter of 2 cm and a

length of 3 cm. This size would reduce gamma ray absorption

by the bismuth a bit, allowing heat energy to escape the

dilatometer. Uranium is, however, 20% soluble at 1000
o 2)

The pellet size would return to small dimensions.

The problem is that the bulk bismuth in the reservoir

would still melt at about 272°C. The pellet remains intact

until the 1000°C temperature is reached. During the inter-

vening time, it would be free to move away from the center of

the sphere. Although bismuth is less dense when solid than

when liquid, the 20% uranium would create a pellet with a

higher density than the surrounding fluid so that the pellet

would sink to the bottom of the sphere before it melted. The

gamma absorption by bismuth is now nonexistent.

Several courses of action are available to remedy the

problem, First, if the melting migration problem is not

solvable, a low temperature pellet can be made and placed in

an enlarged dilatometer which would absorb 99% of the gammas.
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This would mean that smaller samples would have an attenua

tion of greater than 99%. Such a change can be calculated

so that all runs may be noLinalized,

A second action would be to keep the size of the dila-

tometer constant and normalize the change of attenuation for

the low' temperature pellet. That is, accept attenuation of

about 97% of the gammas. This method should be equal in ac-

curacy to the foregoing example. It would require less bis-

muth and thus have lower radiological and dimensional conse-

quences. On that basis, it is the preferred action should

the following attempts at preventing migration fail.

It is quite simple to determine if migration occurs.

Simply mock up the bismuth-uranium system, melt it, and allow

it to solidify as shown in Figure 4. (Caution; Do not do

this in the calibrated dilatometer for reasons specified in

the procedure section.) Then, take samples at various posi-

tions in the block, dissolve in nitric acidS5 ) and measure

of
238

the radioactivity of U to test the hypothesis of migra-

tion. If the hypothesis is incorrect (which would be very

surprising), then there is no problem and no corrective

action need be taken. An alternative detection method to the

counting method is to utilize neutron radiography. Prepare

a cross section and radiograph using an indirect activation

transfer method. If the cross section can be easily cut,

then this should speed up the determination.

If, as expected, there is migration, serious considera.-



25

Figure 4

IIMM100 film/N/a 1.1.1110

.0"

1111e

ri
Bismuth
Blocks

Pellet
Indentations

Mockup of Bi-U System to Ascertain

Severity of Pellet Migration



26

tion should be given to some sort of wire support inside the

dilatometer which would hold the pellet in place until it

melted. While the contribution to heating from the gamma

decay in the wires can be calibrated out in a blank run, it

would be regrettable to complicate the apparatus to any great

extent.

The decision as to a preferred method of dealing with

samples of
235U in greater than 0.1 gram weights will need to

be based on an assessment of the severity of the migration

problem, and, the difficulty of installing wire supports.

The decision cannot be made, a priori, in this thesis. Ex-

perimental data and experience with the apparatus is requir-

ed. It should be noted, however, that 0,1 gram samples ap-

pear adequate for valid results and that normalization should

be of sufficient accuracy for the small dilatometer, large

pellet method to yield defensible data if 1 gram samples are

desired.

The containment and bismuth storage boxes are to be made

out of stainless steel. This material, like Invar, is inert

to bismuth. It also has the strength necessary for a vacuum

container and is cheap. Its thermal neutron cross section,

about 3 barns
17)

is somewhat high. However, the thickness

of the material will be small enough so that only a minor

attenuation of the flux will occur.

A Mark II or III TRIGA reactor can provide a maximum

neutron flux of about 10
16neutron/cm

2 second during pulse
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operation. The annular core pulse reactor (ACPR) TRIGA at

Sandia should be capable of about 1017neutrons/cm
2
second.

These high flux levels are required to obtain the number of

fissions during the pulse necessary for a measurable temper-

ature rise in the dilatometer, Pulse operation is advanta-

geous because it essentially restricts all fissions to one

reference point in time (10 msec width), Irradiation times

in excess of 100 seconds would be required in steady-state

operation at 1 MWt to yield the same neutron fluence. The

free volume and ease of access of the TRIGA tank allows the

apparatus to remain adjacent to the core before, during, and

after the pulse. Data taking can begin immediately. Other

experiments require at least a 10 second delay in receiving

information due to the transit time necessary for the sample

to leave the core and arrive at the detector position and

for the initial oscillations to be damped out.

A support stand will need to be constructed and place

next to the core so that the weight of the apparatus will not

rest on the reflector, but rather on the floor of the reactor

tank. Such an-arrangement will easily fit in a TRIGA reactor

tank.

The limit to the weight range of
235

U which can be used

in the various runs is established by the expected weight

change in the conical bismuth reservoir and the maximum al-

lowable error. We can solve for the energy E released by the

sample during irradiation by the following equation for



28

fission energy release-10)

E = c.f.a N.(1) , CUIIT-11

where c is a constant, 1.6 x 10-13 joule/MeV;
(1) f is the

prompt energy release during fission, 180 MeV;C35) is the

fission cross section, 580 barnsP-71 N is the number of 235U

atoms; and, (I) is the neutron fluence. The change in temper-

ature of the bismuth, AT, is found from the relation:

AT = (III-2)

p

where Cp is the heat capacity of bismuth, 0.167 joule /°C;8)

and W is the weight of the thermometric fluid, 18500 g.

Therefore, we can solve for the change in weight of the bis-

muth in the conical reservoir by utilizing the thermal ex-

pansion coefficient of bismuth, L
t

= 1.8 x 10-4 /oC,
1)

in the

equation:

AW = W-L
t
-AT . (III-3)

Table 1 lists various aspects of the irradiation for

53
weights of

235U
U ranging from 1 g to 1 mg. The error in de-

termining the weight will be no more than 0.03% for all

cases. As noted in the table, the flux level is increased

for samples of 50 mg or less. This will increase the temp-

erature change over that of the lower flux and thus decrease



TABLE 1:1

Weight Flux
n/cm2sec

Fluence
n/cm2

Minimum Pellet
Volume (cm3)

Energy (Heat)
(joules)

4F
( C)

AW
(g)

Error
(%)

1.0 g

0.5 g

0.1 g

50 mg

10 mg

1 mg

5 x 1015

5 x 10
15

5 x 10
15

10
16

10
16

10
16

5 x 1013

5 x 10
13

5 x 10
13

8 x 10
13

8 x 10
13

8 x 10
13

I 10

5

1

0.5

0.1

0.01

2088

1044

208.8

167.0

33.40

3.340

0.676

0.338

0.0676

0.0541

0.0108

0.00108

2.25

1.13

0.225

0.180

0.0360

0.00360

4.4 x 10-5

8.9 x 10
-5

4.4 x 10
-4

5.6 x 10
-4

2.8 x 10
-3

2.8 x 10
-2

Energy Release and Bi Weight Change in Dilatometer for a Range of U Weights
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the error. Errors for the heavier samples are sufficiently

small with the lower flux; there is no need to activate the

bismuth more strongly. This lower flux will help expedite

the radiological handling of the sample.

The valid temporal region of the experiment is almost

unlimited. It begins at the moment of scission. The exper-

iment must end when bismuth approaches its solidification

temperature. The exact time of this will be a function of

the adiabaticity of the dilatometer. It can not be deter-

mined, a priori, as it will be dependent on the quality of

the construction of the apparatus. However, as noted in the

calibration section, additional heat can be fed into the

dilatometer by means of the wire wrap heater to compensate

for the energy loss. Since the heat loss rate of the appar-

atus is also known (see the calibration section), the after-

heat, for a constant temperature, is then the difference be-

tween the heat loss and the wire wrap input energy.

For reasons of convenience, namely reactor scheduling and

person el work loads, it is expected that the heat will be

monitored for a maximum of twelve hours. In any case, after-

heat data beyond this time has been well established. The

nuclides contributing to afterheat at such a long time after

fission have relatively long half-lives and thus their decay

schemes are well known.0
32)

It is for the short times after

fission, 0 to 1000 seconds, that adequated data is lacking.

A tentative budget for the proposal requires less than
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$45,000. Details are noted in Table 2, The major expense

is in preparation and acquisition of the equipment. Subse-

quent analyses of other nuclides could be performed rather

cheaply--probably under $1,000 per run including reactor

use charges.

The experiment has a very low associated error range for

integral heat. This is because precise methods of calibra-

tion are available. These will cancel out all systematic

errors through the use of blank runs. Potential errors such

as decay heating from bismuth activation or from reactor

core gamma ray heating can be determined separately from

fission decay heat so that they can be subtracted out of an

actual run.
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TABLE 2

Item Cost

Instrumentation $ 6,600

Apparatus $ 7,500

Reactor Use $ 4,000

Chemicals, Computer, Travel $ 3,300

salaries $15,000

Indirect Costs (overhead) $ 7,700

Total $44,100

Proposed Budget Outline of the Experiment
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Experimental Procedure

The experimental apparatus is shown in Figure 1. The

key components are the dilatometer and its dewar region, the

electrobalance and its conical bismuth storage reservoir,

the disposable bismuth storage box, transfer tubing between

the dilatometer and the box, and the two containment boxes

which are separated by a dewar region.

The dilatometer, see Figure 5, will be constructed out

of Invar, a low expansion steel. Two threaded domes are

joined to form a spherical reservoir in which the sample and

the bismuth can be melted by means of an external wire wrap

heater.

Two hemispheres of pure bismuth will be molded into a

configuration which is of the same diameter as the dilatom-

eter reservoir. A small indentation will be made, as shown

in Figure 6, which will allow theemplacement of the pellet-

ized U-Bi alloy at the center of the joined hemispheres.

This solid metal sphere will then be placed into the dila-

tometer and the primary wall of the dilatometer will be

closed.

The capillary will he sealed and the sphere evacuated.

Enough molten bismuth will then be added to the vessel

through the access penetration Cagain, see Figure 5), so

that voids in the apparatus are filled.

The access penetration is then closed and the secondary
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Access
Penetration

Figure 5

Diagram of Dilatometer and Access Penetration
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Bismuth Hemispheres with Pellet Indentation
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wall of the dilatometer is attached and closed. The wire

wrap heater is now energized to melt the entire mass of bis-

muth.

Because bismuth, like water and gallium, expands on

solidification, it will contract on initial melting!
41) As

greater heating is applied, it will expand, expelling air

from the reservoir region. Eventually, bismuth will begin

to flow out of the capillary. At this time, the capillary

should be submerged into the conical, molten bismuth weigh-

ing reservoir. If the dilatometer cools, bismuth will flow

back into the dilatometer.

Two caveats are appropriate at this point. First, once

the bismuth has melted, it is imperative that it not be al-

lowed to solidify inside the dilatometer. The expansion of

the phase change would ruin the apparatus. (Requiring a new

dilatometer and-total re-calibration of the system.) The

bismuth must be transferred to the storage box before it

coils. The storage box is not a precision piece of equip-

ment and is disposable.

The second warning is about accuracy. Essentially all

air must be removed from the dilatometer or the expansion of

this air will alter the results. As an example, an air bub-

ble in the capillary could interrupt the capillary back flow

during cooling. This stoppage would falsely lead the exper-

imenter to conclude that the bismuth is at a higher tempera-

ture than it really is.
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There are three methods which can alleviate or eliminate

air pocketing. The method of choice is to alternately heat

and cool the bismuth (always in the liquid phase), so that

any air bubbles will become entrained in the flow of bismuth

out of the capillary and thus be removed. Should this fail,

the dilatometer may be redesigned as shown in Figure 7 so

that there is less of an opportunity for air to collect near

the head of the capillary. Lastly, the interior surface of

the dilatometer primary wall could be coated with a surfac-

tant such as oil which would expedite the movement of air

bubbles during the 'exercise period' of the first method men-

tioned.

Next the wire wrap heater on the capillary and the coni-

cal reservoir need to be hooked up and energized. These are

necessary to prevent localized solidification which would

interdict the flow of-bismuth to and from the weighing

point. These heaters will remain on during the experiment.

Their contribution to the background can be determined in a

blank run and subtracted out.

The pressurization schematic of the experiment is shown

in Figure 8. Note that the dewar region around the dilatom-

eter, the space between the containment boxes, and the bis-

muth storage box will all be at 10-5torr or less. The bulk

region cannot be as strongly evacuated or the bismuth might

boil. It should be at 1 to 0.1 torr.

The pressure differential between the storage box and
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Figure 7

Alternate Dilatometer Design to Alleviate Air Pocketing



Figure 8
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dilatometer will be sufficient to cause almost all of the

bismuth in the dilatometer reservoir to flow into the stor-

age box when the connecting valves are opened. This man-

euver must be accomplished under the safety precautions de-

tailed in the radiological safety section.

The electrobalance should be similar to a Cahn model RG

which will handle a 1 g weight change with a maximum capaci-

ty of 2.5 g. There is also a larger Cahn balance which will

handle up to 50 g. The sensitivity of each balance is

0.0001 mg and they are operable up to 2540°C (much higher

than needed for this experiment). It should be equipped with

a three pen chart recordeZ and two electronic differentia-

tors. The single derivative yields the instantaneous heat

and the second derivative yields the rate of heat input. If

ultimate accuracy is desired, an analog to digital converter

could be used to store the data on magnetic tape for subse-

quent computer analysis. The electronic differentiators

would not be needed if computer analysis is performed. Only

the balance will be in the tank: the electronics will re-

main topside.

The total system should now be assembled and the dewar

regions evacuated. The temperature of the bismuth needs to

be initialized to 300°C (ie., just slightly above its melt-

ing point). This can be done by adjusting the rheostat of

the wire wrap heater to the setting corresponding to 300°C

which was determined during the calibration procedures.
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(see the calibration section). The closed system is allowed

to equilibrate for two hours. At that time the boxes will

be re-pressurized and opened. The level of the conical bis-

muth reservoir will then be adjusted, if necessary, so that

it will not overflow during the run or run dry when the bis-

muth cools. The boxes are again sealed and evacuated, and

the experiment is placed into the reactor tank over the

graphite reflector atop lead bricks. It will be left to

equilibrate overnight.

Actual irradiation will take place the following morn-

ing. A neutron flux of 5 x 10
15
neutrons/cm

2
second has been

located adjacent to the core of the OSTR. (See Flux Deter-

mination Appendix..) This flux level can be maintained for

10 msec, yielding a neutron fluence of 5 x 10 13neutrons/cm2 .

A similar fluence should be available in other Mark II or

Mark III TRIGAs and in most other pulsed research reactors.

Just before the transient rod is fired for the pulse, the

ohmic heating should stop and the data acquisition should be-

gin. There will be an immediate temperature spike due to

the prompt energy of fission. After this, the temperature

will continue to rise until the heat loss rate from the cal-

orimeter exceeds the heat input rate of beta and gamma heat-

ing.

The experiment can continue to yield defensible data un-

til the temperature of the bismuth begins to approach its

solidification temperature. Then, the wire wrap heater must
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be re-energized to avoid breaking the dilatometer. Actual-

ly, this need not end the data taking as the input of heat

is known and can be subtracted out as background. (See Sec-

tion III.)

The vessel must finally be withdrawn from the reactor

tank and be handled in accordance with the radiological pre-

cautions detailed in Section VI.

While the prompt spike will yield the number of fissions

directly, as noted in the calibration section, it will be

convenient to have a backup method. In this secondary me-

thod, a number of foils will be activated around the dila-

tometer. By locating them at several (at least ten) posi-

tions around the sphere, a reasonably accurate estimate of

the flux at the center of the sphere may be made. This flux

calibration should use both bare and cadmium covered foils.

It will then yield values for both the thermal and the epi-

thermal fluxes. An accounting for fissions from both fluxes

can be made by using the appropriate energy dependent fission

cross sections of 235
U. The foils need to contain long lived

radionuclides as the foils will not be counted for at least

one day after irradiation. Gold foils might be used. Count-

ing will be done by gamma ray spectroscopy using a Ge(Li)

Crystal. This is a high resolution, low efficiency method.

The efficiency is, however, easily calculated so that the

activity values may be normalized. This method will serve

as a check on the much more precise prompt energy calibra-
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tion,

The actual construction of the apparatus should be con-

tracted out to a metal working shop. It is important that

the system be strong and rigid so that it need not be re

calibrated after each run.

The experiment is capable of great precision.. However,

much attention needs to be paid to the tedious details in

setting it up. It can not be a rush job.
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Calibration of the Apparatus and Propagation of Errors

The most important aspect of the experiment lies in the

precise calibration of the apparatus. It is important that

the experimenter be familiar with volumetric calibration as

(

routinely performed in chemical analysis.
14,30)

Since the heat capacity of bismuth is known
(8)

the energy

input to the bismuth can be derived if both the temperature

and mass of the bismuth are also known. This is illustrated

in the equation for energy input:

E = IT - T
o
).0

p
.W , (V-1)

where T
o
is the initial temperature, T is the final tempera-

ture, C
P

is the heat capacity, and, W is the mass of the bis-

muth.

First, let us consider the determination of the mass of

the bismuth. In a normal volumetric calibration, one would

need only to weigh the empty dilatometer and then re-weigh it

when filled with bismuth to get the net weight. Although

this could be done in this experiment, it would require

weighing the entire apparatus. There would be much diffi-

culty in working with such a hot sample as the dilatometer.

In order to avoid thermal fluctuations on the balance, the

entire apparatus would have to be assembled. This would

make for a rather bulky apparatus on the balance.

The bismuth in the conical reservoir would not be affec-
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ted by afterheat because it is external to the dialtometer

and will not be heated by either the beta or gamma decay in

the sphere. Care must be taken not to include the weight of

bismuth in the reservoir in the weight of bismuth in the dil-

atometer. This can be accomplished by making sure that there

is the same weight of bismuth in the reservoir for both

weighings. It would not be a simple or precise prodedure to

do this.

Fortunately, there is a more valuable and more accurate

method. If the volume of the dilatometer and the temperature

of the bismuth are known, the mass of bismuth can be deter-

mined by temperature-density data according to the following

equation:

W = p (T) -V . 07-2)

Consider the following example: The volume of the dila-

tometer is 1850 cm
3

. Temperature is 300 °C. Density of bis-

muth at 300°C is 9.9 g/cm3.
(41) Thus, the mass of the bis-

muth is 18.315 Kg. Because Invar has such a low coefficient

(
of thermal expansion, 2 x 10

-5
/
o
C,

1) the volume of the dila-

tometer will be essentially constant over the temperature

rang e of the experiment. In any event, the temperature de-

pendent volume of the dilatometer can be readily determined

by a white oil calibration.

Since the density of white oil varies greatly over the

temperature range of the experiment (really, from 0-400°C),
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it can be used to ascertain the volume change of the dila-

tometer over the temperature range(41) Thus, volume and

mass can be easily determined by the use of tabulated density

values for bismuth and white oil,

The advantage of this density calibration of mass is that

is can be done continuously over the temperature range so

that the mass of bismuth is always known. The bulk weight

method is valid only for one point at a time. The entire

apparatus would have to be re-weighed, both empty and full,

at every temperature. Moreover, it would require extensive

juggling to remove from consideration the weight of the coni-

cal reservoir each time if a range of data was to be gener-

ated by that method.. Because of the difficulties, it will

not be performed. The density calibration is the method of

choice.

The calibration for temperature seems almost like the re-

verse, namely, weigh the expelled bismuth and then convert

that to temperature. However, no density correlation will be

used. In a blank run, the experimenter will insert a ther-

mometer, as shown in Figure 9, through the access penetration

and note the temperature for a give rheostat setting in the

wire wrap heater circuit. Voltage and current to the heater

are also recorded. The rheostat is then adjusted to yield a

temperature of 300°C. This will be the null point and the

reading on the electrobalance may be considered to be zero.

Essentially, we have just tared the balance.
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Cross Section of Dilatometer with Thermometer in

Place for Temperature Calibration
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The voltage is then increased to raise the temeprature a

tenth of a degree. This temperature and the change in the

weight are recorded. The prodedure is continued until there

is a well established curve of weight of bismuth expelled

versus temeprature. This curve would be similar to the hypo-

thetical curve of Figure 10.

Now, in order to begin a run without the thermometer in

place, the rheostat on the wire wrap heater is adjusted to

the same position (as measure by voltage and current data)

at which it was for the original 300°C run (which had the

thermometer). This heat input will match the heat loss rate

which is a particular function of the temperature difference

between the bismuth and the ambient temperature in the reac-

tor pool. Thus, if the pool temperature is the same, and the

heat input is the same, the temperature will be 300°C. This

can be checked by the small thermistores (temperature sensi-

tive resistors) affixed to the outside of the inner wall of

of the dilatometer.

The weight of the electrobalance is then recorded as

tare. As shown in the hypothetical Figure 10, a weight

change of 0.02 g would indicate a temperature of 305°C.

This can be used, together with the mass of bismuth at 305°C,

in equation (V-1) to obtain the energy input to the bismuth.

It is important that thermal equilibrium be established

at all calibration points. It will probably be necessary to

wait an-hour to assure that such equilibrium is attained be-
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fore taking data.

The experiment will have less than a 10°C temperature

rise. In order to construct a reliable calibration curve,

data should be taken in 0.1°C steps. This calibration pro-

cess may be expected to require one week of hourly readings

to complete. This is why it is essential not to allow soli-

dification of bismuth in the sphere. The previous work

would be wasted.

For a temperature calibration run, the normal experimen-

tal procedure needs to be varied a little. The access pene-

tration plug must not only allow the addition of molten bis-

muth, it also needs to hold the thermometer. The dilatometer

can be initially half filled. This reduced quantity of bis-

muth is then melted and the thermometer inserted. Filling

then proceeds as before in the manner described in the ex-

perimental prodedure section. See Figure 11, 12, and, 13 for

a schematic representation of the process.

The thermometer should have scale readings of less than

0.01°C increments. A calibrated Beckman thermometer would

be ideal as it is precise to 0.001°C. Such precision is

necessary to determine whether equilibrium has indeed been

achieved.

When the calibration is performed, a bismuth-depleted

uranium pellet will be used intead of the normal
235

U-Bi

pellet. Since
235

U and
233

U will react chemically the same

(they have the same number of protons and electrons), there
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Figure 11

Dilatometer Half Full of Bismuth
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is no need to waste the more valuable
235

U,

We now have a calibrated system from which all parameters

may be determined by knowing the weight of the expelled bis-

muth. To illustrate: If the weight is X grams, then the

temperature is Y. Since the temperature change is Y, then

the mass of bismuth in the sphere is Z.

The only remaining calibration task is to determine the

background of the system. By this, we mean the heat loss

rate, any delayed effects, and other systematic errors.

In such a typical background determination, the position

previously occupied by the thermometer is now taken up by a

small, high wattage immersion heatet.. All initial concitions

are set up just as in a real run with the exception that

there will be no uranium present. The apparatus is in posi-

tion in the reactor tank, the temperature (as determined from

current-voltage data from the heater) is 300°C. A large,

known surge of electricity is fed to the immersion heatei-.

The size of the resultant temperature spike is directly pro-

portional to the input electrical energy.. Since this was

measured, the coulombic energy input in a real run can be

determined from the size of the spike. The number of fis--

sions necessary to cause this energy input can be calculated

from the known energy deposited by fission fragments and

prompt gammas.

The prompt, recoverable energy of fission is 179.9 MeV5 35)

By converting the electrical power in joules to MeV, we can
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determine how many fission events took place.

Further calibration continues so that systematic errors

may be canceled out. The dilatometer is again initialized to

300 °C and placed in core. When this is done, all ohmic heat-

ing is discontinued and the reactor is pulsed. Since there

is no uranium present, the only input of heat to the dila-

tometer is the decay of activation products and the gammas

from the reactor core which were not attenuated. These

quantities are the background of the experiment. Since they

are now known, they may be subtracted out of the data in

future runs.

There is one last item to be concerned with, and that is

the heat loss rate from the calorimeter. We can reasonably

assume that the heat loss rate is a linear function of the

temperature difference between the calorimeter and the ambi-

ent temperature of the pool. Thus, if the temperature

difference is twice as great, then the rate of heat loss is

twice as great. This can be easily checked. After account-

ing for conversion efficiency, the electrical power neces-

sary to keep a constant temperature must be equivalent to the

heat loss. Thus, there should be an equality in the rela-

tion:

E
T1

E
T2

T
1

T
2

. (V-3)
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Should the relation not be valid, we can make a calibraion

curve which can cancel out this anomaly. We merely require

knowledge of the temperature of the system (obtainable from

the weight of the expelled bismuth) to utilize the correction

data.

This section shows why calibration is so important. All

perturbations which might otherwise affect the accuracy of the

final data, integral energy release, may be subtracted out

(or, added back in as in the case of heat loss). The only

assumption is that the calibration is precise.

Propagation of Errors

Extensive use of normalization will further decrease the

uncertainty range for the decay energy beyond what it was

lowered through the use of blank runs (which eliminated badk-

ground).

Because gamma ray attenuation follows well documented

physical laws, calculations can be performed which estimate

attenuation to a. high degree of accuracy. For this experi-

ment, it is estimated that 99% of the gamma photons will be

attenuated in the bismuth.

The 1% which escape do not necessarily create an error of

1% in the determination of decay power. The quantity of en-

ergy which escapes is itself known to an error of less than

25%. By adding back in this escaped energy, ie., normaliz-:,

ing, we obtain a net uncertainty of 25% of 1% or 0.25% in the
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gamma energy contribution to decay power.

The normalization for delayed neutrons is similar as they

too follow established physical laws. The uncertainty in the

computer calculation of energy release is about 25%. Thus,

the propagated error is the product of this error and the

fraction of decay energy which escapes the dilatometer as de-

layed neutrons. In this project, it has been assumed that

the leakage probability of neutrons is high and therefore

they all escape. Thus,as shown in Section II, 0.5% of the

afterheat energy escapes. 25% of 0.5% is 0.125%. This is

the net uncertainty in the delayed neutron contribution to

decay power.

As can be seen in Table 3 and in the Introduction, the

uncertainty in prompt energy release after fission is the de-

termining uncertainty for this project. If this quantity

were known to great precision, the total uncertainty of the

experiment would drop to about 0.4%. Given the state of cur-

rent technology, there is, unfortunately, little hope of de-

creasing the prompt energy release uncertainty.

There are other contributors to the calibration uncer-

tainty, although they are overshadowed by the prompt release.

The weighing error will directly affect the energy release

determination and thus the maximum value, 0.01%, is listed

directly. The dilatometer temperature and prompt energy re-

lease errors are also propagated directly as independent

errors in the uncertainty of the final integral energy re-
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Table 3

Source Magnitude

Weighing Error 0.01%

Accuracy of Prompt Energy Release
Coulombic 167.57 Mev ±1.7%
Neutron 4.69 Mev ±0.1%
Photon 7.64 Mev ±0.75%

Net 179.9 Mev ±1.9% 1.9%

Accuracy of Dilatometer Temperature
Voltage-Current Error =0.01%
Thermistor Error =0.05%

Relative Error =0.01%

Error in Determing Equilibrium
(by Beckman Thermometer)

Error in Determing Reactor Bulk
Pool Equilibrium and Temperature

Net Calibration Error 1.90%

Calibration Uncertainties
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lease.

The uncertainty induced in using a Beckman thermometer to

ascertain thermal equilibrium is an indirect error as it is

dependent on the relation of temperature to the deviation

from equilibrium. Equilibrium could be represented as the

thermal gradient of the dilatometer. When it is flat, equi-

librium is attained. The steadyness of the thermometer

reading will indicate whether or not equilibrium has been

reached. If the slope of the thermal gradient is large, the

apparatus is not in equilibrium. The error induced in the

decay heat due to non-equilibrium will be an unknown function

of the maximum gradient for a given precision of the thermo-

meter. As the thermometer is precise to ±0.001°C, the as-

sumption is that when it is steady, the gradient is flat.

Thus, the propagated error is listed as 0.001%.

Similarly, the uncertainty in the reactor pool bulk temp-

erature has been noted. In this case, due to the size of the

fluid to be equilibrated, its surface area, and its localized

heat source, it is not reasonable to assume that exact ther-

mal equilibrium can be attained. It is estimated that this

effect will propagate the uncertainty of the measurement,

0.001% by a factor of 10 to yield a net uncertainty of 0.01%.

This is strictly an educated guess. (In comparison with

the prompt energy uncertainty, it could be a factor of 100

and still have no impact on the total uncertainty.)

In both of these cases, the precision of the measurement
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has to be converted, through a calibration curve, to the

propagated uncertainty in determining integral energy re-

lease.

It is important to note that the uncertainty of the final

result can be reduced by proper normalization. Additionally,

some errors will propagate to the final result directly,

while others, due to their compound nature, will need further

calibration to be assured of their impact on the answer.

Errors have been considered only for the integral energy

release. The impact of the instantaneous behavior of the

apparatus on the true and differential energy release will be

substantial. As an example, the temperature of the dilatome-

ter may change by a small amount, say 0.01°C, in a given

time frame, say 2 minutes. This leads to a nearly flat inte-

gral energy release and therefore a large uncertainty for the

instantaneous energy release. There are two ways to reduce

this error: Use a more sensitive electrobalance (which may

not be commercially available). Or, irradiate the sample at

a higher flux. This latter method would increase the temper-

ature change for a given time period. (Heavier samples of

235U would accomplish the same result, but, they would re-

quire much larger quantities of bismuth with the associated

radiological problems.) Neither of these two options is

available at OSU and so we will not consider them further.

In any event, the accurate determination of the integral heat

is sufficient for reactor safety analysis.
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General and Radiation Safety

The experiment has several hazardous aspects which re-

quire caution and anticipation. While molten bismuth is not

flammable, the experimenter will be severly burned if he

comes in contact with it. Although there are many similar,

conventional hazards in working with such a thermally hot

sample, these are minor when compared with the potential ra=

diological hazards of this project. If burned by the'irradi-

ated bismuth, not only will the experimenter be subjected to

painful burns, but he would be also be subjected to an inter-

nal exposure to two alpha emitters,
210

Bi and
210P017)

There are several sources of radioactivity in this exper-

iment. Before the pulse irradiation, the concern is solely

with the alpha emitter,
235

U. One gram, the maximum quantity

which is intended for use, has an activity of 2.15 pCi. Self

absorption will lower the effective activity even further.

As long as the material is kept from boiling, no unusual ra-

diological precautions need be taken. Powered uranium is

frequently pyrophoric so adequate fire equipment should be

available
(5)

The pulse irradiation will generate two classes of radio-

active material: fisSion products and activation products.

In evaluating the potential hazards of the fissions products,

it is necessary to subdivide further. Solid fission pro-

ducts, which remain in the bismuth, contribute to the total
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radioactivity of the sample but are not really a source of

individual concern. On the other hand, gaseous fission pro-

ducts must be calculated explicitly as they can escape the

dilatometer and contaminate the inner box, Secondly, the

evolved quantity of gas needs to be known to determine if

there will be a significant pressure bUildup. Because a con-

venient computer data file, CINDAT;
29) was available, de-

tailed yields and-activities were calculated for both classes

of fission products. This should prove useful when the irra-

diated materials are sent for starage and/or processing.

Moreover, it is good practice to have a detailed inventory of

the types and quantities of radioactive materials which are

present.

In order to determine these activities, it is necessary

to determine the expected number of fissions in the sample.

By evaluating the equation:

# of fissions = Na f
(1) (VI -1)

we find that there will be 7.4 x 10
13 fissions for the exper-

imental case where there is 1 g of
235U, of = 580 barns5-

17)

and is 5 x 10
13
neutrons/cm

2
. As determinations of after-

heat with uranium weights in excess of 1 g are not contem-

plated, this represents the maximum number of fissions, and

thus, the maximum quantity of radioactive fission products.

Two convenient empirical relations for gross beta and

gamma activity after fission allow solution for the activity



of the fission products at any time t!-.13) These are:

and,

Activity
(Beta)

= 3.8 x 10-6 Vsecifission ,

Activity
(G a)

= 1.9 x 10
-6t-1.2y/secfission .
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Summaries of the expected activities at various times after

fission are given in Table 4 for zero to seven days and in

Table 5 for zero to one hundred days. These were generated

by the FISSACT program (see Appendix B).

It should be mentioned that the empirical equations are

not valid for time close to or equal to zero. They falsely

indicate that the activity at the end of bombardment (EOB)

would be infinite. In fact, it is finite. For short times

after irradiation, the following detailed summation method

should be used.

The fission yields from CINDAT were used by the computer

program ACTEOB (see Appendix C.) to determine the detailed

inventories of 99.99994% of the fission products. CINDAT is

a condensed version of the ENDF/B-4 nuclear file. It con-

tains decay constants, fission yields, and information on

decay modes and energetics. In using ACTEOB, it is found

that we can expect to have 790.23 mCi of total fission pro-

ducts at the end of the irradiation period. Of this,

108.80 mCi are gaseous fission products. Independent yields
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were used for this determination. This allows for the pre-

cise calculation of EOB activities which can not be deter-

mined by the previous empirical relations. Time dependent

activities for one day or one week, while computed, are not

particularly accurate. For shorter times, such as EOB, this

detailed calculation is the method of choice. For longer

times, the empirical relations should be used. These two

methods are, to a large extent, complementary.

If greatef predision is desired, on could alternatively

use an-involved computer program such as CINDER
(11)

with the

cumulative fission yields to generate the data. Such so-

phistication is not necessary for the purposes of this pre-

liminary examination.

From ACTEOB, we can examine a few nuclides of special ra-

diological interest. Table 6 lists some isotopes of Kr, I,

and, Xe with their yields and activities. It is interesting

to note that the total volume of evolved gas will be less

than 6.8 x 10
-6

cm
3 under the operating conditions of this ex-

periment (T=300°C, P=1 torr). This is so low that it poses

no problems due to pressure buildup and only a 0.003% error

in the weight determination.

There are two groups of activation products: those from

bismuth and those from the stainless steel and Invar contain-

ers. Bismuth activation poses the greates hazard due to the

.

formation
21

of 0131 and
210

Po, both of which are alpha emit-

ters. Using the standard activation equationPY
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Table 6

Nuclide Half-life Activity at EOB

85
Kr 10.7 years 95.45 pCi.

131
I 8 days 79.26 nCi.

1332
20.8 hours 30.64 pCi.

133
Xe 5.3 days 19.74 nCi.

Summary of Activities of a few Radionuclides of

Special Interest



A = N.a.(D-(1-e
-)t

) (VI -4)
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with 18.5 Kg
209Bi at a flux of 5 x 1015neutrons/cm

2
second

(
with a equal to 0.19 millibarns,

17) the bismuth activity will

be 21.9 pCi at BOB. This will decay to 19.07 pCi of 210
Bi

and 102.4 nCi of 210
Po after one day.

About 16 Kg (35 pounds) of steel will be in the apparat-

us. Table 7 summarizes the activation of the steel. These

low activities whould present no problem in handling the

apparatus after one hour delay, let alone after the planned

one day delay.

All expected radioactivities for the project have now

been calculated. What design features are needed to allow

handling within all guidelines of 10CFR20.101 and 10CFR-

20.103?
(36) The experiment will be examined in a step-by-

step manner in order to review all potential radiological

hazards and health physics precautions.

The experiment is divided into four phases: 1) Prepara-

tion of the samples. 2) Irradiation of the apparatus. 3)

Removal of the samples to storage. 4) Cleanup of the vessel

in order to return to phase one.

In phase one, clean (non-irradiated) uranium and bismuth

are melted to form the alloy. It is placed in the bismuth

sphere and the apparatus sealed. The melting operation needs

to be Carried out in a hood to avoid bumping due to uneven

heating and the uptake of radon gas. No special shielding



Nuclide

51
Cr

55
Cr

55
Fe

59
Fe

65
Ni

Table 7

Half-life Activity at EOB Activity at 1 Hour Activity at 1 Day

27.7 days 9.98 pCi 9.96 pCi 9.73 pCi

3.6 minutes 71.3 mCi 685.8 nCi -0-

2.7 years 12.4 pCi 12.4 pCi 12.4 pCi

44.6 days 6.59 pCi 6.59 pCi 6.49 pCi

2.5 hours 1.36 mCi 1.03 mCi 1.75 pCi

Summary of the Activation Products of the Steel Containers
rn
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will be necessary. Personnel should wear class D protective

clothing (lab coats and safety glasses) C28I

During the irradiation, the TRIGA tank will be relied on

as a primary biological shield. The apparatus will be moni-

tored visually for sighs of leakage, No additional precau-'

tions will be taken.

Phase three will be the most hazardous and the most dif-

ficult. It will be necessary to wait 24 hours after the ir-

radiation before the box is removed from the tank. The ac-

tivity at this time is estimated to be 12 mCi. Some sort of

transfer cask will probably be necessary as the dose rate at

(
one foot, from the 6CiEN law,

20) would be 72 mR/hr.

This is overstating the case. In actuality, the three

inch radial thickness of bismuth would shield out 99% of the

gammas leading to a reduced source of 120 pCi. The dose rate

at one foot, if we assume a point source, would be 0.7 mR/hr.

However, when valves are opened, the uranium and fission

products will mix in the sphere so as to decrease the gamma

absorption by the bismuth. This means that we will need to

revise the dose rate upwards, again. It will, in any case,

be less than 72 mR/hr. This is the dose rate if we consider

the gamma source to be unshielded. If we then design the

handling aspects of the experiment for this higher level, we

can be assured that precautions are adequate for the hazard

involved.

Because of this dose rate, the experimenter may not
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approach closer than 15 cm (6 inches) with any extremity or

30 cm (12 inches) with his whole body. The dose rate to the

extremities will be about 300 mR/hr at this distance. The

dose rate to the whole body was noted above. Because of this

spatial restriction, tongs will be required to manipulate-

latcheg and valves. It is estimated that less than 5 minutes

will be necessary to accomplish transfer. This would lead to

a total dose of 25 mR to the hands and 6 mR to the whole

body.

Good radiological practice dictates that radiological

exposure be minimized, even though it is below applicable

limits. Additional shielding should be used between the ex-

perimenters body and the apparatus to further decrease the

whole body dose. 10 cm (4 inches) of lead will reduce the

dose by 99.95%.

Because of the dangers of loose alpha activity if the

apparatus should break, spilling molten bismuth onto the

floor of the glove box (or glove room), the experimenter must

be clothed in class A or B protective garments. (Class A and

B require that the personnel have a separate air supply so

(28)
that they do not breathe in contamination.) Additional-

ly, he should wear thick asbestos gloves and boots.

A written emergency plan shall be devised, approved by

the health physiclst, and posted in the work area. It should

include both evacuation and immediate counter-measures, such

as cooling water, in addition to a plan to clean up the spill
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after it cools.

All standard occupational safety guidelines shall also be

followed.

The last phase involves the cleanup of the dilatometer

and the isolation boxes. As there will still be some residu-

al alpha activity, in addition to a moderate gamma field,

personnel shall be in class A or B protective dress while

they scrub and dissolve (in nitric acid)(5) the residual con-

tamination. Work shall be carried out in a hood.

The experiment is well within the capabilities of a stan-

dard hot lab facility. Remote manipulations (other than

tongs) or hot cell work is not necessary. While bioassay

need not be routinely conducted, it would be wise to obtain

pre-exposure bioassays so that if an accident did occur, the

personnel would have an established history.

Because the bismuth can be transferred with conplete iso-

lation, there is Very little chance of an accidental spill

which would contaminate the work area. The bismuth will

transfer to the transfer box due to the pressure differen-

tial. Wire wrap heaters can be used on all tubing to prevent

clogging of the bismuth. There should be very little diffi-

culty encountered in working with the apparatus.
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Conclusions

As noted in the various sections, the experiment pro-

vides data which is of substantially greater accuracy than

that of comparable experiments. This is made possible by the

great care taken in calibration. There is a prevalent phi-

losophy to the calibration and it is one of the blank run.
30)

By this, the experiment can be simulated in a variety of ways

to determine the background characteristics of the system.

Since the background is the same whether there is uranium in

the dilatometer of not, it can be cancelled out.

This greater accuracy will hopefully validate the compu-

ter studies for short times after fission in assessing a

LOCA. This is the time span when there is the largest uncer-

tainty over the individual decay schemes. By developing an

average integral decay power curve, per fission, the problem

is then reduced to one of multiplication to normalize it to

a power rating and power history.

While the design of the dilatometer is complicated by the

various valves and joints, it should be both easy to con-

struct and reliable. The bismuth storage box, which is what

complicates the assembly, is a concession for radiation

safety. Open air handling of molten, irradiated bismuth is

not within the expertise of a university health physics de-

partment.

The large thermal expansion of bismuth, coupled with the

small thermal expansion of Invar, creates a prompt and accur-
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ate dilatometer. Since the tip of the capillary is sub-

merged in the conical bismuth weighing reservoir, both the

flow into and out of the weighing pan can be noted. The pre-

cision and accuracy of the electrobalance is well suited to

the task. This type of balance is regularly used for deter-

minations of such minute phenomena as surface tension, mag-

netic susceptabiltiy and adsorption.

The project can accomodate a wide range in the weight of

235
U. This indicates, although not rigorously, that the ex-

periment can operate with other fissile nuclides such as

239
Pu. These other determinations of time dependent fission

product

nuclear

The

energy release will add greatly to our storehouse of

data which is required for accurate safety analysis.

experiment is capable of high accuracy if the con-

struction and calibration procedures are performed with care

and attention.
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Neutron Flux Determination Adjacent to OSTR Core

In order to be assured that the OSTR has a sufficiently

high neutron flux to make the project feasible, a standard

indium foil activation experiment was conducted on October

21, 1975,

The proposed size of the dilatometer apparatus is small

enough that it can be placed atop the graphite relector of

the OSTR. To simulate the absorption of neutrons by bismuth,

the foil was encased in lead as shown in Figure 14. This

mockup was lowered onto the reflector. Safety precautions,

expected radioactivities, and safety analysis for this ex-

periment are detailed in OSTR Experiment B-27.

The 0.2248 gram indium foil was activated at 09:27 during

a pulse of 10 milliseconds duration at 1300 MWt peak power

($2.88 insertion). The foil was allowed to decay for 767

minutes and was counted at 22:14 using a Ge(Li) detector and

the 4000 channel pulse height analyser. The activity of the

1.097 MeV gamma photon was 12.61 cps. The activity of the

1.293 MeV gamma was 14.97 cps. Through correlation with a

known National Bureau of Stansards Standard Reference Mater-

ial
60Co gamma standard of comparable energy (1.173 and 1.322

MeV gamma's), and accounting for the isotopic abundances of

the gamma photons, an-average of 8.73 x 10
8 dps was obtained

for the activity of the
116mIn at the end of bombardment.

We are able to solve for the flux by re-writing the activa-
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tion equation:

as

A = N60[ 1 e
-At] (A-1)

=
A

(N-2)

N.0- 1 - e
-AtI

Plugging in values,

=
8:73 x 10

8

(13,

81

048,[6.022
2

115
J[6.022 x 10 23 1) 170 x 10-24 )(1 kx1::( .16.6))

= 4.97 x 10
15
neutron/cm

2 sec at 1300 MWt

= 3.82 x 10
12

neutron/cm
2secMWt

= 10
16
neutrons/cm

2sec at 2600 MWt.

As noted in the experimental strategy section, a flux

level of 5 x 10
15neutrons/cm

2second will be adequate to make

the experimental determination of energy release after

thermal neutron fission of
235

U feasible. We actually have a

reserve as the flux is in excess of 10
16neutrons/cm

2
second

for a peak pulse on the OSTR.
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FORTRAN Program FISSACT

FORTRAN computer program FISSACT, as listed on the next

page, was developed to yield the time-dependent gross fission

product activity after thermal neutron fission of
235

U.

The program utilizes the empirical relationP.3)

A a t
-1.2

(A-3)

This relationship is valid for times in excess of ten seconds.

Naturally, if time equal to zero is input, the equation will

incorrectly yield infinity for the activity. The computer

will print 0.0 for time equal to zero.

This program has two options: 1) It will calculate the

activity at a specific time, or, 2) It will generate an ac-

tivity profile between two time values.
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FORTRAN Program ACTEOB

FORTRAN computer program ACTEOB, as listed on pages 86

and 87, determines the detailed fission product inventories

necessary to devise radiological precautions for the experi-

ment. As it uses independent fission product yields, from a

computer data file such as CINDAT(29) its temporal validity

is limited to short times after fission. However, the pro-

gram will list out the radioactivities at one day and at one

week after fission for informational purposes. While not

strictly accurate, they should serve as general or ballpark

estimates. A more sophisticated FORTRAN computer program,

(

such as CINDER,
11)

could be used to perform these calcula-

tions if they are desired.

The program reads the fission yields, calculates the num-

ber of atoms present at the end of bombardment, then converts

to activity in curies. It reads alphanumeric characters of

the chemical symbols from a sequential data file and then

correlates these with the atomic number. Distinction is also

made of the various meta-stable states which occur in the

data file through the use of alphanumerics.

The total curies of activity, at the end of bombardment,

and the total independent yield (in our case 99.99994%) are

calculated and listed out for the user.

The program output is listed on a computer file grouped

by isotopes of each element. If only one particular ele-
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mental determination is desired, rather than all the fission

products, the DO statement at line 40 can be replaced by as

input request. This will yield a file of the isotopes of the

input element.
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