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FOREWORD

The TRIGA is a novel and unusually safe training, research, and isotope-

production reactor that contains solid homogeneous uranium-zirconi urn-hydride-

moderator fuel elements and operates at power levels in the range of from

10 kw to 250 kw. This reactor was developed, designed, and engineered by

the General Atomic Division of General Dynamics Corporation.

The design and engineering of the TRIGA are described in General Atomic

Reports GA-436 and GA-.;85 and in Report GA-399. The present report is de-

voted to a description of the research and development carried out by General

Atomic to make the TRIGA a reality. It should greatly help in understanding

why the reactor is designed as it is, what its operational behavior is, and

why it is so unusually safe. It should also prove of interest to those

readers who want to know more about the metallurgy of reactor materials and

about the slowing-down and thermalization of neutrons in hydride moderators.

Reactor safety criteria that led to the general concept of the TRIGA

are discussed in the introduction to the report. The physics of neutron

moderation in zirconium hydride is then presented, including slowing-down

and thermalization of neutrons, neutron-beam thermalization experiments and

their interpretation, and calculations and measurements of the prompt nega-

tive temperature coefficient in a critical assembly. Next, the chemical and

metallurgical research that led to the practical manufacture of a fuel-

moderator element is described. The last part of the report is devoted to a

description of the design and construction of the prototype TRIGA reactor

and presents experimental evidence as to its very high degree of safety.
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Chapter 1

BACKGROUND

CRITERIA FOR SAFETY

Early Development at General Atomic

The beginning of the year 1956 saw the activation of General Atomic

Division of General Dynamics Corporation. This Division was created to

engage in research, development, and production in the nuclear field and to

conduct basic research in the sciences.

Early in 1956 the field of nuclear reactor technology, then about ten

years old, was advanced to the point where several large private companies,

as well as government laboratories, had built or were in the process of

building various types of research, training, and power reactors. Most of

these were based primarily on reactor systems developed at the national

laboratories under the national atomic energy program. Considerable progress

had been made in devising safety systems for reactors to minimize the possi-

bility of reactor accidents, but none of these systems provided complete and

inherent safety. Thus, governments, private industry, and educational in-

stitutions tended to move with understandable caution in advocating and

trying out new reactor ideas.

It was therefore felt that if General Atomic, as its initial contribu-

tion to reactor technology, could design and develop a novel reactor that

was completely and inherently safe, such a design might not only be a tech-

nical achievement, but also facilitate the training of scientists and engi-

neers and increase popular confidence in the safety of nuclear reactors to

such a degree that progress in the field would be greatly accelerated. If

this design had the added features of simplicity and economy, so much the

better.

In the discussion that follows, the safety concepts involved will be

defined. The other chapters of this report will describe how these concepts

were realized. New design principles had to be tested and new technologies

in chemistry and metallurgy were developed. It was decided that the new

concepts of reactor safety should first be put into practice in the design and

1
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construction of a 10-kw reactor that \would be adaptable to training, the

production of radioisotopes, and research, and that would be especially

suitable for colleges, industrial laboratories, and medical centers. The

resulting reactor, TRIGA, is only the pilot model for a new class of inher-

ently safe reactors that should find wide acceptance for training and research

and for power.

Safety Requirements

The requirement that a reactor be safe may be viewed from several angles,

of which two will be singled out for more detailed consideration. Like any

other device that converts energy from one form to another, no reactor is

absolutely safe as long as parts move and chemical or nuclear reactions take

place. It will be useful to distinguish safety of performance and safety

of operation.

A reactor can be said to possess safety of performance if no appreciable
*

danger of accident exists when it is functioning under steady-state conditions

at its normal power level. Clearly, the term "appreciable danger" cannot be

made completely precise. In a pressurized-water reactor, for example, the high

pressure always represents a potential hazard. The same type of hazard, how-

ever, is present in many conventional industrial plants, such as steam

generator plants, that have been in use for many years, but engineers have

developed designs affording a high degree of safety over many years of operation,

and such plants are readily accepted by the public. Only the potential hazards

arising from design features peculiar to nuclear reactors, as distinguished

from more conventional industrial plants, need therefore be considered here.

Foremost among these hazards is an accident involving the escape of radio-

active fission products from whatever normally contains them. The degree of

hazard must be judged by four criteria that apply in the event of any accident:

1. The accident must be unlikely to occur.

2. The accident must not be serious.

3. The accident must be quick and easy to detect.

4. The accident must be easily contained and the

condition causing it readily corrected.

*
An accident is defined as any event which could conceivably endanger

the reactor or nearby personnel.



Except in the case of a pressurized reactor or one containing fluid

fuel, an accident involving liberation of fission products during steady

operation is most apt to arise as a result of a small leak in a fuel cladding.

This may be due to original defects In the materials, to mechanical failure,

or to chemical corrosion with time. In any event, the accident is not likely

to occur, it would not be serious if detected early enough, and detection

would be easy provided that the radioactivity in a circulating, nonradioac-

tive coolant could be monitored. Criteria (1), (2), and (3) are therefore

easy to satisfy. Criterion (4) is satisfied provided no serious fuel-handling

problem exists, for the defective element or vessel will have to be removed

and repaired or replaced. A liquid-fuel solution does not satisfy criteria

(1) and (4) because the radioactive solution is almost invariably somewhat

corrosive, so that the containing vessel will have to be periodically

replaced, and because handling of this radioactive solution must always

proceed with extreme caution. The evolution and recombination of radiolytic

gases represents a serious operational problem. Furthermore. accidents

involving fuel solutions may create more difficult decontamination problems

than would be the case if the fuel were in solid form,

Given the present state of knowledge, it would therefore seem that

safety of performance of a reactor requires that

1. The fuel be virtually inert chemically, when in

contact with the coolant. This excludes, for

example, water coolant and pure uranium fuel_

2. The coolant normally develop a minimum cl radio-

activity, so that contamination. by fission

products can be detected at an early stage.

Water or gas coolant seem to be more desirable

from this point of view than sodium, for exaple.

3. The fuel be in solid form so that fission products

will remain contained within the fuel elements .

A reactor is said to possess operational safety if the reactor controls

can be mishandled without causing an accident. Various degrees of mishan-

dling must be considered. A power reactor is normally handled by a specially

trained person wiho might make a mistake in operation, but who is not likely

to make several such mistakes in rapid succession. The operator may, for
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example, accidentally insert an additional fuel element when the reactor is

already critical, or withdraw a control rod when it should be inserted.

Since a power reactor has built into it a large amount of excess reactivity

(10% to 30%) to compensate for temperature override, xenon and samarium

build-up, and fuel burn-up, a single operational mistake may result in the

introduction of a considerable amount of excess reactivity. As a result,

the reactor may undergo a very steep exponential power rise, with a period

of perhaps a few milliseconds. Thus, the safety of a power reactor demands

that no accident result when the reactor goes on a period of the order of

a few milliseconds.

A research reactor, on the other hand, is often handled by untrained

persons (albeit under the supervision of a licensed operator), and additional

precautions must therefore be taken. In fact, it seems desirable to demand

that such a reactor satisfy a criterion of complete safety of operation.

By complete safety is meant that all the available excess reactivity of such

a reactor can be instantaneously introduced without causing an accident.

Research reactors may require high fluxes, which result in a considerable

build-up of poisons, and a fair amount of reactivity must be allowed for

experiments. Research reactors may thus have a considerable amount of excess

reactivity (1% to 10%, depending on the power), the insertion of which may

make them go on short prompt periods, i.e., 2 to 100 milliseconds (ms).

Complete safety demands that these minimum periods cause no accident.

Finally, reactors designed primarily for training will frequently be

manipulated by novices, under proper supervision, and complete safety is

again an essential requirement. Since the excess reactivity available in

these usually low-powered reactors is modest (0.1% to 1%), the minimum period

against which they must be safe is usually fairly long (~100 ns or longer).

The above considerations show that,to be operationally safe, a reactor

(except a low-powered training reactor) must be capable of responding correc-

tively to a power surge within a few milliseconds from the time the surge

starts. Clearly, it is not desirable to rely for ultimate safety on the

rapid insertion of safety ("scram") rods, which must be accelerated into the

reactor from a rest position. Nor does it seem desirable to rely on an

electronic signal from a radiation monitor to actuate the insertion.

Much thought was given to eliminating the electronic step and replacing
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it by some other actuating mechanism. The most promising approach was to

try to design a reactor with inherent safety, i.e., a reactor in which an

increase in the temperature of the fuel would directly and automatically

result in reduced reactivity. In other words, the problem oecane that of

devising a reactor with a large prompt negative temperature coefficient.

If there is a delay between the time at which a reactor heats up and

the time at which the reactivity changes, one speaks of a delayed temperature

coefficient. The amount of relay depends on the mechanism that causes the

reactivity change. In a conventional heterogeneous reactor employing MTR-type

fuel elements, the thermal delay is caused by the time it takes for the heat

generated in the fuel to pass into the water moderator-coolant. As a result

of this heat transfer, some water is expeIced from the core because of thermal

expansion, the neutron age goes up, and the reactivity decreases. Since the

fuel elements are rather thin, the delay is only of the order of 10 to 20 ms,

but this is still too long for very short periods. Expansion of the fuel

also causes some expulsion of water iron the core. The thermal delay is

much shorter, but only minute changes Wn reactivity take placo. The

creation of voids in water moderators by the evolution of radiolytic gas at

high power is similarly subject to a small delay.
2-38If, on the other hand, the fuel contains U 'its heating produces some

Doppler broadening of resonances, so that the parasitic resonance capture

increases. This effect ves rise L to promt negative temperature coefficient.

In heterogeneous fuel elements xhe sonance capture is small, because the

sharp resonances are strongly self-ziiQ.ecb The coefficient due to this

effect is therefore minute. This is nt true in a homogeneous reactor,

where the fuel is so intimate nixed with the m derator that both heat up

at the seme time. A liquid homogeneous reactor., in which %omewhat-enriched

uranium is dissolved. in a sufficient amoun'c of water to ensure adequate

thermalization of the neutrons, way serve as an example.

During a power surge, several mechanisms contribute to a large prompt

negative temperature coefficient in such a reactor. The three major ones are:

(1) The solution heats up and expands, and part of it is expelled from the

core. This occurs in a time comparable to the dimensions of the vessel

divided by the sound velocity in water following the burst of heat, i.e., in

fractions of a millisecond; this effect can be considered prompt. (The time
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delay of one neutron generation time between a neutron burst and the corre-

sponding heat burst is ignored.) (2) The sharp, low-energy resonances in

U238 , which are most susceptible to Doppler broadening, are not nearly as

self-shielded in a homogeneous water reactor as they are in a heterogeneous

reactor, so that resonance capture can be made relatively large. The negative

temperature coefficient due to broadening of the resonances is correspondingly

increased. (3) As the temperature of the solution increases, the neutrons,

as a result of their collisions with hydrogen atoms of water, no longer

moderate to as low a velocity as they did before the surge. The result of

this "warm-neutron effect" is that the average thermal-neutron velocity

increases. Fewer neutrons are absorbed in the core, since uranium and water

cross sections decrease with increasing neutron velocity, and more neutrons

leak out.

The total prompt negative temperature coefficient in liquid homogeneous

reactors can be quite large, of the order of 3 x 1~ ( k/k)/0C. From this

point of view, such reactors seem to have a large degree of operational

safety. However, in view of the disadvantages of liquid homogeneous reactors

from the standpoint of performance safety, as discussed above, it mas decided

to investigate the possibility of developing a solid homogeneous core with

a large prompt negative temperature coefficient due to mechanisms (2) and (3)

and with chemical stability up to high temperatures.

CHOICE OF MATERIALS

Possible Moderators

A nuriber of solid compounds appeared to be promising as possible moderator

materials. Beryllium and beryllium oxide were considered because of their low

atomic weight and relatively high density, with a further advantage resulting

from the (n, 2n) reaction in beryllium at high neutron velocities. Graphite,

although of higher atomic weight, has a lower thermal-neutron absorption

cross section and about the same density as beryllium. In addition, a class
7

of hydrides, such as zirconium hydride and Li H, seemed attractive because of

the possibility of hydrogen moderation, at least for neutrons of higher

energies. Little was known, on the other hand, about the moderating ability

of these substances for near-thermal neutrons, as in this case moderation
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depends strongly on how tightly the hydrogen atoms are bound in the lattice.

From the physical properties of lithium hydride and sodium hydride, it

appeared, furthermore, that fabrication of these materials into fuel elements

would require an unrealistically large research and development program.

The little that was known about zirconium hydride seemed encouraging. The

field was therefore narrowed down to four possibilities--beryllium, beryllium

oxide, zirconium hydride, and graphite.

Moderator Parameter Studies

At this point, some rough computational studies were made of cores

containing these four possible moderating materials. On the basis of this

study, it was hoped a decision could be made as to which material looked

most promising.

A series of simple two-group diffusion calculations was therefore done

on an IBM-650 computer. In these calculations the reflector was held fixed

and the core composition was varied--the core contained 20%-enriched fuel

homogeneously dispersed in beryllium, beryllium oxide, graphite, or ZrHn'

with n = 1.2. No cooling water was included. Table 1 summarizes some of

the data obtained about the four cores; the numbers are to be considered as

purely relative. The last row gives crude prompt temperature coefficients,

excluding Doppler broadening, based on the assumption that the thermal neutrons

have the moderator temperature. These coefficients are presumably upper

limits for the warm-neutron effect in these cores.

Table 1

COMPARISON OF MODERATOR MATERIALS

Moderator

Be BeO C ZrH..

Moderator:U235 atomic ratio 1300 1000 6000 180

Critical radius, Rc (cm) 20.1 22.2 42.0 12.8

Critical mass, M (kg U23 5) 1.11 1.11 1.60 0.74
c

Average thermal flux in core
at 10 kw (10lln/cm2 -sec) 2.2 2.2 1.5 3.24

Resonance escape probability, p 0.89 0.89 0.85 0.93

Maximum temperature coefficient

L(-l/k) (dk/dt) x 104J 2.3 2.5 1.9 1.0
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Restriction to Zirconium Hydride

An investigation of beryllium and beryllium oxide prices immediately

showed that,in spite of the higher temperature coefficients of these materials,

they were unlikely to be competitive with graphite and zirconium hydride.

Although the temperature coefficients were calculated to be of large magni-

tude, the calculation was probably a gross overestimate, especially for
*

beryllium in view of its small lattice spacing and expected tight binding.

Finally, both beryllium and beryllium oxide present considerable hazards

in fabrication and general handling because of their toxicity, and were

unlikely to contribute to increased confidence in the safety of reactors.

Of the two remaining moderator materials, graphite seemed to have the

advantage as far as price and temperature coefficient were concerned, but

the zirconium-hydride-moderated reactor was more attractive because it would

require a much lower critical mass and hence have a higher thermal flux.

In addition, it was realized that if a reactor was to be operated at 1 k7.T

or above, some core cooling would probably be required. Although a number

of coolants were considered., water seemed to be the most reasonable choice.

Graphite is such a poor moderator that if even very narrow Mater channels are

allowed between the fuel-moderator elements, most of the moderating is done

by the water. Thus, the reactor would come to behave like a heterogeneous

reactor and would have an almost negligible prompt negative temperature

coefficient; the inherent safety feature of the reactor would therefore be

almost completely lost. The moderator chosen for the General Atomic solid

homogeneous reactor was therefore zirconium hydride, ZrH
n

Problems Posed by Zirconium Hydride

Little was knom of the metallurgical and chemical properties, and

nothing of the moderating ability, of this material. Since the object was

to develop, in the shortest possible time, a successful fuel-moderator element

composed of uranium and zirconium hydride, the problem had to be attacked

simultaneously on two fronts. The thermalization of neutrons in the moderator

had to be measured and, if possible, understood, and the chemistry, thermody-

namics, and metallurgy of zirconium hydride had to be investigated from the

*
D. J. Hughes, Pile Neutron Research, Addison-Wesley Press, Cambridge,

Massachusetts, 1953, p. 241.
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structure of the single crystal to the fabrication of the finished fuel-

moderator rod.

The degree to which neutrons are in thermal equilibrium ith the

zirconium-hydride moderator is fundamental in determining w-hether or not a

reactor using this moderator will have a large prompt negative temperature

coefficient. If moderation turns out to be strongly inhi.bited at room

temperature, one cannot simply increase the moderator-to-fuel ratio indefi-

nitely to thermalize the neutrons, for the thermal-neutron absorption cross

sections of zirconium and hydrogen are far from negligible . This absorption

not only leads to what is called neutron spectrum hardening, so that the

neutrons never become quite thermal, but also results in smaller thermal

utilization as the H:U2 3 5 ratio increases. Thus, the reactor might become

over-moderated before the neutrons have approached a thermal spectrum, and

over-moderated reactors using water coolant are very unsafe (see "Theoretical

Design of the Reactor" in Chapter 6, page 82) as well as uneconomical.

In order to measure the thermalization of neutrons by ZrH in the
n

thermal region and compare it with thermalization in other hydrogenous

materials, such as water and plastics, a series of experiments was done by

members of the General Atomic staff in the well-monochromatize& beams of

the research reactor at Brookhaven National Laboratory. Details of these

experiments and their interpretation and consequences are discussed at

length in Chapters 3 and 4.

It is clear that if no change in physical structure occurs, the most

desirable composition of ZrH, from the standpoint of moderation, is that

in which n is a maximum. Table 2, which presents a to-group calculation

for a simplified ZrH core, bears this out.
n

Table 2

CHARACTERISTICS OF ZrH -MODERATED CORES WITH TRYING n
n

(Zr:U235 = 150)

H:Zr atomic ratio, n

1.0 1.2 1.4

Critical radius, Rc (cm) 14.5 13.8 13.3

Critical mass, Mc (kg of U235) 1.015 o.870 0.760

Weight of ZrH (kg) 60 51 45
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As far as is known at present, one is limited in practice to values

of n * 2.0. Further, the physical structure of the hydride does depend

strongly on the hydrogen content. The structure, in turn, can be expected

to affect the ability of the material to moderate near-thermal neutrons

and, even more important, to affect the physical properties that decide

whether, for a given n, ZrH can be fabricated into a fuel-moderator element.
n

Adding uranium to the binary zirconium-hydrogen system further complicates

the structure.

Early effort was devoted to understanding the phase diagram and crystal

structure of the binary system, as a function of n and the temperature.

The physical properties of the phases were also investigated. With the aid

of these results, a method was devised to hydride solid zirconium and

zirconium-uranium mixtures. Details of this research are presented in

Chapter 5.

The remaining three chapters of this report are devoted to the properties

of the prototype TRIGA.



Chapter 2

THE PHYSICS OF NEUTRON THERMALIZATION

REACTOR CALCULATIONS AND SLOWING DOWN

Transport Theory

The complete steady-state behavior of neutrons in a material, or in

an assemblage of materials such as a reactor, is given by the so-called

transport theory. This theory describes a distribution function f(r, k)

which gives the number of neutrons in a unit volume at position r that are

moving into a unit solid angle directed along the momentum vector k. The

behavior of the function is described by the transport equation, which

states that under steady-state conditions the number of neutrons leaving

the cell in phase space characterized by r and k is just compensated by

the number entering it. Neutrons can leave the cell by absorption, by

motion in configuration space, and by inelastic or elastic scattering.

They can enter it by motion in configuration space and by inelastic or

elastic scattering or, if the material contains fissionable nuclei, by

emission in a fission event.

In order to describe the distribution functions, one therefore needs

to know the interaction cross sections of neutrons with the material. These

cross sections, in the most general case, depend on the position r, the in-

coming momentum k1 , and the outgoing momentum k2 , as well as on the tempera-

ture, T(r), of the material. The dependence on r is awkward, since it is

a function of what materials are mixed in what proportions at r. We shall

therefore replace the most general transport equation by one in which the

system is subdivided into a number of "regions," each of uniform composition

and temperature, so that in each region the cross sections no longer depend

on r. The transport equation is then solved in each region separately with

numerical constants suitable for that region. The boundary conditions pro-

vide continuity between the solutions in the various regions.

11
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The Diffusion Approximation

The general transport equation can be solved in closed form in only a
*

few special cases. Usually, therefore, one resorts to approximations. A

very popular approximation is one in which it is assumed that f does not de-

pend strongly on the direction of the vector k and that the cross sections

a (k, k2 , T) depend only on the incident neutron energy k, the outgoing
2

energy k2, and the angle®D between k1 and k2, not on T and the direction of

vectors k and k2' In the region above 10 ev neutron energy, this approxi-

mation is certainly well justified, provided that no sources or strongly

absorbing media are located nearby. The neutron moves so fast that the

thermal motions in the material are slow by comparison; the dependence on

T can therefore be ignored. Furthermore, anisotropies in the material are

unimportant for high-energy neutrons, so that only a dependence on the

scattering angle 0 can remain. Finally, virtually all the scattering is

elastic and isotropic in the center-of-mass system between 10 and 10 ev.

If the mass of the target nuclei is large compared with that of the neutron,

the center of mass practically coincides with the target nuclei; hence, the

scattering will also be isotropic in the laboratory system, so that the

dependence of a- on @ becomes small.

The distribution function f and the numerical coefficients a- are there-

fore expanded in terms of Legendre polynomials 0, P1, 'P 2... . If only the

first two terms are consistently retained, one obtains the so-called P1

approximation. If one does not wish to obtain the angular dependence of

the neutron distribution, one can average over all values of H to get the

diffusion equation:t

*
K. M. Case, F. de Hoffmann,.and G. Placzek, Introduction to the Theory

of Neutron Diffusion, Los Alamos Scientific Laboratory, Los Alamos, New
Mexico, 1953; B. Davison and J. B. Sykes (coll.), Neutron Transport Theory,
Clarendon Press, Oxford, 1957; H. Soodak, F. Adler, and E. Greuling, "Kinetic
Theory of Neutrons," in The Reactor Handbook, Vol. 1, Physics, United States
Atomic Energy Commission, Report AECD-3645,March, 1955; H. Soodak, "Reactor
Statics; Theory and General Results," Ibid.

tFor greater detail on this treatment, the reader is referred to standard
books on reactor theory, such as S. Glasstone and M. C. Edlund, The Elements
of Nuclear Reactor Theory, Van Nostrand, New York, 1952, and A. 14. Weinberg
and E. P. Wigner, The Physical Theory of Neutron Chain Reactions, University
of Chicago Press, Chicago, 1955.
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- 7 D(E) 7Vn (E, ) + [La(E) + Zs(E)] \WEn(E, $r*)

= 0 [v(E')X(E', E) (E) +Z(E', E)] n(E', r) dE' . (1)

The equation has been written in slightly more general form than is usually

necessary. The product V/fn(E, ') represents the familiar flux O(E) per unit

energy at energy E and position ". The first term represents the net trans-

fer to (or from) unit space volume at ' by means of diffusion, i.e., without

change in energy. The remaining terms are concerned with transfer out of

or into a unit energy interval at energy E. The second term on the left

describes the loss of neutrons of energy E in the volume at " due to absorp-

tion and to collisions causing slowing dowqn (or speeding up) to all other

energies. The integral on the right represents the source term. The first

part of the integral describes the number of neutrons arriving at energy E

as a result of a fission due to capture of a neutron of energy E'. The second

part takes into account the slowing dowm (or speeding up) from energy E' to

energy E. E0 is the maximum neutron energy in the system.

All the cross sections occurring in Eq. (1) are macroscopic; i.e., they

are sums, over all atomic species in a material, of the products of the atomic

cross section and the atomic density of the corresponding species.

In particular, D is the diffusion coefficient defined by

D =: (1 - cos ) + -1 ,(2)

where Z is the macroscopic elastic scattering cross section at energy E,

and cos G is the average of the cosine of the scattering angle 6 at energy

E, given by

cos = 1E2( , E) cos 8 d(cos ) .(3)
s -l

Here, d6(G, E) is the differential scattering cross section in the laboratory,

and os(E) is the total microscopic scattering cross section at energy E. If

the target species, of atomic weight A, can be considered free, Eq. (3) can

easily be expressed in terms of the center-of-mass scattering angle Q, i.e.,

cos G = 1( E) A cos 9 + 1 d(cos 9). (3a)
s -l 2A+ 2A cos @ + 1



If 0-(9, E ) is isotropic, this gives the f&=iliar
s

cos =2, (3b)

which is very small for very heavy atoms, as noted above. The expression

[ + Z (1 - cos®3)] is commonly called the transport cross section.
a s

In Eq. (1) a is the macroscopic absorption cross section at energy E,

v(E') is the number of neutrons produced in a fission originated by a neu-

tron of energy E', I (E') is the macroscopic cross section for this process,

and X(E', E) is the fraction of the neutron fission spectrum induced by a

neutron of energy E' and contained in a unit energy interval at energy E.

Finally, we want to examine more closely the properties of the slowing-

down terms in Eq. (1), which represent the neutrons scattered into a unit

energy interval at E minus those scattered out. We define

aE0 0 s(E', E) O(E') dE' - O(E) 0  s(E, E') dE' ,

where we have used the definition of Zs(E) as the integral over all possible

final energies E' of the partial cross section for scattering from energy E

to E'.

The moderation process can be most easily understood by noting that,

over a wide range of energies, slowing-down is caused by elastic scattering,

which is isotropic in the center-of-mass system. In that case, from the

kinematics of the collision of a neutron of energy E with a free stationary

nucleus of atomic weight A, one obtains

C-
S(E, E' ) = (1 s a)E for aE < E' E K,

= 0 for E' < aE

where

a 
2

(A -1)

In this case the distribution is therefore independent of the final energy.

14



Let us define an average logarithmic energy loss (E):

(E) =
sE)

f E ln E6(E. E) dE'

The usefulness of becomes apparent for isotropic scattering in the center-

of-mass system, as the introduction of the uniform distribution, Eq. (U),

into Eq. (5) yields

a.ln a
iso 1 - a '

2
S + 2 for A>>l (5a)

i.e., 5 is independent of energy.

This fact leads one naturally to the use of logarithmic energy variables

in formulating Eq. (1) for actual solution. We introduce a new variable,

the lethargy u, defined by u = ln (EO/E) where EO is taken as some upper

limit to the neutron spectrum in a reactor, usually 10 14ev. From

O(u) du = O(E) dE

the flux per unit lethargy then becomes

f(u, r) = E(E, r) cc E n(E, )

In terms of these variables, the diffusion equation (1) becomes

- 7- D(u)7 (u, T) + Zaf o(u, )

v(u')%f(u') (u', r)rx(ua, u) du - au, ,)

S u )
- 8ur =

0
du' Lzs(u', u) (u') - Es(u, u') 0(u)] . (6a)

We shall return to this result presently.

(5)

=j

where

(6)

IC;



Validity of the Diffusion Equation

The diffusion equation (6) has been applied successfully to the de-

scription of the behavior of neutrons in a reactor. It gives poor results,

however, near boundaries of materials, wherever nuclear properties or den-

sities change abruptly, near sources or strongly neutron-absorbing materials,

and in cases where the scattering in the laboratory is far from isotropic.

In particular, the diffusion equation must be applied with caution to

small reactor systems, where the surface-layer-to-volume ratio becomes

sizeable so that boundary effects play a major role. Further, it does not

give a good description of slowing down in the million-electron-volt region,

because almost all neutron scattering cross sections become strongly peaked

forward even in the center of mass at these energies. It is a very crude

approximation for scattering from light atoms, especially that from hydrogen,

which is never even close to isotropic in the laboratory.

It is therefore surprising that the diffusion equation gives usable

results on critical masses and fluxes, and crude estimates even of tempera-

ture coefficients, for the small hydrogenous systems that have been of

special interest to General Atomic.

The Two-group Equations

Usually, the diffusion equation (1) is solved on a digital computer.

For this purpose the energy interval from the highest neutron energies

emitted in fission down to thermal energies is broken up into a number G

of sub-intervals called groups. Equation (1) is thereby converted into G

differential equations with r as sole independent variable. The equations

are coupled by means of terms expressing transfer of neutrons from one

group to another.

One can obtain the multigroup equations most directly by assuming

0(u) to be constant over each group and then integrating Eq. (6) over each

group. If one is dealing with a heavy moderator (e.g., beryllium or graphite,

but not hydrogen), the Fermi age theory becomes a useful approximation.

This approximation is obtained by expanding O(u') in Eq. (6a) in a Taylor

series about u, and retaining only the first two terms, 0(u) and

(30/8u)(u' - u). Since a is assumed to be close to unity,

I ,s(u', U) du'~~ EzS (u, u' ) du' ,
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the first-order terms cancel, and one obtains

Aq(6b O 6)
A u s Lu

This term couples only the fluxes of adjacent groups and considerably

simplifies the computational problems. For hydrogenous moderators, the

Fermi age theory is not adequate and one must couple each group to several

neighboring groups using Eq. (6a) directly. The combination of the exact

treatment of Eq. (6a) with a diffusion treatment of the spatial dependence
*

is known as the Selengut-Goertzel approximation. We shall bypass these

complications by turning our attention to the crudest approximation with

any physical content, i.e., the two-group approximation, since it will be

mentioned repeatedly below.

The higher-energy group (subscript 1) will extend from highest fission

energies (10 Mev) down to the upper boundary, Ec, of the thermal energy

group at about 4kT. This corresponds to a lethargy interval Ahu of about

20 for the upper group. The thermal energy group (subscript 2) extends

from Ec to zero energy. Absorption and fission due to fast neutrons are

neglected, and all fission neutrons are assumed to be fast. In that case,

X (E', E), the fraction of neutrons at energy E produced as a result of

fissions initiated by neutrons of energy E', is zero for E' = E and E = E2'
Hence, only X(E2, E1 ) = 1 remains. The source term due to fissions in

Eq. (6) therefore occurs only in the fast group. It is given by v Z f 2 )

where Zf, the fission cross section, and v, the neutron multiplication in

fission ('2.47), are averaged over the thermal spectrum (which may or may

not be Maxwellian). The slow diffusion coefficient D2 and the absorption

cross section Za are similarly averaged.

The slowing-down term can be written as .sl01. It describes the

removal of neutrons from the fast group and the source for the slow group.

The basic determining condition on E sand D is that the ratio 6D /s=6
1 1s

(uhre Tis the Fermi age) be equal to the mean square slowing-down distance,

r , from fission energies to thermal. In Fermi age theory this distance is

*
J. E. Wilkins, R. L. Hellens, and P. F. Zwifel, "Status of Experimental

and Theoretical Information on Neutron Slowing Down Distribution in Hydrogenous
Media," Proceedings of the International Conference on the Peaceful Uses of
Atomic Energy, Vol. V, P/597, United Nations, New York, 1956.



given by

r 2 6 u(EC) D(u)d(r = 6c=6 d 2j) u . (6c)
fo Su

If D andtTs are constant, we therefore obtain D = D1 , sl = 0 s/Lu.

The last definition agrees, of course, with that given by Eq. (6b) when

averaged over the fast group.

If the core contains U238, some resonance capture of neutrons will take

place, which can be taken into account by multiplying the source term

z sl 01 in the equation for group 2 by the resonance escape probability p.

The two-group diffusion equations then become

- D1 7 2 1+sl 1 = V zf02,(7a)

- D 2 +Za2 )D2 7 02 + Za02 = P Zsi31(in

Similar equations can be written for other regions. If these do not contain

fissionable materials, the source term on the right-hand side of Eq. (7a)

must be omitted.

If a given problem has spherical symmetry, it can be treated as one-

dimensional, so that the fluxes depend only on Ir . If the solution is to

be obtained by a digital computer, a suitable "mesh interval" is chosen for

r, and Eqs. (7a) and (7b) are expressed as difference equations for adjacent

mesh points, and are coupled by means of the Laplace operator, since a

derivative of a function at a point is expressed in terms of differences of

the function at two neighboring points. Equations for different regions are

coupled at the boundary by the requirement that flux and current be con-

tinuous. The computer is then given a trial source function vz f 2 , which

it propagates from the center of the reactor outward and from Eq. (Ta) to

Eq. (7b). A new source function is then calculated, and the process is re-

peated until successive iterations show that the source function has con-

verged to the desired degree.
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NEUTRON THERMALIZATION

Introduction

Experience has shown that neutron-diffusion calculations make possible

fair to good estimates of such reactor parameters as critical sizes and fluxes,

as long as the region involved is not too near a boundary and the moderator

atoms can be considered free and stationary. What happens to the individual

neutrons and to the neutron flux as a whole when the latter restriction is

removed will now be discussed qualitatively. The clearest way to do this

is to consider what complications arise when one passes from a simple

atomic system to successively more complex ones. Neutron slowing down in

helium gas, hydrogen gas, water vapor, beryllium, and zirconium hydride

will therefore be discussed in turn.

Helium Gas

Let us suppose that helium, a light monatomic gas, is the only moderator.

(We ignore the fact that a thermal reactor so moderated would have to con-

tain enormous quantities of the gas.) The scattering of a neutron in the

range from the highest energy to the lowest can be described by the kinematics

of two freely colliding particles. It is shown by elementary nuclear physics

that for light nuclei the neutron scattering cross section becomes not only
4 *

isotropic in the center-of-mass system but constant below 10 ev. If the

moderator is at 00K (but still gaseous'), the neutrons will therefore

moderate down to that temperature in an easily calculated manner, with a

constant collision cross section and constant average logarithmic energy

change t, as determined by Eq. (6b). Under these conditions it can be shown

that the product EO(E) per unit..energy interval at energy E is constant,

i.e., that the flux per unit energy interval is proportional to l/E. There

will of course be a sharp spike in the flux at zero energy.

If the helium moderator is, instead, at some temperature T >0, the

slowing down is somewhat altered. On a microscopic scale, the target atoms

move, and as the neutrons moderate down to where their energies become

comparable to (3/2)kT, these motions must be taken into account. They produce

two main effects. First, the neutrons can begin to gain as well as lose

energy in a collision. Second, the collisions per unit path length become

*
D. J. Hughes and J. A. Harvey, Neutron Cross Sections, Report BNL-325,

July 1, 1955.
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more frequent, as can easily be seen by going to the limit where the neutron

does not move. The second effect can be taken into account by letting the
*

effective scattering cross section increase without limit as E -. 0. The

same procedure may be applied to the capture cross section, which is, how-

ever, very slight in helium, as it is due entirely to the cross section in

the rare isotope He3

On a macroscopic scale the effect of finite T is that in the region

of kT the neutron flux will have a Maxwell distribution,

E

O(E) dE = E e T dE . (8)

At higher energies this distribution merges with a l/E "tail," as before.

Secondary effects may upset the thermal distribution, the most important

of these being spectrum hardening, which arises as follows. Suppose that

the time Z that a neutron takes to reach thermal equilibrium with the
e

moderator is comparable to the lifetime -t of thermal neutrons for absorption.

In that case, the neutrons slowing down from higher energies will be absorbed

before they have a chance to reach complete thermal equilibrium at the

moderator temperature T. The thermal spectrum will not be Maxellian, and

its average neutron energy will be greater than (3/2)kT; i.e., it is said

to be hardened. The average energy will be shifted upward by an amount

proportional to the ratio ,/'. Since Z'es (v andT= ( av)

e e Ov

where

(2kT\ 2

2= K--2= 22 00m/sec for T = 27C

Hydrogen Gas

The situation is somewhat more complicated with hydrogen gas. While

temperature effects appear near 0.025 ev neutron energy if the gas is at

room temperature, the dissociation energy of hydrogen molecules is about

4-5 ev. One would therefore expect that below -4.5 ev neutron energy,

*
Ibid.
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binding effects would drastically alter the moderating properties of hy-

drogen gas.

Such is not actually the case until the neutron energy drops below ap-

proximately one electron volt. This is because the hydrogen molecule, con-

sisting of two particles, has six degrees of freedom--three of translation,

two of rotation, and one of vibration. While the translational motion can

take on continuous values, the rotations and vibrations must be quantized.

This means that the energies in these motions cannot be arbitrary but are

confined to certain discrete values. Specifically, if one treats the vi-

brations of the two atoms with respect to each other as a harmonic oscillator

and quantizes the motion, one finds that the possible energies are given

by En + (1/2)] hv, where h is Planck's constant, n a quantum number that

takes on integral values 0,-1, 2, 3 ... , and v a fixed frequency of oscil-

lation that is related, as in the classical case, to the binding force.

If n = 0, we obtain the ground state, which is still seen to have an energy

of (1/2) hv, called the zero-point energy. The energy hv is called a quantum.

It can be shown that if an incoming neutron has enough energy to impart

several quanta to a bound vibrating particle in a collision, the neutron

behaves as if this vibrational degree of freedom were fully active; i.e.,

it interacts in the same manner as if the particle were free. Since the

fundamental quantum of vibration, hv, of the hydrogen molecule is about

0.5 ev, it is not until the neutron energy degrades to this neighborhood

that binding becomes significant.

If a neutron has less than 0.5 ev energy, it can no longer transfer

energy to the vibrational levels of the hydrogen molecule. A transfer

from the molecule to the neutron may occasionally occur, in which 0.5 ev

is transferred to the neutron, causing it to speed up. These transfers

will be exceedingly rare at ordinary temperatures (kT ; 0.025 ev), inasmuch

as very few molecules will be in excited states. The vibrational degree of

freedom will therefore be almost completely inhibited, and only the remain-

ing five degrees will be active.

The decrease in the number of degrees of freedom has the effect of in-

creasing the reduced mass = (m mN)/(mH+ mN) = (A x l)/(A + 1) of the hy-

drogen-neutron system, somewhat as if the struck hydrogen atom suffered

some drag from the other atom to which it is bound so that its mass is

now l<A<2. It can be shown that the scattering cross section, a-, is
s
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proportional to p2, so that the cross section increases as the number of

degrees of freedom decreases, being 20.3 barns for a free n-p collision,

where pi = 1/2. Its angular distribution also becomes more isotropic in the

laboratory as p-l. The slowing-down parameter, , on the other hand, clearly

decreases, since there are now fewer ways of transferring energy. This can

also be seen from the dependence of on A in Eqs. (4) and (5a). Since it is

the product o- which is important for moderation, the moderating properties
s

of hydrogen do not change very drastically.

For neutrons somewhat below 0.025 ev that collide with a cold hydrogen

gas, the rotational degrees of freedom of hydrogen also become inhibited.

The molecules then retain only three translational degrees of freedom and

therefore act like rigid particles of mass A = 2. In that case, p = 2/3

instead of 1/2 as for the free hydrogen atom in a neutron collision. Thus,

a- increases by a factor of 1.78, from 20.3 to 35.2 barns, whereas decreases

from 1 to 0.725 barns. a- therefore increases by about 1.3, so that the

moderation of hydrogen gas would seem to be somewhat improved at very low

temperatures and neutron energies.

Water Vapor

In passing from hydrogen gas to steam, we now must deal with the H20

molecule with its nine degrees of freedom. A discussion of the lowest-lying

excited states in the three vibrational and three rotational modes is not

necessary here. As before, the hydrogen atoms can be considered free as long

as the various degrees of freedom are not strongly inhibited. When they be-

come frozen out (this happens at 0. ev for vibrations and at 0.006 ev for

rotations), the collision cross section o- increases, while the effective
s

slowing-down parameter decreases. As the effective proton mass increases,

to- first increases slightly, and then decreases as a saturates at 81.4 barns,
s 5

while continues to drop. A free H20 molecule is expected to be a better

moderator than unbound hydrogen down to energies well below kT. In water, the

detailed behavior of ga- depends strongly on the degree to which the molecular
s

rotations are hindered in the liquid. Indications are that liquid water at

3000K moderates very nearly like an ideal monatomic hydrogen gas.
*
A. W. 4cReynolds, M. S. Nelkin, M. N. Rosenbluth, and W. L. Whittemore,

"Neutron Thermalization by Chemically Bound Hydrogen and Carbon," P/1540,
Second International Conference on the Peaceful Uses of Atomic Energy, Geneva,
September 1-13, 1958; M. S. Nelkin and E. R. Cohen, "Recent Work in Neutron
Thermalization," P/1839, Ibid.
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The Beryllium Crystal

The situation in a crystal of beryllium consisting of a regular array

of N atoms is even more complicated. From the viewpoint of a slow neutron

such a crystal can be regarded as a huge single molecule. Clearly, this

molecule still has three degrees of freedom of translation and three of

rotation. These give rise to elastic scattering of neutrons, which will

be discussed in detail below. Since the molecule has a virtually infinite

mass, the energy of the neutrons is, to exceedingly high approximation, un-

altered in such an elastic collision, so that we can refer to the scattering

as rigorously elastic.

The remaining 3N-6( .31) degrees of freedom are vibrational, become

excited through inelastic scattering, and, because of the strong coupling

of the identical atoms, give rise to sound waves in the crystal, i.e., to

cooperative motion of all the atoms.

Inelastic Scattering. It would be very complicated to quantize these

roughly 3N vibrational degrees of freedom separately and find the various

energy levels. Instead, a statistical method is used. It is assumed that

any possible motion in the crystal can be expressed as a superposition of

-3N independent normal modes or standing plane waves. These, in turn, are

then quantized. Three tasks therefore arise: to enumerate the 3N normal

modes, to quantize these modes, and to express any motion in terms of them.

The method of enumerating the normal modes in a simple cubic lattice

was worked out by Debye and can be found in elementary texts. It is valid

provided that sound is not dispersed in going through the medium. It con-

sists of enumerating the 3N standing waves of the lowest wavelength that

can exist in a cube of side a \ if, i.e., the waves having such wavelengths

and directions of propagation that each side of the cube cuts off an integral

number of half waves. Not too surprisingly, it is then found that the

shortest wavelength to be included is equal to 2a, where a is the lattice

spacing. Obviously, waves of shorter wavelength are not needed to describe

the positions of individual atoms and therefore have no physical meaning.

Quantization of the modes is straightforward and rigorous. Each mode

is treated as an independent harmonic oscillator which can be excited by

discrete amounts of energy nhv, where n is an integer (0, 1, 2 ... ) and v
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of scattering, all the scattered wavelets experience the same phase shift

with respect to the incoming wave. Hence, they interfere with the incoming

wave. This results in sharp diffraction peaks being observed at certain

angles where constructive interference takes place: coherent scattering

is not isotropic, but confined to a number of sharp peaks. If an observa-

tion is made in a direction a with respect to a beam incident on a crystal,

the conditions for the occurrence of coherent scattering in this direction

are (1) that the crystal be so oriented that the normal to one of its

crystal planes bisects the angle of deflection (law of reflection); and

(2) that the wavelength X of the neutrons bear the proper relation to the

lattice spacing d of the crystal planes for constructive interference to

take place, i.e., that Bragg's law,

nX = 2d sin , (10)

be satisfied. Here, n is the order of the interference and X is given by

the de Broglie relationship,

h (1X = -h (l

p

where h is Planck's constant and p the neutron momentum.

Well above the Debye temperature, where the vibrational degrees of

freedom are active, the coherent elastic scattering is negligible. As the

neutron energy decreases, however, the coherent scattering becomes more

important. At first, because X is small, most of the peaks are at very

small angles, but as X increases, with a fixed d and n, 8 increases, until

X finally becomes so large that sin (8/2) = 1: the peak is observed in the

backward direction. Below this neutron energy, coherent scattering in nth

order can no longer take place from this plane. When X>2d, all coherent

scattering from the plane is totally "extinguished." Extinctions such as

these cause some irregularities in the total cross section, as can be seen
*

from the cross-section data for beryllium. The two widest-spaced planes
0

for beryllium are at 2.27 and 3-.59 A. For neutrons of wavelength greater
0

than 4.54 A or of energy below 0.007 ev, only one scattering plane remains

*
Hughes and Harvey, op. cit.
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and the cross section makes a sharp dip. Another dip occurs for neutrons
0

of energy below 0.0053 ev, where scattering from the 3.59-A plane is

extinguished.

Below 0.005 ev, no coherent scattering can take place. The remaining

cross section is due to some incoherent scattering (a small amount of which

remains from the phonon interaction) and to neutron absorption.

Incoherent Elastic Scattering. This type of scattering of neutrons

in a crystal may be due to several effects.

1. If there are lattice imperfections, these can produce random

scattering centers and may cause both variations in d and a reduction in

the number of useful planes contributing to a diffraction peak. This

causes broadening and lowering of the peak, the area under the peak being

decreased, so that some of the scattered neutrons appear at other angles.

Scattering from a large assemblage of microcrystals, instead of from a

single crystal, also causes dispersion of the scattered beam. It can be

shown that if the microcrystals are themselves nearly perfect, the scat-

tering peak is spread into a conical shell about the incident beam.

2. Thermal motions cause the lattice spacings to vary and thus

produce incoherent scattering. Cooling of the crystal will reduce this

incoherent effect, although even at absolute 00 some incoherent scattering

will remain from the zero-point energy retained by the oscillators describing

the crystal motion. This incoherent scattering increases with decreasing

neutron energy, as mentioned under "Helium Gas," on page 19.

3. If the atoms of the lattice have a nuclear spin other than zero,

the nuclear interactions become spin-dependent. Beryllium has a spin of

3/2 and the neutron has a spin of 1/2. The neutron-beryllium interaction

can therefore be characterized by a spin of either 1 or 2. The two inter-

actions may have scattering amplitudes that differ in magnitude and sign.

If so, incoherent effects may arise for two reasons. First, the spin

orientation of nuclei in the lattice is usually random, rather than

correlated between close neighbors, except at very low temperatures.

Second, the neutron spin may flip, or reverse in orientation, upon scat-

tering from a nucleus of the lattice. Both effects can be calculated in

terms of the two scattering amplitudes and will be large if the interactions
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in the two spin states are very different. In beryllium the spin-1 and

spin-2 interactions seem to be almost identical in both sign and magnitude,

so that spin-dependent incoherence is virtually absent.

The ZrH Lattice

The crystal structure of ZrH will be discussed in Chapter 5. At this
n

point, it is sufficient to point out that the zirconium lattice itself is

fairly isotropic and that this isotropy is not strongly disturbed by the

introduction of hydrogen atoms in regular interstices. These hydrogen atoms

then form a regular lattice of their own, but each hydrogen atom is sur-

rounded by zirconium neighbors, so that hydrogen-hydrogen coupling is not

very strong.

In the following discussion we shall ignore to the first order the

effects of the zirconium cross section (--6 barns) and the effects of in-

terference between the zirconium and hydrogen scattering amplitudes, inas-

much as the bound-proton-neutron scattering cross section (81.4 barns) is

so large. We shall therefore think of the hydrogen atoms as arranged in

a regular lattice, but with each atom more or less strongly coupled to

several heavy (A = 91) zirconium masses rather than to other hydrogen atoms.

As before, above a certain neutron energy k9, which is characteristic

of the zirconium-hydrogen binding force, it can be assumed that the atoms

are free, so that the free n-p cross sections a-(20.3 barns) and the average
s

slowing down 6 (= 1.0) prevail. Below kG, the vibrational degrees of

freedom gradually become inhibited; a- increases to 81.4 barns, while i
s

decreases. As the vibrational freedoms freeze out, more and more of the

scattering becomes rigorously elastic.

The elastic scattering is overwhelmingly incoherent. This is due to

the accidental fact that the singlet and triplet (spin-0 and spin-1) n-p

scattering amplitudes have opposite signs, with the singlet amplitude

about four times the larger. As a result, the incoherent scattering is

about fifty times larger than the coherent scattering. Hydrogen diffraction

peaks are therefore weak in the angular distribution of neutrons scattered

from a ZrH lattice, a fact which makes neutron diffraction studies of this
n

lattice rather difficult, but which simplifies an investigation of the

thermalization of neutrons.
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In order to determine the moderating ability of ZrHn, it was found

necessary to perform several experiments. These will be described in detail

under "Experiments at Brookhaven," beginning on page 30. They showed con-

clusively that the Debye model is not adequate in describing the neutron

interaction with a hydride lattice. Instead, an Einstein model (see page 38)

was developed. Chapter 4 deals with temperature coefficients of an actual

ZrHn -moderated reactor. The first section of this chapter describes calcu-
n

lations of temperature coefficients that take into account the Einstein

model of the hydride lattice. The second section deals with the experiments

that were done to estimate the prompt and delayed temperature coefficients

of a realistic core assembly.



Chapter 3

THERIIALIZATION I ZIRCONIUM HYDRIDE

EXPERIMENTS AT BROOKHAVEN

Introduction

To understand the thermalization process in ZrHn, it was necessary to

make an intense beam of monochromatic neutrons at low energy impinge on a

crystal of ZrHn at temperature T and to measure the energy spectrum of
n

scattered neutrons. The 25-Mw Brookhaven research reactor was found to be

well suited to this purpose.

As mentioned under "The Diffusion Approximation," on page 12, to have

complete information on the scattering of neutrons from an anisotropic solid

at temperature T, one would have to measure the scattering cross section

0 (k , k2 , T) for all pertinent values of incoming and outgoing neutron

momenta k and k2 as well as T. This is not true if the solid is in poly-

crystalline form or if coherent effects are absent. Coherent scattering from

hydrogen is known to be small to begin with. By employing a ZrH polycrystal,
n

it was determined that the coherent scattering could not contribute sizeable

peaks of scattered neutrons at certain angles. Thus, only the initial and

final energies E and E2 of the neutrons, their scattering angle G in the

laboratory, and the target temperature T were variable parameters.
*

Three experiments done by General Atomic staff members at Brookhaven will

be described. First, the average energy loss of scattered neutrons was measured

as a function of energy and angle for ZrH and other hydrogenous materials.
n

Next, the energy spectrum of very cold neutrons scattered from ZrH to a given
n

angle was measured as a function of target temperature. Last, the total removal

cross section for neutrons in ZrH was measured as a function of neutron energy.
n

First Experiment: Average Energy of Scattered Neutrons as a Function of

Incident Energy and Scattering Angle

A monoenergetic incident beam was obtained from a crystal spectrometer

and made to impinge on a sample thin enough so that multiple scattering was

*
MclReynolds, et al1., of. cit.

30
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small. The sample was at the center of a spectrometer table around which a

BF counter could be rotated to detect scattered intensity at angles from
0 0

0 to 150.

The average energy of both the direct and the scattered beams was

measured by their transmission through gold, for which the cross section

varies approximately as 1/v in the 0.05- to 0.3-ev energy range studied.

Figure 1 shows the average energy E2 of the scattered neutrons as a

function of angle for water, Lucite plastic, and zirconium hydride for three

different values of the incident energy E1 . All samples were at room

temperature.

The curves for ZrH contain the combined data for several values of n
n

ranging from 1.2 to 2, inasmuch as no differences in scattered energies were

observed. It will be noticed that water is a very good moderator down to

between 0.06 and 0.08 ev, Lucite is not nearly so good, and ZrH shows hardly
n

any moderating ability even for 0.12-ev neutrons.

From the values I( G) of scattered intensity at various angles and

the values of E2 (9) taken from Fig. 1, one can derive a value C(E1)

for the slowing-down parameter:

fn I(E 1, ®) (E, ) sin s da

g(E 1) - A

i I(E, 9) sin a d®

= ln (12)

E 2( S

It is clear from Fig. 1 that for ZrHn I,(E1) is very small for E < 0.12 ev.

E2 was then measured for several higher values of E at an angle of 800.

The results are shown in Fig. 2, where (E1 , 800) is plotted as a function

of E . Circles represent the experimental points; the solid curve, a fit

based on theory (discussed under "The Einstein Model," page 38); and the

dashed curve, what would be expected theoretically for free hydrogen. It is

seen that rapidly increases above 0.12 ev and goes through some oscillations

which approach the free hydrogen curve. Clearly, the vibrational degrees of
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Fig. 2--Neutron inelastic scattering from H20 and ZrH 1 5.
Average energies E, and E2 of monoenergetic incident
neutrons and neutrons scattered at 80o angle were mea-
sured by transmission through gold. Solid curves are

fitted by choice of only one parameter.

freedom of the hydrogen in ZrH seem to be almost completely frozen out below
n

0.12 ev, and with an abruptness not characteristic of a Debye spectrum.

Second Experiment: Energy Gain of Cold Neutrons

A neutron beam of very low energy (about 0.004 ev, on the average) was

obtained by filtering through beryllium, which scatters out most of the

neutrons of energy >0.0053 ev (see page 27). The spectrum of neutrons scat-

tered tc some angle, say 900, was then measured by means of a chopper and a

multichannel time-of-flight system.

Figure 3 shows the time-of-flight distribution for ZrH at room1.5
temperature, and Fig. 4 shows the same data on an energy scale. The con-

tinuum of energy states from 0 to about 0.025 ev constitutes the acoustical, or

Debye, spectrum which results from vibrations in which the hydrogen atoms are

apparently rigidly bound to the zirconium lattice. The number of neutrons
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in this interval is small, which agrees with the fact that moderation is poor

in this energy region, as was noted in the discussion of the first experiment.

A peak is clearly resolved at 0.13 ev. Again from the preceding discussion,

this peak would appear to be associated with the moderation by hydrogen and is

linked with the excitation of vibrational degrees of freedom of this element.

Figure 4 also shows the results of a run in which the sample temperature

was increased to 3930C. Not only was the intensity of neutrons observed to

be much increased in the peak at 0.13 ev, but a second peak, at about twice

the energy, was also observed.

Figure 5 shows a semi-log plot of the neutron intensity, I, observed

in the peak at 0.13 ev as a function of l/T, T being the target temperature

in degrees Kelvin. Evidently this intensity is well fitted by the theoretical

relation

E

I=10 e -k(13)

between T = 3000K and T = 660 K, the range where it was measured. E is the

energy level of the first excited vibrational hydrogen level and is given by

the slope of the graph as

E = 0.130 t 0.005 ev.

It was found that neither the shape nor the position in energy of the

peak depended on the relative hydrogen content of the samples over the range

ZrH 1.2 to ZrH1 9 . This is more precise evidence than are the measurements

of average energy loss that the environment of the individual hydrogen atoms

remains constant over this composition range. In view of our interest in

making homogeneous fuel-moderator elements for reactor cores from uranium

and zirconium hydride, measurements were also made on hydrides of a zirconium-

uranium alloy containing up to 8 wt-o uranium. The addition of the uranium

was found to have no effect on the shape and position of the peak.

Third Experiment: Total Removal Cross Section

*
The total cross section of ZrH. 5 was measured by the attenuation of a

monochromatic neutron beam produced in the high-resolution crystal spectrometer

*
A. W. McReynolds and W. L. Whittemore, "Total Cross Section as a Function

of Energy for Several Hydrogenous Materials," to be published in Phys. Rev.
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*
of V. L. Sailor, et al. The variation of the cross section with incident

energy E is sho.m in Fig. 0. There are minima in the cross sections at

multiples of about 0.13 ev which approach the value of 21.3 for the -free

hydrogen cross section as the neutron energy increases.

In Fig. 2 it was showin that at 800 the logarithmic energy decreraent for

the hydride is always below that for free hydrogen, at least thin the energy

range investigated. This is also true at other angles. In Fig. 3, the

.total scattering cross section 6 appears to be always above the free hydrogen

cross section. The product to, obtained by using Eq. (12) and normalizing

the integral in the denominator to (E ), has been plotted in Fig. 7 as a

function of incident neutron energy E. It is this product which, multiplied

by the atomic hydrogen density, describes the moderating ability of the

material. ZrH is seen to produce negligible moderation below 0.13 ev
n

neutron energy, but above this energy its ability to moderate fluctuates

around that of free hydrogen, being, on the average, somewhat greater.

Summary of the Experiments

1. For neutrons of energy above 0.13 ev, the moderating ability of

ZrHn is at least as good as that of free hydrogen. Below this energy it

rapidly becomes small.

2. Cold neutrons can speed up in passing through ZrH by picking up

amounts of energy which are integral multiples of 0.13 ev. The higher the

hydride temperature, the more readily this process will take place.

3. These conclusions seem to be independent of the H:Zr atomic ratio

in the hydride.

THE EINSTEIN MODEL

Introduction

The foregoing experimental results strongly suggested that hydrogen

atoms bound in a ZrH lattice do not act like Debye scatterers, but rather
n

like Einstein oscillators. In the Einstein model, each atom is thought of

as bound isotropically to a fixed center about which it can oscillate

harmonically. Such an oscillator has possible energy states En + (3/2)] hv,

h being Planck's quantum of action, v the oscillator frequency, and n an
*
V. L. Sailor, H. Foote, H. Landon, and R. E. Wood, "High-resolution

Crystal Spectrometer for Neutrons," Rev. Sci. Instr., Vol. 27, 1956, p. 26.
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all scattering-angle data as shown in Fig. 2

integer. In a scattering event with such an oscillator, a neutron can

therefore gain or lose integral multiples of energy hv.

That the Einstein model should be more suitable than the Debye model in

describing the hydrogen lattice appears plausible from the following

considerations.

First, as will be explained in Chapter 5, in the ZrH lattice each
n

hydrogen atom has four approximately equidistant zirconium atoms as its

nearest neighbors, arranged in such a way that one can think of the hydrogen

atom as located at the center of a regular tetrahedron at whose vertices are

the zirconium atoms. For such a geometrical arrangement it is easy to show

that the three normal modes of vibration, which correspond to displacement

of the hydrogen in three directions from the center of the tetrahedron, have

the same frequencies.

Second, the zirconium atoms are 91 times heavier than the hydrogen atoms.

Thus, zirconium atoms have a tendency to move sluggishly, while the hydrogen

atoms execute rapid motions about their equilibrium positions, this motion

being little affected by the movements of the binding centers.



In a three-dimensional crystal, there still exists the possibility of

interaction between nearby hydrogen atoms, even though these are not nearest

neighbors. That this interaction is probably quite weak is made plausible

by evidence, to be introduced in Chapter 5, that the surrounding zirconium

atoms are likely to shield a hydrogen atom quite effectively from the nearest

similar atoms.

The following model was therefore adopted: The hydrogen atoms behave

as if isotropically bound and have identical frequencies v such that

hv = 0.130 ev, as was observed. The observed frequency spectrum is somewhat

broadened by (1) the finite zirconium mass which couples oscillations of

one hydrogen atom with those of another; (2) distortion of the tetrahedrons

due to incomplete filling of neighboring interstitial hydrogen positions;

and (3) next-nearest-neighbor interactions between adjoining hydrogen atoms.

Successive levels may not be spaced quite evenly because of anharmonic

contributions to the potential.

Such a picture allows a neutron to slow dow.n by so-called optical

transitions in energy units hv = 0.13 ev as long as its energy is above

0.13 ev. Below 0.13 ev the neutron can still lose energy by the inefficient

process of acoustic Debye-type transitions in which scattering occurs with

a value of O corresponding to the bound cross section of a hydrogen atom,

but with an energy loss g characteristic of a zirconium atom or less. In

addition, it is possible for a neutron to gain one or more quanta hv, in

one or several scatterings, from excited Einstein oscillators. Since the

number of excited oscillators present in a ZrH lattice increases with
n

temperature, this process of neutron speeding up is strongly temperature-

dependent and will play an important role in the behavior of ZrH moderation
n

in a reactor.

The following section contains a brief outline of the theoretical treat-

ment of the optical modes.

The Fermi. Theory

The elementary theory of the interaction of a slow neutron idth a

harmonically bound hydrogen atom was first treated by Enrico Fermi. Although

refinements have been made in the theory since that date, his treatment

*
Ricerca sci., Vol. VII-2, 1936, p. 13.
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stands virtually unchanged and will be followed here. It will have to be

assumed that the reader has some Imowledge of elementary quantum mechanics.

The Pseudo-Potential. We consider a system of two particles--a proton

at position and a neutron at position r . The distance between the two
.9 n

particles is r - r = r. The proton is bound in a fixed potential U( ),n p p
due to chemical binding, which will later be specified to be isotropically

harmonic. The proton-neutron interaction is specified by an interaction

potential g(r). The Schroedinger time-dependent wave equation for this

system is

h h2 2 +72 +u

ti8n rn rp

Here, h is Planck's constant, M is the elementary nucleon mass, i is the
2 2

imaginary unit -1, and17" and V7 are Laplacian differential operators
n p

with, respect to the subscript coordinates that represent the kinetic energies

of the neutron and the proton, respectively. t(n , p , t) is the Schroedinger

wave function describing the motion of the particles, and * is its time

derivative.

In the section "The ZrH Lattice" (page 28), it was pointed out that the
n

(n, p) interaction is strongly spin-dependent and that this spin-dependence

causes the scattering to be overwhelmingly incoherent when the temperature

is above a few degrees Kelvin, so that the nuclear spin directions of neigh-

boring protons are uncorrelated. It turns out that between 1 and 10 ev

the (n, p) scattering cross section is energy-independent. The magnitude

of the (incoherent) scattering does not depend on the detailed shape of the

interaction in this region, but only on its "strength," which can be thought

of as a number proportional to the product of the range and depth of the

potential well. Only a single strength, suitably averaged over triplet and

singlet states, need be specified. This is due, in large measure, to the

fact that below 10 ev the de Broglie wavelength of the nucleons is very

much greater than the range of either interaction.

We can go a step further and say that the range of the chemical forces

on the proton is so large compared with the range of the nuclear interaction

that the former does not vary appreciably over the nuclear range. Thus, we

may go to the limit of representing the nuclear potential as a sharp spike
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concentrated at the point r = 0 and of infinite depth, and adjusted so that

2

g() = -(15)

where a, the scattering length, is a number dependent on the strength of

the interaction and 5(75) is the Dirac delta function defined by

5(") = Co at Ir = 0

= 0 at I-rK> (16)

00 Co

5(_r) dit = 1 and f(,A) 6() dY = f (0)
0 0

The potential (15) is sometimes referred to as the Fermi pseudo-potential.

Equation (14) then becomes

2 2 2
h +h + > ha + U( ) f -n86( (17)

8v 2M rn p p itM

The Born Approximation. The delta function pseudo-potential is only

meaningful in a perturbation treatment in which the scattering cross section

is obtained by the so-called Born approximation. The validity of this

approximation is made plausible in Fermi's paper. Since the treatment can

be found in the standard quantum-mechanics texts, only the end result will be

given here.

The differential cross section Ldo12 (@)] /d.2 for a scattering event
that takes the system from state 1 to state 2 and scatters the neutron by

an angle ® in the laboratory system is given by

( ) o 21ri 
2a

do1 2(G) 2 p2  2 -. rp2
=4 - u4aer (r1) ul(r ) di . (18)

d2Pi 2p 1p p
0

The initial state is characterized by a neutron momentum P and a proton

pave function -L, (' ) with energy El, which satisfies

- 17-t u 1(V ) + U( I 0) u 1(7') =Elul( )p .(19)
8tM r p pp p 11p

*
Ibid.
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The final state is similarly characterized by p2, E2 and u2 (Tr). Given an

initial neutron momentum Jpi, the final momentum IP2L is fixed by conserva-
tion of energy E and the initial and final proton energies E and E2 as

2 2
P2 l
2M2M + 

2 E -E2 (20)

It will be instructive to evaluate Eq. (18) in the extreme cases in

which (a) the hydrogen atoms are strongly bound and (b) they are free.

In case (a), the de Broglie wavelength h/p1 of the incident neutron is

large compared with the spread of the hydrogen wave functions u2 and u1 .

The factor exp [2xi/h(p 2  ) -" is then constant over the region of

integration, can be taken outside the integral, and does not contribute

since it has modulus unity. Moreover, the functions u1 and u2 are orthogonal,

so the integral vanishes unless u1 = u2 . By Eq. (20), p1 = p2 and Eq. (18)

becomes d 1 2(® )'a. I / a . Thus, the scattering is isotropic. The total

cross section o1 is loca~ which, with a scattering length of a = 1.27,

gives 81.4 barns.

In case (b), the functions u and u are replaced by plane wave eigen-

functions similar to those for the neutron but characterized by proton

coordinates and momenta. In that case the integral in Eq. (18) is zero

unless momentum is conserved. If momentum is conserved, it is unity. The

application of conservation of momentum and energy (Eq. (20)) readily yields

daQ(8) 2 2
=a a cos and o=47ta =20.3 barns.

To apply Eq. (18) in cases of intermediate binding, the functions u1 and u2
must be known.

The Oscillator Problem. If the proton is regarded as bound in an

isotropic harmonic oscillator potential, we put U(r ) = (1/2)kr2 in Eq. (19),
p p

where k is the constant describing the tightness of binding; k can be replaced

by w21S2 , M being the proton mass, and v the classical frequency of

oscillation.

The solution can be assumed to be a product of three factors, each

depending on only one of the Cartesian components x, y, z of V . The
p

equation then becomes separable into three similar one-dimensional oscillator
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equations. Each of these has well-behaved solutions only for discrete energy

states hv(1/2 + n.), where j = x, y, z, and the solutions involve the well-

known Hermite polynomials Hn(j) multiplied by an exponential exp [-(1/2)j].

The condition between the separation constants gives n = n + ny + nz'

where all the n are integers and the total energy is E = hvL(3/2)+ n] for
thn

the n excited state.

Consider a transition between states 1 and 2 characterized by total

quantum numbers n1 and n2 . The wave functions for each of the two states

must be sums over all possible ways n, n, n in which the total quantum
x y z

number n can be realized. The integral, Eq. (18), can be carried out as the

product of separate integrals over x, y, and z. Equation (20), expressing

conservation of energy, becomes

2 2
~2 1l

-2 P n hv ,whereLAn=n -n ,
2M 2M 2 1

or

2 2 pP = P - An, in units P=.
2 1

For a collision in which the neutron scatters from riomentum p1 to p

and in which the hydrogen atom, initially in the ground state n = 0, is

excited to the state n, with total energy E = p2/2M + (3/2)hv being con-

served, one obtains

d () 2 2 ( - l2n (2l2
on = a.- 2 1 e , (21)

or the total cross section, obtained by integrating over S2, becomes

2

on a2 1 2(22)
C7- = -n -e d for n .<.P2. ()on .P2 2

1 (P 1P2)

2In Fig. 8 we plot o as a function of P, the initial energy of theon1
neutron being expressed in units of hv. The partial contributions from

0 0l' 002, etc., are represented by the dotted curve, and the solid
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curve is the total cross section. It is seen that the total cross section
2 2 2

decreases from 16ga for very slow neutrons to about t4va2 at P = 1. This
2 1

is the first of a series of minima all occurring at P = integer. Gradually,
1 2

the cross section smooths out and approaches the free hydrogen value of 4na .

Temperature Effects. So far, we have assumed the hydrogen-bearing

lattice to be at 00K. Where it has a finite temperature, it can be treated

by assuming it to be a statistical assemblage of oscillators with total

initial energy E1 (T), where E = E (T) + p2/2M is conserved in a collision.

We can take the simpler approach of calculating, by means of Eq. (18),

the partial cross sections of neutrons scattering from various excited

oscillator states and, in the process, either slowing down or speeding up.

In fact, from the symmetry of the integral in Eq. (18) it is clear that

P _ p2
C12 p2 =21 p-1

2

or 21 = 122) (2
P2

_c - - -

1 po

(23)
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where 521 is the scattering cross section (differential or total) in which

a neutron of initial momentum P2 goes to final momentum > 1 2t by picking
up one or several quanta hv from a proton initially in state u2 . Equa-

tion (23) expresses the principle of detailed balancing and is of very

general usefulness in physics.

Equation (23) is not yet complete for our purposes. To get the

effective macroscopic speeding-up cross section, it is necessary to know

what fraction of oscillators is in the state u 2 in a crystal at temperature T.

For kT/hv < 1, this fraction is given by

N(unhv
2__ kT

for the case in which u1 represents the ground state and u2 the nth excited

state, and the exponential is the familiar Boltzmann factor. We can there-

fore write

n

E21 12 T _ , (24)
2

where Z 21 and Z 12 represent macroscopic cross sections for speeding up a

neutron from energy e2 to 6 or slowing it down from e1to E2(the difference

E - E2 being n) in a hydride lattice at temperature T. Here, ' and

e ( p2) are expressed in units of hv; thus 2 = kT/hv,

Comparison with Experiments

The foregoing results can now be compared with the experiments described

earlier in this chapter. It is merely necessary to put hv = 0.13 ev,

according to the experimental findings. This is the only adjustable parameter,

the scattering length, a, being known from (n, p) scattering results.

Comparison of Figs. 6 and 8 for the total scattering cross section as

a function of energy shows excellent qualitative agreement between theory

(Eq. (22)) and experiment. When the theoretical curve of Fig. 8 is corrected

for Doppler broadening of the cross section due to thermal motion of the

zirconium atoms in the lattice (the dotted curve of Fig. 6), the fit becomes

even better.
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The theoretical fit to the experimental points of Fig. 2 for (800)

is excellent. The theoretical curve was derived from Eqs. (21) and (12),

with @ = 800 and hv = 0.130 ev.

The results of Figs. 3 and 4 for the speeding up of cold neutrons by

scattering to 900 showed the most striking confirmation of the validity of

the Einstein model. The width of the peaks was well accounted for by the

initial energy spread of the cold neutrons, Doppler broadening due to

thermal motions, and lattice distortions due to nonuniform hydrogen distri-

bution. The prominent peak between channels 30 and 50 of Fig. 3 is actually

quite small on a more suitable energy scale (see peaks near 0.02 ev in

Fig. 4), and represents acoustic speeding up by absorption of phonons in

the lattice.

It is clear from Eq. (24) that the intensity I observed in the optical

peak when cold neutrons are incident on a lattice at temperature T should

go as e-(hV/kT) as long as contributions from states with n > 1 can be

ignored (i.e., kT <C hv). As mentioned in the discussion of the second

experiment, page 36, a plot of ln I versus 1/T should give a straight line

with a slope hv/k. Figure 5 fully confirms this behavior and again yields

hv = 0.130. As was seen from Fig. 4, the temperature dependence of the

acoustic scattering is much less drastic.

On the basis of the above discussion, the agreement of theory with

experiment can be termed excellent.



Chapter 14

TEMPERATURE COEFFICIENT OF A HYDRIDE-MODERATED REACTOR

CALCULATIONS

Statement of the Problem

In the light of the experiments described in Chapter 3, the thermal

behavior of a ZrH -moderated reactor in vhich fuel and hydride are homo-
n

geneously mixed became more understandable. In particular, it was evident

thatbecause of the tight binding of the hydrogen atoms in a zirconium

lattice, the moderating power of the hydride at room temperature is strongly

Inhibited, being of the order of kT/hvz~0.2 that of free hydrogen. Obviously,

this reduced moderating power would adversely affect the prompt negative

temperature coefficient, for the sake of which the sQ6lid homogeneous fuel

element was initially chosen, as was explained in Chapter 1. It was there-

fore found necessary to perform some reactor calculations and experiments to

be certain the warm-neutron effect was large enough to justify the develop-

ment of these new fuel elements.

The calculations will be reported below. The remainder of this section

will discuss other contributions to the prompt temperature coefficient, as

well as some of the delayed effects. Experiments that were done to measure

the temperature coefficients are described under "Experiments" on page 58.

Treatment of the Warm-neutron Effect

If the reactor contains ZrH as the sole moderator, moderation will

virtually cease below 0.13 ev. It can then be shown that on an energy scale

the neutron distribution is roughly uniform between 0 and 0.13 ev (this

statement assumes that above 0.13 ev binding effects are negligible--a some-

what crude approximation, as can be seen from Fig. 7).

Let W (6) be the distribution of neutrons in energy for r-! 1, where e

is the energy in units of hv. We shall assume that kT -hv, so that only

oscillators excited by a single quantum are involved. Clearly, W(E) = const

gives a distribution that is far from Maxwellian about kT, there being far

too many neutrons above kT.

49
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Neglecting Debye scattering, we assume that neutrons of energy c <<1

can only scatter elastically, be absorbed, or gain a quantum from the lattice

with cross section Z21 of Eq. (24). In the latter event they end up with

an energy c + 1 and can scatter elastically, be absorbed, or lose a quantum

to revert to their former energy. If we let W(C + 1) be the neutron density

at (E + 1) due to speeding up from E, we can write

T2 W(c) =L-12 + Ta(c + 1)] W(r + 1) d + 1 (25)

for the steady-state value of W(C + 1), which does not include the contri-

bution to the neutron density at (E + 1) due to neutrons slowing down past

E + 1 for the first time. The relation Eq. (25) expresses the fact that

W(E + 1) will reach a steady value if the number of neutrons speeding up

to energy (C + 1) is balanced by the number being captured there or slowed

down from (E + 1).

If 2a(E + 1) is not too large compared withZ12 in the homogeneous
a 12 235

active material, which is a reasonable assumption for H:U ratios of the

order of 200, the absorption term in Eq. (25) can be neglected. The ratio

of W(C + 1) to W(C) will then be given by its equilibrium value. With the

help of Eq. (24) for n = 1, we obtain

1

W(c + 1) = W(r) e =. (26)

Thus, W(C + 1) is determined once W(C) is specified. In particular,

if w(E) is constant, as for a dry reactor, the average energy T is higher,

and the average ratio 4((-+I)/(- lower, than for a Maxwellian spectrum at

room temperature. A real reactor system, on the other hand, would have to

incorporate some coolant, probably water.

For purposes of temperature coefficient calculations, a core model was

therefore assumed in which the hydride did the bulk of the moderating above

c = 1, but in which enough water was present at temperature ?T to establish

a Maxwellian spectrum for the neutrons:

W(E) oc / e 0. (27)
3/2
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The thermalized neutrons would then diffuse into the homogeneous fuel matrix

at temperature -r, where the spectrum would be altered by speeding up ac-

cording to Eq. (26). Calculations were done by the two-group method described

on page 18. The upper group (1) extended from fission energies down to hv

and included all neutrons slowing down by moderation in the hydride or in

water. The lower group took in neutrons of energy 0 < K 1, as well as

those neutrons in the range 1 < C _-2 which were present at the higher energy

because of speeding up. The core was assumed to contain 14 vol-%/ coolant

water.

The usual procedure was therefore used for establishing the fast-group

constants. The thermal constants D2 ' I, and Zf, on the other hand, had to

be averaged over the modified thermal spectrum between c = 0 and e = 2:

1 e LCF(e) + (E + 1)F(e + 1)e ide

C, TO) = , (28)

i % r - -

e 0[C + (C + 1)e dc

where F(C) is any one of the thermal constants. (7, 70 ) was evaluated

(1) for 1/% absorption cross sections (conservatively, the uranium absorption

and fission cross sections were assumed to be of this type), (2) for ab-

sorption cross sections in samarium and other poisons, and (3) for the

transport mean free path Xtr (C) in the hydride, since Xtr is essentially

the coefficient D2 of the Laplacian in the thermal diffusion equation (7b).

In turn, Xtr = 1/otr was derived from the angular distribution (21) for

n = 0 in the range 0 <C < 1 and from the definition Eq. (2), which together

gave

= T 1 - (1 + 4c) a~ , for C _1 , (29)tr =C-2A

in the absence of temperature effects, which were found to be small. A

somewhat more complicated expression, which takes into account inelastic

scattering, was derived for the range la. 2 and gave a behavior somewhat

similar to that of the total cross section depicted in Fig. 8.



Figure 9 shows curves of F(r, I.), for F(e) o /V (1/v cross sections),

as a function ofrand z0. The Einstein level was assumed to be located at

15000K ( 0.125 ev), so T- = 0.182 corresponds to a water temperature of
0 0

0 0C and V%= 0.249 corresponds to 100 C. Curves of Xtin hydride as a

function of Z and 'r are shown in Fig. 10. The curves for fixed TI in both
0 _0

figures show little temperature dependence up to about 0 C, but above that

point the dependence becomes marked. The case r = r0 corresponds to the

situation in which the water heats up simultaneously with the hydride, so

that the neutrons follow the hydride temperature. The temperature then has

much more effect on the thermal constants, so that a higher temperature

coefficient results.

In this case, the leakage goes essentially inversely as the effective

absorption cross section, which is 1/v oc 1/ \T, and the change in leakage is

proportional to the negative change in reactivity, 2k. Thus,

dk d vT c 1

dT dT

so that the temperature coefficient decreases as 1/ \ f with increasing tem-

perature. However, if the water does not heat up, the change in reactivity

for T44 1 must be proportional to e1/Zthe number of speeded-up neutrons,

so that

1 hv 1
dk d ~ hv k 1 ~V
- ~- e - e c-e =- (70)dT dT kT2

for kT < hv/2 the temperature coefficient increases with temperature. Ac-

cording to this expression, the temperature coefficient is 0 at 0 K, remains

near 0 up to about T' = 1/10, then starts increasing rapidly, reaches a maxi-

mum at z = 1/2, and drops back to 0 rather slowly. In this treatment, we

have neglected the effects of higher levels, which cause the temperature

coefficient to approach that for good temperature equilibrium with the hydride.

The temperature coefficient due to Einstein-spectrum effects has been

plotted in Fig. 11 as a function of hydride temperature T for constant water

temperature (3000K). The curve shows the expected (1/2)2e-1/r dependence

for kT < hv, and gives rise to a temperature coefficient of between

-2.5 x 10- and -4.0 x 10- /oC at room temperature and to a coefficient of
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about twice that at 250 C. E. R. Cohen and E. Vaughn have shown that when

higher states are taken into account, the (1/?) e dependence holds

approximately, even for kTzhv. Thus, the maximum is higher than is shown

in Fig. 11 and is located at kT = hv/2 in all cases. The coefficient depends

on the H:U ratio, which influences core size and, hence, leakage. The co-

efficient is largest for an H:U ratio of about 500. For greater H:U ratios,

it decreases because thermal leakage from the core diminishes; for smaller

H:U ratios it decreases because fast leakage into the reflector and the

return of thermal neutrons to the core become increasingly important. A

curve is also included showing the temperature dependence of reactivity due

to the inclusion of 10% black (i.e., strongly self-shielded) poisons inhomo-

geneously distributed in the core (so that one poison region does not depress

the flux at another). The coefficient due to such poisons reaches -10 / C

at 175 C. Thus, the presence of black poisons, as well as leakage from the

core, contributes to a decrease in reactivity as the neutrons warm up. The

temperature coefficient can be artificially enhanced by bhe inclusion o 3uch

poisons, but at the cost of an increase in critical mass. The presence of

1.2 samarium was found to contribute a negligible temperature coefficient.

Other Contributions to the Prompt Coefficient

Several other mechanisms contributing to the prompt tenrratuze co& .

cient should be mentioned briefly.

As explained on page 5 , the presence of U in the fuel causes some

resonance absorption of neutrons between 6 and 1000 ev. The lower U238

resonances are sufficiently strong so that the flux at the resonance energy

is very much depressed in the fuel elements. Because of increased thermal

motion of the U atoms at higher fuel temperatures, the resonances become

Doppler-broadened and neutron capture increases. The Doppler broadening

vias calculated by the method of Dresnert and gave rise to a negative

temperature coefficient somewhat under 3 x 10- /oC for about 8 resonance

capture. It is virtually temperature-independent.

*
Proceedings of the Gatlinburg Conference on Neutron Thermalization,

April 26-30, 1955.

tApplied Nuclear Physics Division Annual Report for Period Ending

September 10, 1956, Report ORNL-2081, November 20, 1956; L. Dresner "Effect
of Geometry on Resonance Neutron Absorption in Uranium," Nuclear Sci. and
Eng., Vol. 1, 1956, p. 508.
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In general, the coolant water does not heat up during a temperature

surge. If the coolant channels are sufficiently large, the spectrum will

change less in the water than in the fuel. The relative absorption in the

water therefore increases, contributing a prompt negative temperature co-

efficient of a magnitude which is difficult to calculate. Although this

effect may make a significant contribution to the prompt negative tempera-

ture coefficient, it has been neglected in the design calculations, so

that the latter values are expected. to be conservative.

If the water content of the core is 14)% and is confined to channels

around the fuel elements, thermal expansion of the latter causes a not

negligible expulsion of water from the core. Since the reactor would be

kept somewhat undermoderated for reasons of safety, this effect would give

rise to a negative temperature coefficient of the order of lO-5/OC. This

coefficient could be considered prompt because the expulsion of water takes

of the order of 1 ms.

Contributions to the Delayed Temperature Coefficient

Attempts were also made to evaluate delayed temperature coefficients,

which arise mainly from heating of the water as it circulates between fuel
*

elements that are experiencing a temperature surge. Bethe has shown that,

under certain conditions, such coefficients, of either sign, can give rise

to unstable power oscillations that may be undesirable or even dangerous.

A certain premium was therefore placed on calculating this coefficient.

The results, however, were not reliable, because the phenomena involved are

extremely complicated.

The most obvious effect arising as the water heats up is that its den-

sity decreases. Since the reactor is presumably undermoderated, reactivity

should decrease, giving rise to a delayed negative temperature coefficient

of the order of 3 x 10-C5C at a water temperature of 50 C. Heating of the

water may also create a delayed positive coefficient, because the neutron

spectrum will follow the water temperature more readily than it will the

hydride temperature, and absorption in the heated water will decrease rela-

tive to that in U2 5 . This effect should be of the same order of absolute

*
H. A. Bethe, Reactor Safety and Oscillator Tests, Atomic Power

Development Associates, Inc., Report APDA-ll7, October 15, 1956.
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magnitude as the prompt negative effect due to absorption in water mentioned

above. A negative contribution results from the warming up of the neutron

spectrum, ihich causes thermal leakage from the core to increase. Finally,

heating the water should lengthen the transport mean free path in it, thus

facilitating thermal neutron leakage back into the fuel and decreasing the

disadvantage factor. This effect should therefore give a positive delayed

coefficient. The magnitude of the effect, however, is very hard to estimate,

since it involves interplay between leakage from and to the fuel, Einstein

scattering and absorption in the fuel, and moderation and absorption in the

water. It is clearly a boundary effect due to the existence of narrow water

channels around the fuel elements, and ordinary diffusion theory is not

reliable in such cases.

While calculations of the delayed coefficient were not successful,

inasmuch as even its sign could not be estimated reliably, it was later

measured experimentally. In the critical facility to be described below it

was found to be very small (see page 62). In the TRIGA described in Chapter O

it was found to be somewhat positive, in such a way that the total coefficient

was small but positive below room temperature, reversing in sign at higher

temperatures. As we shall show, this has a slight but favorable significance

for the operational safety of a solid hydride-moderated reactor (see

pages 102-104).

EXPEMDENTS

The Critical Facility

A series of experiments was needed to determine whether the temperature

behavior of a typical zirconium-hydride-moderated core was adequately de-

scribed by the above calculations. A critical facility was therefore built,

in which various parameters, such as water content of the core, uranium

enrichment, and H:U ratio, could be varied over a wide range.

The facility consisted of a water-filled tank of square cross section

into which could be immersed a large number of fuel-moderator assemblies

of square cross section. The water tank was surrounded by about 16 in. of

graphite on all sides except top and bottom. The fuel-element assemblies

consisted of hollow aluminum cans of 1 in. x 1 in. cross section. These
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were loaded with strips of ZrH1  5 of approximate dimensions 0.93 in. x
235 .. 5238,0.1 in. x 10 in. and with U and U2 foils of the same lateral dimensions

as the hydride strips but of thickness 0.001 in., each weighing about 3 g.

Graphite bars of 0.93 in. x 0.93 in. x 6 in. were placed above and below

each active portion as top and bottom reflectors, and each can was sealed

to prevent the entry of water.

In the experiments to be described, each fuel-element assembly contained

seven strips of ZrH1.45 and, sandwiched between them, six foils of hiGhly

enriched uranium. Because of the high thermal absorption cross section of

U23 5, it was essential to avoid self-shielding, -hich was done by staggering

foils and moderator strips, so that the resemblance to a homogeneous fuel-

moderator mixture was preserved. No U was included. The fuel-element

assemblies were arranged in a square array, with 0.08-in., water channels

between assemblies. Thus, the core was 67%5 active material and moderator,

12lo void, 14%- water, and 7 aluminum, by volume. Unfilled spaces in the water

tank were taken up by dummy fuel assemblies containing graphite in lieu of

uranium and ZrH1L-5, with the same thickness of water between them. Conven-

tional control rods in fuel-assembly positions and boral curtains at two of

the core-reflector interfaces made up the regulating and safety systems.

The H:U23 ratio in the fuel-moderator assemblies was about 200. The

arrangement went critical with 108 fuel assemblies, or about 1.8 kg of U23 5 .

Two experiments of special interest to this discussion were performed.

First Experiment: Prompt Temperature Coefficient

Sixteen of the fuel-moderator assemblies were provided with internal

Nichrome strips through which variable amounts of current could be passed.

In this manner the fuel assemblies could be heated to any desired temperature,

as measured by thermocouples located in several of the assemblies. Heat trans-

fer to the water was minimized by keeping small air gaps between the outer

ZrH1.45 strips and the walls of the fuel cans. In addition, the surrounding

water was kept cool by forced circulation from a reservoir of large capacity.

The experiment proceeded as follows. With the heaters carrying a steady

current, the assemblies were allowed to reach some steady temperature, T .

By means of a regulating rod, the reactor was then put on a long positive

period, 2'1(>1000 sec), and this period was observed on a log count rate
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chart and monitored by counters for at least half an hour. The current wlas

then raised by a small amount corresponding to a new temperature, T2> T

During the time the temperature in the fuel-moderator assemblies increased,

the positive period was observed to become longer, to go through co, then

to become negative, and finally to reach a large, negative value, r2 The

steady final value was observed for at least half an hour.

The inhour relation

0
+ +1

i=l
(31)

for 2'>1000 sec ,

i. 1

correlates a given period t rith the excess reactivity P = (k - 1)/k of a

reactor. Here, I is the average lifetime of a thermal neutron, p. is the

fraction of the total number of fission neutrons vhich are delayed neutrons
th th

belonging to the i group, and X. is the decay constant of the i group.

For long periods, I/t is small compared with the summation, and X.C > 1, sO

the last expression holds. Because of the difference betvreen the spectra

of delayed neutrons and those of fission neutrons, the sum Y /kg varies

somew-hat from reactor to reactor. In our case, it was taken as 0.110 sec.

In this manner a given long positive or negative period -r could be

correlated with a positive or negative excess reactivity i-, and the tempera-

ture coefficient s-/ AT could be computed:

1 2 dP T +T21 2 _ where T = 32
T 1 2 = tT)TT 2(32)

T - T - dT 21 2 T

The negative temperature coefficient thus obtained for a random distri-

bution of the heated fuel assemblies is shorn as a function of the temperature

in Fig. 12. The results are in good qualitative agreement w;ith the calcu-
2 -J/ Vlations given in the first part of this chapter. A curve (A/) e l/, in

which the dependence on -t is predicted by theory (Eq. (30)) and in 'which

A is arbitrarily chosen, gives a satisfactory fit to the experimental points.
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The coefficient was found to depend somewhat on the location of the

heated fuel assemblies. It was a little larger in absolute value for a

given increment in temperature of the assemblies near the center than for

the assemblies near the core-reflector boundary. This means that in a

reactor operating at power, in which the thermal flux is peaked in the

center, the power coefficient of reactivity will be somewhat more strongly

negative than in one in which the thermal flux is flat.

Second Experiment: The Total Temperature Coefficient

In this experiment, the critical assembly, containing only normal fuel-

moderator assemblies, was put on a long positive period with the static

coolant water at a certain temperature. The coolant water was then heated

to a new temperature, and the period was observed to become first longer

and then negative, as in the preceding experiment. When fuel and cooling

water had reached a new equilibrium temperature, the period was observed

to reach a constant value.

The total temperature coefficient (also called the bath coefficient)

was found to be about -3.4 x lo-5 /OC at 290C and -4.6 x 10-5/OC at 440C.

Much higher temperatures were precluded by bubble formation in the water

on the fuel-can walls. Comparison with Fig. 12 shows that the total tem-

perature coefficient was about equal to the prompt temperature coefficient,

rising perhaps somewhat more steeply with increasing temperatures.

It could therefore be tentatively concluded that almost all the tem-

perature coefficient of the critical assembly was prompt, being due to

heating of the fuel, since the delayed coefficient, due to heating of the

water, was very small at room temperature. It is not certain, however,

that the total coefficient observed can meaningfully be divided into con-

tributions due to heating of the fuel-moderator and heating of water; for

the superposition principle, basic to a rational perturbation treatment,

depends on the applicability of the linear diffusion theory, which, as

mentioned before, is of doubtful value in the calculation of boundary effects.

In conclusion, the experiments seemed to confirm our qualitative under-

standing of thermalization and its consequences in zirconium-hydride-moderated

solid homogeneous reactors.



Chapter 5

METALLURGY OF ZIRCONIUM HYDRIDE

THE PROPERTIES OF ZrF.

The Zirconium-hydride Phase Diagram

Some of the properties of ZrH are well summarized in a phase diagram,
n

in which phase boundaries are plotted in a temperature-composition space.

Although workers in the field still disagree on the details of the zirconium-
*

hydrogen phase diagram, its general characteristics are as shown in Fig. 13.

Figure 14 gives some photomicrographs of ZrH for various values of n, taken
n

by the General Atomic metallurgy laboratory.

Zirconium occurs in two crystalline forms--alpha (stable below 8600 C)

and beta (stable above 8600 C). The alpha phase is c]ca2-- led hexagonal

and does not absorb any large amount of hydrogen. The small amount of

hydrogen it does take up forms a solid solution with it. Absorption of more

hydrogen at elevated temperatures (> 5600c) causes a transition of part of

the solid to the beta phase, which is body-centered cubic and in which

hydrogen can go into solid solution up to an H:Zr ratio of 1.0. If more

hydrogen is added than is required to saturate the beta phase, the precipi-

tation of the gamma hydride, which has a ratio of H:Zr: ~-1.5, begins.

Below the eutectoid at about 5600C, the nonstoichiometric beta phase does

not exist. At room temperature, therefore, all hydrogen-zirconium alloys

with more than minimal amounts of hydrogen are mixtures of the alpha and

gamma phases for H:Zr ratios & 1.5. Between H:Zr ratios of 1.5 and 2.0,

the alloys consist of only the gamma phase, with a gradual filling of hy-

drogen sites taking place.

Crystal Structure of ZrHr

The structure of the hydride at elevated temperatures is of particular

significance in its manufacture, as will be seen under "The Hydriding Process,

*
D. A. Vaughan and J. R. Bridge, "High Temperature X-ray Diffraction

Investigation of the Zr-H System," J. Metals, Vol.. 8, 1956, p. 528; C. E. Ells
and A. D. McQuillan, "A Study of Hydrogen-Pressure Relationships in the Zir-
conium-Hydrogen System," J. Inst. of Metals, Vol. 85, 1956, p. 89.
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UNETCHED

Zirconium, unhydrided. Longitudinal
section of zirconium sheet stock which
was cleaned, heated to 8000C in an
evacuated chamber, and cooled.

H:Zr = 0.19. This sample was pol-
ished. The matrix of a-zirconium has
been polished away from the harder
hydrogen-enriched phase. The hydride
phase is detected as the isolated
particles, while the a-zirconium is
the continuous matrix.

H:Zr = 0.75. This picture of a pol-

ished sample reveals the relief pol-

ishing effect of the more ductile
zirconium metal. The light continu-
ous areas show the y hydride being
formed in the 0 + y region and the
isolated 7-zirconium hydride particles
in a matrix of a-zirconium which is
formed as the a phase is cooled
through the eutectoid temperature.

H:Zr = 1.05. The analysis of the mi-
crophotograph is identical with that
of the preceding sample, but increased
amounts of 7-zirconium hydride are
being formed in the p + 7 region be-
cause of the greater increase in hy-
drogen content. We do, however, see
more detail, in particular the light
needlelike areas in the grey part of
the microphotograph. The microstruc-
ture shown in the light 7-zirconium
hydride is believed to be due to
orientation of the crystals.

H:Zr = 1.25. The analysis is iden-

tical with that of the two preceding

samples, but this one reveals in-
creased amounts of 7-zirconium.

H:Zr = 1.51. This microphotograph
shows that nearly all of the zirco-
nium has been converted to y-zirco-
nium hydride, with just a few parti-
cles remaining.

H:Zr = 1.94. 7-zirconium hydride
plus hydrogen.

ETCHED

Zi -conium, unhydrided. Reveals grain
boundaries and trace amounts of im-
purities.

H:Zr = 0.19. The light phase is the
continuous matrix of a-zirconium,
while the dark phase contains the 7-
zirconium hydride phase.

H:Zr = 0.75. The grey-colored phase
is that of the 7 phase formed in the

a + 7 region. The needlelike phase
is that of a-zirconium, while the
surrounding dark area is the hydro-
gen-enriched phase, probably 7 -zir-
conium hydride formed as the 3 phase
is cooled through the eutectoid tem-
perature.

H:Zr = 1.05. The analysis is the same
as that for the preceding sample.

H:Zr = 1.25. The analysis is the
same as that for the two preceding

samples.

H:Zr = 1.51. The dark lines can be
identified with grain boundaries of

the 7 phase. A few particles of a-
zirconium are still visible.

H:Zr = 1.94. The etched picture re-
veals very fine subgrain structure
within grains.

Fig. 14--Photomicrographs of ZrHn for various values of n.
Top: unetched. Bottom: etched. Magnification, 75X.
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page 73. Its structure at room temperature is pertinent to its properties

as a neutron scatterer and moderator.

The crystalline structure of zirconium can be conveniently investigated

by means of x-ray diffraction, since the Z (= 40) of zirconium is quite

high and gives a good scattering yield. Even in a hydride, the location of

the zirconium atoms is most conveniently investigated in this fashion, which
*

was done by Vaughan and Bridge. Little information, however, can be gained

about the location of the hydrogen atoms by this technique, as is explained

below. To obtain information about the zirconium lattice, thermal-neutron

diffraction is equally convenient and gives results that agree with those

from x-ray diffraction. But while the (n, p) scattering cross section be-

comes quite large for thermal neutrons, it is overwhelmingly incoherent,

as explained on page 28. Thus, neutron diffraction from hydrogen is com-

pletely obscured by incoherent scattering. Instead of diffracting neutrons

from a ZrH crystal, however, one can do so from a ZrD crystal, which is
n n

presumably isomorphic with the ZrH crystal. The scattering from the
n

deuterium centers is almost all coherent and should reveal something about

their locations. Although this experiment has not yet been performed, ex-

tensive experiments with both x-rays and neutrons have been done on hafnium
**

and HfD by Sidhu and co-workers. There is ample evidence that the ZrH
n n

and Hfh structures are isomorphic. By x-ray diffraction, Sidhu ascertained

that the differences in spacing between the HfH and HfD structures were
n n

very slight.

Sidhu found that the HfH lattice consisted of face-centered cubic
n

units in the range 1.53 ! n51.78, which corresponds to the gamma phase of

ZrH . A model of such a unit cell is shown in Fig. 15 for the stoichiometric

composition ZrH2. The zirconium atoms (light colored) are located at the

vertices of the large cube and at the centers of its faces. Thus, there are

Vaughan and Bridge, op. cit.

tR. E. Rundle, C. G. Shull, and E. 0. Wollan, "The Crystal Structure
of Thorium and Zirconium Dihydrides by X-ray and Neutron Diffraction,"
Acta Cryst., Vol. 5, 1952, p. 22; R. E. Rundle, A. S. Wilson, R. Nottorf,
And R. F. Raeuchle, The Crystal Structures of ThH2 and ZrH2, Report AECD-2120.

**
S. S. Sidhu, L. Heaton, and D. D. Zauberis, "Neutron Diffraction

Studies of Hafnium-Hydrogen and Titanium-Hydrogen Systems," Acta Cryst.,
Vol. 9, 1956, p. 607.
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I

Fig. 15--A unit cell of ZrH2. The tetrahedral structure of four zirconium
atoms (light colored) surrounding a hydrogen atom (black) is emphasized for

one of the h_r-rnren atoms
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fourteen of them. The hydrogen atoms (black) form the eight vertices of

a second cube which is half the size of the zirconium cube and is centered

inside the latter. Since the eight vertex zirconium atoms are shared by

eight unit cells each, whereas the six atoms at the centers of the faces

are common to only two, there are two hydrogen atoms for each zirconium atom.

It is clear from Fig. 15 that each hydrogen atom has four nearest zir-

conium neighbors at a distance of V-3/4 in terms of the lattice spacing, a,

which are situated at the nearest vertex and on the centers of the three

faces meeting at that vertex. These four zirconium atoms form a regular

tetrahedron, at whose center lies the hydrogen atom in question. One such

tetrahedron in Fig. 15 has been emphasized by shading, and the four hydrogen-

zirconium bonds are shown prominently.

The next-nearest neighbors to any hydrogen atom are six other hydrogen

atoms at a distance of (1/2)a. From the small value of a (4.79 A), the

small expansion of the lattice when hydrogen is introduced, and some evidence

showing that the heat of solution of hydrogen is a linear function of con-

centration, one can conclude that the zirconium atoms are likely to provide

effective shielding of a hydrogen atom against interaction with next-nearest

neighbors.

Actually, near n = 2 the ZrH lattice, although symmetrical in com-
n

position, is not cubic but slightly tetragonal; i.e., the cubes are slightly

deformed. As a result, the tetrahedrons enclosing the hydrogen site also

deviate slightly from the regular. Two such transitions, from tetragonal

elongated to face-centered cubic to tetragonal flattened, have been found

to take place in the gamma phase of ZrH in the range 1.5<-n<2.0. These
n

are probably second-order transformations and involve very slight deforma-

tions, in agreement with the fact that the position and width of the Einstein

level did not depend on n in the experiments conducted at the Brookhaven

National Laboratory.

The Zirconium-hydrogen-uranium Ternary System

Further complications arise if uranium atoms are introduced into the

ZrH lattice. The ternary phase diagram is not yet well understood. How-
n

ever, it has become fairly clear that the uranium at room temperature is

present in two phases. The alpha-zirconium phase may contain not only a
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small amount of hydrogen but also a small amount of uranium in solid solution.

In addition, a new phase appears, consisting of an intermetallic compound

consisting of about 50 wt-4 zirconium and 50 wt-o uranium. It has been

found that the uranium-rich phase tends to segregate at grain boundaries.

Physical and Chemical Properties of the Binary and Ternary Alloys

One of the most striking phenomena associated with hydriding of zir-

conium is that the material expands considerably. Figure 16 shows how the

lattice expands as a function of the H:Zr ratio. Above a ratio of 1.5,

no further change in density takes place, which agrees with the fact that

from that point on no first-order phase changes occur, and lattice vacancies

are merely filled with hydrogen. Over the range O5 n 1.3, the density

at room temperature of the binary alloy is well rendered by the empirical

relation

(33a)p2 = 6.49 - 0.55 n .

0 0.2 0.4 0.6 08 1.0

COMPOSITION (H: Zr)

Fig. 16--Dilation on hydriding at 8000C
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For a ternary alloy containing 8 wt-% uranium (or 3 atom-%), the relation

is found to be

p3 =6.83 -0.55 n 
(33b)

Another striking feature of the hydriding process is that as n increases,

the alloy becomes successively more brittle. Its modulus of elasticity de-

creases only slightly, but its tensile strength is reduced from about

100,000 psi to 33,000 psi. Furthermore, whereas failure of zirconium is

preceded by a plastic behavior, this behavior is essentially absent in the

hydride. Figure 17 illustrates the mechanical properties for zirconium-

8 wt-% uranium and Zr-8 wt-% U-H1 0. For higher values of n, embrittlement

becomes even more severe.

The thermal conductivities of zirconium, Zr-8 wt- U-H1.0 and zirconium-

8 wt-* uranium are illustrated in Fig. 18 as a function of temperature. The

curve for the thermal conductivity of ZrH1.0 is probably similar to that for

the ternary system. It falls somewhat lower, however; at room temperature it

has been measured in this laboratory to be 0.14 ./cm-0C. This conductivity

is rather low, being less than one-tenth that of aluminum.

The linear expansion coefficient of the gamma hydride has been measured

to be about 7 x 10-6/oC.

The specific heat of zirconium at room temperature is about 0.069 cal/g- C,

or 6.30 cal/mole-0C. Since the Debye temperature of the metal is in the

neighborhood of 200 0 K, it would seem that the Debye specific heat cannot in-

crease much at higher temperatures. The excess over the value of 6.0 cal/mole-?C

predicted for the specific heat by Dulong and Petit's law is presumably due

to anharmonic effects. The specific heat of ZrH1.2 has been measured to be

about 0.0815 cal/g-0C, or 7.5 cal/mole-4C. Thus, it appears that the addi-

tion of the hydrogen atoms contributes about 1.2 cal/0C at room temperature.

This contribution is in good agreement with the predictions of an Einstein

model of specific heats with the first excited state at 0.13 ev. These pro-

perties play an important role in the thermal behavior and heat-transfer

characteristics of a zirconium-hydrogen-uranium fuel-moderator element.

*
T. B. Douglas and A. C. Victor, Report WADC-TR-57-374, Part II,

August, 1957.
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Fig. 18--Thermal conductivities of zirconium alloys

Among the chemical properties of these alloys, the reaction rate of

the hydride with water is of particular interest. Since the hydriding re-

action is exothermic, it is to be expected that water will react more readily

with zirconium than with ZrH . Indeed, 124 kcal/mole are liberated in the
n

oxidation of zirconium by water, but only 104 kcal/mole are liberated in

the oxidation of ZrH1.0 by water. Nevertheless, the zirconium-water reaction

is not considered a serious safety hazard, and zirconium is frequently used

in contact with water in reactors. In Chapter 8, which is devoted to the

safety characteristics of a zirconium-hydride-moderated reactor, some

chemical experiments will be reported which show that ZrH has a very high

degree of chemical inertia with respect to air and water, even when powdered

and/or heated to high temperatures.
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*
THE HYDRIDING PROCESS

Choice of Operating Range

Figure 19 illustrates a family of zirconium-hydrogen absorption iso-

therms. Each curve, characterized by a given temperature (in degrees centi-

grade), shows what the dissociation pressure of the hydride is as a function

of composition.

It is seen that in order to achieve H:Zr ratios in excess of 1.5 at

reasonable pressures, temperatures lower than 8000C must be used. Indeed,

to obtain n > 1.9, temperatures of the order of 6000 C are suitable. At

such a temperature, hydrogen diffuses into zirconium exceedingly slowly,

so that this procedure becomes impractical for zirconium pieces of large bulk.

Figure 19 further shows that once all the hydride has been converted

to the gamma phase, the temperature at which the dissociation pressure

reaches large values rapidly decreases as n-+2.0. These high pressures

may cause hydrogen to diffuse out and may result in the deStrc'_tion of a

fuel element. This can only be avoided by limiting the temperature which

the fuel is allowed to reach, either in steady operation or as a result of

a power excursion. It was therefore concluded quite early that hydriding

beyond n = 1.5 was of limited interest.

The range of temperatures from 700 C upward seemed attractive because

suitable diffusion rates could be achieved. Figure 19 shows the existence

of a region, confined approximately between vertical lines at n = 1 and

n = 1.5, where the slopes of the isotherms are essentially zero. This

region is, of course, associated with the beta-to-gamma phase transition

discussed in the first section of this chapter. For temperatures greater

than 900 C, rather large pressures are necessary to achieve an adequate

H:Zr ratio. A temperature of from 7000 to 9000C was therefore chosen,

coupled with an applied hydrogen pressure of near 1 atm.

Hydriding Procedure

Hydriding is done in the apparatus shown schematically in Fig. 20.

The piece to be hydrided is placed in a ceramic tube and heated under vacuum

*
U. Merten, L. J. Dijkstra, F. D. Carpenter, A. P. Hatcher, and

L, D. La Grange, "The Preparation and Properties of Zirconium-Uranium-Hydrogen
Alloys," P/789, Second International Conference on the Peaceful Uses of
Atomic Energy, Geneva, September 1-13, 1958.
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Fig. 20--Fuel-rod hydriding apparatus

to the desired temperature. Hydrogen is let in slowly through a purification

train until the desired hydrogen concentration in the zirconium has been

reached. The tube is then isolated from the hydrogen source and cooled slow-

ly until the quantity of residual hydrogen in the tube is negligible. The

sample is finally furnace-cooled to room temperature. The time required for

this operation is a function of the size and shape of the piece being hydrided

and of the hydrogen content desired. Several hours are required for the hydrid-

ing of reactor fuel rods 14 in. long by 1.4 in. in diameter, to a final compo-

sition of 91 wt-i zirconium, 8 wt-% uranium, and 1 wt-% hydrogen.

A number of precautions must be taken to prevent distortion and cracking

during the hydriding process. The most stringent requirement is that the

temperature be uniform. This is all the more difficult to realize because

40 kcal/mole of heat are liberated in the hydriding process. That the tem-

perature must be kept very uniform can be seen from the 200-mm isobar de-

picted in Fig. 21. This is typical of isobars in this region and can be

obtained directly from Fig. 19, which shows that whereas at a little over

82000 the equilibrium H:Zr ratio n is 1.0, at a few degrees less it is 1.4.

The rapid change is due to the saturation of the beta phase and the transi-

tion to beta-gamma. Since, from Fig. 16, the density is a very strong

function of n, small temperature differences can produce excessive warping

and possible cracking.

The transition from the solid-solution phase to the hydride phase is
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Fig. 21--Equilibrium composition of
ZrHn as a function of temperature at
a dissociation pressure of 200 mm Hg

troublesome from one other point of view. Even if the temperature is kept

exceedingly uniform, too rapid an addition of hydrogen will cause distortion

and cracking. This is due to the fact that the zirconium layer on the surface

becomes hydrogen-rich and enters the brittle gamma phase before the inner

layers have a chance to absorb much hydrogen. As time goes on and more hydro-

gen is absorbed, these inner layers will expand, causing the brittle surface

to crack. Cracks have been found to be most common and difficult to avoid if

the structure of the raw material is coarse grained. Since extrusion has the

effect of reducing the grain size, only extruded zirconium or zirconium-uranium

alloy is now used in the hydriding process.

With suitably slow addition of hydrogen, so that the material approaches

the beta saturation limit throughout before reaching the hydride phase, thin

strips have been made of compositions up to n = 1.9 without cracking, and have

been made very reproducibly at n = 1.45. It was by this procedure that the

moderator strips were made for the critical experiments described in Chapter 4.

On the other hand, success in hydriding massive fuel elements reproducibly

to n > 1.0 has not yet been achieved. This may be partly due to the difficulty
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of controlling diffusion rates and composition, as well as the temperature,

in a massive rod. In part, also, it may be ascribed to the presence of

uranium, which makes the hydriding process slower and more delicate.

In particular, at excessive temperatures it has been found that the

uranium, although initially well mixed with the zirconium matrix, tends to

segregate and migrate to the surface in beads as the hydriding progresses.

This imposes yet another constraint on the procedure.

FUEL-ELMENT MANUFACTURE

In the light of the above discussion, a carefully prescribed routine has

been evolved whereby massive fuel rods of H:Zr ratio 1.0 can be turned out

reproducibly and without imperfections. We shall now anticipate somewhat by

describing how this is done in the specific case of the TRIGA fuel elements.

High-purity zirconium sponge is crushed and mechanically mixed with

uranium granules. The mixture is compacted to 90% of theoretical density

and made into a long rod. This rod is inserted as electrode into an arc

furnace and is melted down to form an ingot. The mold into which the melt is

cast is made of copper and cooled by water. The ingot is removed from the

mold and machined to clean up the surface. The melting procedure is then

repeated, this time with the ingot as electrode. After this double melting,

the uranium is fairly uniformly distributed throughout the ingot.

The ingot is then machined to 3.8 in. in diameter to clean up its sur-

face and is placed in a copper container which is evacuated and sealed. The

ingot is next heated and extruded into a long rod, approximately 1.6 in. in

diameter. Figure 22 illustrates a longitudinal section of a rod showing

the lines of metal flow during the process. (The flow lines have been made

visible by the insertion of copper sections in this billet.) The copper

container is removed by pickling in nitric acid, and the clean rod is cut

to the required length, machined to size, and hydrided by the procedure

outlined starting on page 73-

The hydrided rod is then assembled, together with top and bottom gra-

phite reflectors and disks containing a burnable poison, in an aluminum tube

0.030 in. thick. The tube is sized onto the rod in a drawbench. Aluminum

end plugs, shown in Fig. 23, are welded in. The welds are finally tested

for leaks by a helium leak detector and by a cold-pressure-vessel test.
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Fig. 22--Longitudinal section through a fuel rod showing the
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Fig. 23--End plugs of fuel assembly
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Chapter 6

DESIGN OF THE PROTOTYPE TRIGA

INTRODUCTION

With the successful development of a solid, homogeneous fuel-moderator

element, as outlined in Chapter 5, the next step was to design and test a

reactor built with this element.

It vas decided that the first such reactor should have a power level

of 10 to 100 kw. This power range was chosen for the following reasons:

1. Because of its predicted complete inherent safety, the reactor

seemed especially suited to the training of nuclear physicists, chemists,

and engineers, and a power of 10 kw is adequate for training purposes.

2. A study of cross sections and half lives of artificially produced

isotopic species showed that a great number of short-lived isotopes in

useful specific activities could be produced at a power of 10 kw. Such

a reactor could therefore be of great use in medical, agricultural,

metallurgical, and engineering research, as well as in industrial applications.

3. A power of 10 to 100 kw would be adequate to permit extraction of

neutron beams with which to perform interesting neutron physics and solid

state physics demonstration experiments, especially those involving neutron

diffraction and time-of-flight analysis. A lower power would not be adequate

for these purposes.

4. The contemplated power level would require a very simple type of

convective or forced cooling system, which could operate with or without a

heat exchanger, depending on the duty cycle of operation.

5. In this power range, xenon and samarium build-up would be low enough

to constitute no serious shutdown problem. Hence, a rather small amount of

excess reactivity would be required to operate the reactor and do experiments.

The ultimate build-up in the fuel elements of 1.Z2) samarium poison from fis-

sion-product decay could be compensated by initially incorporating this

amount of samarium in the clean fuel elements.

6. The amount of excess reactivity initially required to compensate

for fuel burn-up would be very small provided some slow-burning poison could

80



be included in the fuel elements. In this manner a 0.1% excess reactivity

for burn-up was estimated to give a fuel-element life of 10 yr with contin-

uous operation at 10 kw.

A design wvas therefore developed at General Atomic for a 10-kw training,

research, and isotope-production reactor, called "TRIGA," with an initial

excess reactivity in the neighborhood of 0.5% to 1.0%.

From the considerations under "Safety Requirements," page 4, it would

appear that a solid homogeneous reactor with such a small amount of excess

reactivity would not have much advantage over other types of reactors, as

it is during a prompt excursion that the large prompt negative temperature

coefficient provides superior safety. This is not entirely true, as will

be demonstrated in the next chapter, where the experimental characteristics

of the reactor will be reported. Here we shall anticipate, to some extent,

by listing some of the advantages of the solid homogeneous core:

1. Because of superior thermal utilization, the critical mass is very

low and the core very compact, which makes higher thermal fluxes possible

for a given power level than in other reactors.

2. Because of the small core, neutron leakage is relatively high, so

that the neutron flux available in regions of low statistical weight is

unusually large.

3. Because of the prompt negative temperature coefficient, the behavior

of the reactor is completely safe when all its excess reactivity is suddenly

inserted. The maximum power during the excursion is of the order of one-

fifth that in heterogeneous reactors, the energy liberated during the ex-

cursion is small, and the final steady-state power is well within the region

of permissible operation.

I-i. It is therefore safe for inexperienced personnel to operate the

reactor at higher than 10 kw power, provided that the shielding and cooling

designs make allowance for this.

5. In view of these characteristics, the control and safety instru-

mentation of the reactor can be greatly reduced.

To capitalize on the advantages of the solid homogeneous core, it was

decided to locate the reactor at the bottom of a deep, water-filled tank,

or pool. This arrangement has several advantages: the core is accessible

through the water and can be seen by someone looking dowin into the tank;
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experiments can readily be inserted without requiring shutdown of the re-

actor; vertical beam tubes can be inserted in the water; and the relatively

high-flux region just outside the core is available for the irradiation of

large specimens.

In addition, three irradiation and experimental facilities were pro-

vided in the reactor itself. These are a rotary specimen rack, for the

production of radioisotopes; a pneumatic transfer tube, in which samples

can be irradiated for short times in the reactor core and then ejected;

and a central thimble for irradiations, physical measurements, and the

production of a neutron beam. These facilities, as wel -.as the reactor

itself, will be described in somewhat more detail in the remainder of this

chapter. For engineering and exact dimensional details, the reader is

referred to the more technical General Atomic reports. Here, we shall be

more concerned with the physical properties.

THEORETICAL DESIGN OF THE REACTOR

Early calculations showed that with ZrH1.0 as the solid moderator and

20-enriched uranium as the fuel, the smallest critical mass resulted when

the H:U235 ratio in the active material was between approximately 150 and 200

and the core contained about 40 vol-4 water uniformly distributed in the

core. The fuel-moderator elements are therefore made of ZrH1.0 with 8 wt-%
235

uranium, which gives an H:U ratio of about 170. One-third of the core

volume is occupied by coolant-water channels, which makes the core somewhat

undermoderated. This is a safety measure to ensure that the reactivity de-

creases if some moderator is lost, or if voids are introduced into the core.

The core consists of a cylindrical array of fuel-moderator elements,

one of which is shown in Fig. 24. The active element, 14 in. long and 1.4 in.

in diameter, occupies the center of the assembly. On either end of the

fuel section are 4-in. sections of graphite, which serve as top and bottom

reflectors. Between fuel and graphite are disks, each containing about 3 g

of samarium oxide dispersed in aluminum. These disks are made by powder-

metallurgical methods. The fuel-moderator elements are clad with 0.030-in.

aluminum and are provided with end fixtures as explained in Chapter 5.

The purpose of the samarium is to provide somewhat more than 1.0% poison

when the reactor is first brought up to power. A5 the reactor continues
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to operate, this poison gradually burns up by thermal-neutron capture, but

new samarium is created by fission-product decay in the active elements.

After a few years, the samarium in the elements has built up to its equilib-

rium value of 1.2%, whereas that in the disks, located in regions of lower

flux, is only partly burned up. The total amount and location of samarium

poison in the diskshas been so designed that the remaining burn-up liberates

just about the correct amount of excess reactivity to compensate for fuel

burn-up over a considerable number of years. The lifetime of the core is

thereby greatly extended. Only 0316 excess reactivity is needed for reactor

control to compensate the build-up of samarium in the fuel, the burn-up of

samarium in the disks, and the burn-up of the fuel itself, if the reactor

is to operate for 30 Mw-days without the addition of fuel. The life of

the core can, of course, be further extended by adding fuel elements to

the core, which is easy in the TRIGA (see page 86).

Graphite was early chosen as the most suitable reflector. It provides

greater neutron economy than does water, and tends to make the thermal-

neutron lifetime longer. From Eq. (31), indeed, it can be seen that the

longer the lifetime, the longer the reactor period for a given prompt

reactivity insertion, so that a longer lifetime tends to make a reactor

safer. Figure 25 shows a comparison of calculated thermal fluxes for a

ZrH 1.2core reflected either by 50 cm of graphite, by 30 cm of graphite,

or by 30 cm of graphite surrounded by 7 cm of water. It is seen that

fluxes and critical masses, Mc, are almost identical in the first and third

cases. Since the actual reactor was designed to be immersed in water, 30 cm

of graphite reflector was therefore used. It has been found that the purity

of the graphite is not critical. A good commercial grade (AGA) of graphite

is very satisfactory.

ENGINEERING OF TRIGA

General Layout

As is usual in reactor design, the actual construction of TRIGA has re-

quired certain compromises with established practice in the way of materials,

structures, and tolerances. These have had a general tendency to complicate

the layout. Since it is therefore impossible to calculate the critical mass

accurately, a cylindrical array of 91 fuel-element positions is provided.
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Six of these fuel-element positions are occupied by control rods,.thimbles,

and a neutron source, and the remaining positions can accommodate a critical

mass of 3 kg. Since a much smaller mass was actually required, the unused

locations are occupied by dummy fuel elements, in which the active material

and poison disks are replaced by graphite. Such an arrangement is desirable

in any case, in that it allows interchange of graphite and fuel elements,

the a-rrangement with the dummy elements on the outside being the most reac-

tive. The fuel elements and graphite elements are held between 3/4-in.-

thick top and bottom aluminum grid plates.

A graphite reflector, in the shape of a hollow cylin(Lrical shell 12 in.

thick and 22 in. high, is canned in an aluminum container which is provided

with leaktight welded seams. The reflector can supports the top and bottom

grid plates which, in turn, hold the fuel elements.

The whole assembly is shown schematically in Fig. 26. Core and re-

flector are positioned at the bottom of a water-filled tank 21 ft deep and

6 ft in diameter. Sixteen feet of water over the core provide adequate

shielding for a person to look into the tank indefinitely without danger

while the reactor is operating at rated power.

Water circulates convectively between the fuel elements, rising through

the core to a Freon heat exchanger located half-way up the tank and descending

on the outside of the reflector to the bottom of the tank. A pump bypasses

part of the water through a filter and demineralizer. Other cooling arrange-

ments can be used if desirable.

Instrumentation and Controls

Three water-filled guide tubes for control rods penetrate the core

through the top grid plate. The control rods are made of boron carbide.

The reactor can be operated manually or by an automatic servo-control system.

Each control rod, independently, has sufficient reactivity worth to shut

down the reactor. One rod serves as a safety rod, the second as a shim-

safety rod, and the third as a regulating rod. In the event of a power

failure or a danger signal, all the control rods fall into the core.
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Instrumentation and controls for TRIGA are located in a small control

console. Vacuum tubes have been largely eliminated from the circuitry in

favor of transistors. This results in high reliability and makes the con-

trol console very compact. The instrumentation and reactor controls include

four channels, which are described below and shown schematically in Fig. 27.

A fission counter feeds the linear count-rate and log count-rate cir-

cuits. Both outputs can be read on recorders. This channel is useful for

start-up and operation at low power. The log count-rate covers four decades

from 1 to 10 counts/sec.

A compensated ion chamber feeds a channel especially important for

flexible operation in the intermediate and full power range. The logarithm

of the counting rate, which covers five decades, can be read on a meter

and/or a recorder. In addition, the reactor period can be read on a meter

in a range of from 3 sec to oo. If the period becomes shorter than a fixed

value, which can be chosen in the range of 3 to 30 sec, a reactor shutdown

is initiated.

Uncompensated ion chambers feed the two linear channels which indicate

the power level in the full power range. This level can be read on meters

or a linear recorder. Either circuit will shut down the reactor when the

power exceeds a preset value. One of the channels can also be used to pro-

vide automatic control of the reactor power level; for this purpose, its

output is fed to a servo amplifier which, in turn, adjusts the position

of the regulating rod.

The ion chambers and counters are located in aluminum sleeves attached

to the outside of the reflector assembly.

Experimental Facilities

As was already mentioned, three experimental facilities are built into

the reactor--a rotary specimen rack, a pneumatic transfer tube, and a central

thimble.

The rotary specimen rack consists of an aluminum ring, about 25 in. in

diameter, located in a well in the top of the graphite reflector. Forty

aluminum cups, evenly spaced along this ring, serve as holders for as many

as eighty cylindrical specimen containers. The latter are 4 in. high and

1 in. in diameter. The rack is enclosed in a watertight aluminum can, and
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the unit may be removed without disturbing the core or reflector. The rack

may be rotated from the top of the water tank by means of a pinion gear which

positions the containers under the specimen removal tube (see Fig. 26).

The pneumatic transfer tube is provided for the production of isotopes

with short half lives. It consists of two concentric tubes extending through

the water tank into the core near its edge. The specimen is sucked into and

ejected from the inner tube by reduced or increased pressure applied to the

outer tube.

The central thimble, of 1-in. inside diameter, passes through the water

tank into the core along the central axis of the core. The thimble normally

is filled with water. It can also be emptied of water down to the level of

the top of the core, and a well-collimated thermal beam of between 106 and

10 neutrons/sec then issues from the upper end of the thimble. Because the

thermal flux has a high value and high statistical weight at the center of the

core, the thimble lends itself well to pile-oscillator and danger-coefficient

measurements. The sensitivity of the reactivity to thermal poisons has the
-h 2 *

unusually high maximum value of 7.0 x 10 /cm .

Flux Plot

A fast- and thermal-neutron flux plot, derived from a two-dimensional,

two-group calculation on the IBM-704 computer, is shown in Fig. 28. The

various regions of the calculation are shown on the plot and follow fairly

accurately the actual dimensions and compositions of the reactor. Flux

contours are given for 10 kw power in units of 109 neutrons/cm2-sec, the

left half of the diagram giving the fast flux and the right half, the slow

flux. Inasmuch as the calculation is two-dimensional, cylindrical symmetry

is the only requirement, and this is satisfied by the TRIGA design. The

critical mass given by the two-dimensional calculation was 2.2 kg of U2 35 .

It is seen that the thermal flux is about 1011 neutrons/cm -sec at the

pneumatic transfer tube, 8 x 10 neutrons/cm -sec at the rotary specimen

rack, and 2 x 1011 neutrons/cm -sec at the center of the core. The central,

water-filled thimble was not included as a separate region in this calculation.

*
This number is the coefficient A in the expression Ak/k = A ZaV;

here, a is the macroscopic thermal absorption cross section of the poison
taken at a neutron velocity of 2200 meters/sec and V is the volume which

the poison occupies.
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An auxiliary computation shows that the flux should peak by a factor of

almost two when the thimble is filled with water instead of fuel, giving a

flux of 3 to 4 x 1011 neutrons/cm2 -secat the center of the core.

A separate calculation has shown that the TRIGA thermal-neutron spectrum

is somewhat hardened, chiefly because the hydride is not an effective mod-

erator below 0.13 ev and not enough water is present to achieve complete

thermalization, As a result, the core flux figures should be divided by

-,1.6 to give equivalent fluxes at a neutron velocity of 2200 m/sec, which

should be used with 2200 m/sec cross sections in calculating activations

of thin samples.

TRIGA Designs

The TRIGA is commercially available in two models, In the basic model,

the 21-ft-deep water tank is sunk into the ground. Earth provides economical

shielding on the sides. Access to the reactor is possible only from the top,

through the water shield. In a second model, the tank is located above

ground and shielding must be provided in the form of poured concrete. While

this design requires not only more shielding but also much more headroom,

it has several advantages. The core can be made accessible from the side,

horizontal beam tubes can be located in the concrete, and a horizontal

thermal column can be installed. Thus, this model is somewhat more ver-

satile for experiments in physics and reactor engineering.



Chapter 7

EXPERIMENTAL TESTS OF TRIGA

INTRODUCTION

The Torrey Pines TRIGA

The first solid homogeneous zirconium-hydride-moderated reactor was

built at and for the John Jay Hopkins Laboratory for Pure and Applied

Science, located on Torrey Pines Mesa in San Diego, California. It is a

TRIGA of the underground type described on the preceding page.

Figures 29 and 30 show the layout of the laboratory and a perspective

view down into the reactor tank, respectively. The top of the reactor is

flush with the floor of the laboratory, and personnel can move freely around

it while the reactor is in full operation. The building is on thc General

,omic grounds; no special precautions were taken, or required, to isolate

the reactor installation.

Preliminary Data

Reactor construction was completed in the spring of 1958. Initial

criticality was attained at the beginning of May with 54 fuel elements,

or about 1940 g of U . One and one-half additional elements were then

loaded to provide one dollar of available excess reactivity. The reactor

safety rods were adjusted to yield approximately eight dollars of shutdown

reactivity. Preliminary flux-calibration experiments gave approximately

0.7 x 107 neutrons/cm -sec-watt in the rotary specimen rack, in agreement

with the two-dimensional calculation reported in the preceding chapter.

The regulating rods were calibrated by the rod-drop method, and the radia-

tion instruments were calibrated in terms of power output by measuring the

heat input to the water and making suitable corrections.

Definition of the "Dollar"

"Dollars" and "cents" will be used as units of reactivity instead of

straightforward 51 excess reactivity, p = (k - 1)/k, in the remainder of this

chapter. On page 60 it was noted that the sum L / of Eq. (31) varies
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somewhat from reactor to reactor. Actually, the delayed neutrons represent

a fraction 0 = 0.0064 of all fission neutrons in thermal reactors, and the

average decay constant T of these is about 1/13 (sec)-. The fraction

S/\. should, accordingly, be a constant, 13 x 0.0064 = 0.0832 sec. This,

however, is not the meaning of the summation term in Eq. (31), for the reac-

tivity does not depend on the number of fast neutrons, but on the number of

fast neutrons that slow down and cause fissions. The energy of delayed

neutrons is 0.5 to 0.6 Mev, whereas that of fission neutrons is 2 Mev, on

the average. Thus, we must write, in Eq. (31),

6 fPi fi

I + X.T = eff 1 + x T-'
i=1 3

where f = 1 and is, in general, higher than 0.0064, especially if

the reactor is small and undermoderated. The reason is that in such a

reactor the fast leakage is high, and the leakage of fission neutrons is

therefore greater than that of the lower-energy delayed neutrons.

In TRIGA, for example, it is found from theory that Pf= 0.0079.

This amount of reactivity, i.e., 7.9 x 10-3, is called one dollar. The ad-

vantage of this unit is that once a dollar's worth of reactivity is defined

for a given reactor, a universal inhour equation,

f.

P " neffI 1 +fi.XT

can be used to compute the reactor period t (in sec) as a function of excess

reactivity p/P eff(in dollars), provided that // can be neglected. Fig-

ure 31 shows a plot of the inhour relation, Eq. (31), for various values of

the thermal neutron lifetime 4, as well as the asymptotic relationship

P " 13 /ff /' which is valid for large t. As is seen, a universal relation-

ship, independent of 2, exists for periods longer than 1 sec or for excess

reactivity less than 80 cents. The asymptotic relation gives good results

for 7 2 1000 sec.
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STATIC TESTS

Initial Power as a Function of Reactivity

The reactor was brought up to criticality while at shutdown temperature

and before the fuel had been much irradiated (i.e., while cold and clean).

The excess reactivity P/P was then increased in small steps up to one dollar,

and the behavior of the reactor was measured. The power increased with each

increasing step, then reached a new, steady, higher level. From the fact

that the power level is limited for a given reactivity insertion, one can

immediately conclude that the power coefficient of reactivity is negative.

Figure 32 shows the steady initial power level as a function of excess reac-

tivity. The curve is almost linear and gives a power coefficient of about

-1 cent/kTT.

Actually, the power level does not stay at its initial value, but de-

creases slightly over a number of hours. This decrease is partly due to

xenon build-up and is, of course, greater the higher the power. Figure 33

shows a theoretical curve for the expected decrease with time of an initial

power of 115 kw (achieved by the insertion of one dollar of reactivity)

because of xenon build-up. It shows that the final steady power that can

be achieved with one dollar of excess reactivity is 40 kw.

Figure 34 shows the temperatures that prevail in the fuel elements and

coolant channels as a function of power level, measured by means of thermo-

couples. The rise in temperature of the fuel elements is moderate and does

not preclude operation at a steady power well above 100 kT. Indeed, the

fuel elements can safely withstand operating temperatures of the order of

6000C, and their surface could probably rise to 1500C under the cladding

without the occurrence of film boiling of water on the outer surface of the

cladding. Operation at 100 kv. will yield thermal fluxes and specific activi-

ties of irradiated specimens competitive with those available in the Oak

Ridge National Laboratory isotope producer.

Note that the water temperature rise through the core increases but

little with increasing power level. The explanation is that as the fuel-

element surface gets hotter, the convection of the coolant becomes more

rapid. More heat is thus removed with little change in coolant temperature.
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The Bath Coefficient

The reactor was brought up to critical with the water in the tank at

various steady temperatures. This measurement gives the "bath coefficient

of reactivity," i.e., the change in reactivity to be expected when both fuel

and coolant-moderator undergo a temperature increase of 10C.

In the critical facility measurements described in Chapter 4 (page 02),

the bath coefficient was found to be nearly equal to the fuel-temperature

coefficient, leading to the conclusion that heating the coolant has only a

small effect (a delayed effect in normal reactor operation) on reactivity.

In the TRIGA it is found that the bath coefficient is very small, being

slightly positive (0.13 cent/0C) below room temperature and slightly nega-

tive (-0.1 cent/0C) above. In the previous section it was shown that an

increase in fuel temperature produced only a small change in the mean water

temperature in the core. Thus, most of the negative reactivity change with

increasing power must be attributed to changes in fuel temperature. This

immediately implies that most of the negative temperature coefficient is

prompt.

It also implies that in order for the bath coefficient to be very small,

the negative change in reactivity accompanying a fuel-temperature rise must

be almost cancelled by a positive change due to a rise in the water tempera-

ture. While this positive change is probably due to the fairly wide coolant-

water channels, it has not yet been given a completely satisfactory

theoretical explanation.

It is clear from the above discussion, however, that if one associates

all the reactivity loss shown in Fig. 32 with the rise in the central fuel

temperature given by Fig. 34, the result is a conservative estimate of the

fuel-temperature coefficient of reactivity. The result of such a calcula-

tion is shown in Fig. 35. This graph shows that the prompt temperature

coefficient is of the order of 0.9 cent/0C at room temperature and increases

rather steeply with increasing temperature.

The zero bath coefficient at room temperature, coupled with a large

negative fuel-temperature coefficient, has interesting implications for the

steady operation of the reactor. It implies that operation is stable in the

region near room temperature. If the reactor is cooled down, as, for example,
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by the heat exchanger, the reactivity will tend to decrease. A decrease in

power, however, will cause the fuel temperature to go down, and since the

fuel-temperature coefficient is much larger, criticality will be re-

established with very little decrease in power. If the reactor warms up,

for example as a result of prolonged operation at a power, say 115 kw, which

is higher than that for which the heat exchanger is rated, the bath coeffi-

cient will become negative and cause the power to decrease. Again the large

fuel-temperature coefficient stabilizes the power. Thus, the power can only

creep down. This is another reason, in addition to the xenon build-up dis-

cussed on page 98, why the power level tends to decrease from its initial

steady value. To further add to reactor stability, the tank contains 4000

gal of water, so its heat capacity is quite high, An input of 100 kw-hr

into the water causes a temperature rise of only 60C. The foregoing discus-

sion assumes that a rise in the coolant temperature will be accompanied by

an equal rise in the fuel temperature, an assumption which is approximately

valid over most temperatures of interest.

TRANSIENT TESTS

Step Reactivity Insertions

The reactor was brought up to criticality at a low power (-- 1 w).

Various amounts of excess reactivity, ranging up to 75 cents, were then

quickly inserted, causing the power to increase exponentially, or to go on

a period, by the time it reached 100 w. The period is, of course, given by

the inhour relation (31) or by Fig. 31l

Figure 36 illustrates the response of the reactor to these reactivity

changes. If there were no temperature coefficients of reactivity, the power

level would increase without limit, as shown by the dotted curves. In TRIGA,

however, the excess reactivity is reduced as soon as the reactor power rises

to a level where there is a significant increase in fuel temperature. If

the initial period is comparable to or longer than the heat-transfer time

from fuel element to water, the power will monotonically approach its steady

final value, as shown on the curve for 15 cents insertion. If the period is

very short, on the other hand, the power will not level off in simple fashion,

since more heat is generated in the fuel than is being removed by the water.
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Thus, the fuel will continue to rise in temperature, and the power will

reach a maximum, then decrease until the fuel cools to the temperature where

P = 0, at which point the power will level off. A slight power overshoot is

noticeable for the 33-cent curve. For 75 cents, the peak power exceeds its

steady final value by a factor of 3-1/2.

Figure 37 shows the behavior of the average fuel temperature with time

after the insertion of 75 cents, as obtained from thirty-two thermocouple

measurements taken in eight different fuel elements. The greatest tempera-

ture rise is about 690C and takes place after about 35 sec, whereas peak

power is reached after about 10 sec.

The peak temperature rise at the center of the hottest element was

found to be 92 C. With the help of Fig. 34 (obtained from a steady-state

condition which is pessimistic for our purpose) one sees that the tempera-

ture of this element under the clad must have been less than 95C. Thus,

the possibility of coolant boiling is ruled out during this transient.

Figure 38 gives the energy release following the insertion of 75 cents.

The excess energy released during the transient excursion can be approxi-

mately obtained from the y-intercept of the asymptotic curve (the dashed

line), and is only about 2 Mi-sec.

Extensive kinetic computations were done, both to predict the transient

behavior of the reactor and to check whether its behavior was really under-

stood. These computations used only experimental measurements of the fuel-

temperature coefficient, heat-transfer times in the fuel, and temperature

rise of the coolant water in passing through the core. These computations

gave results that were quantitatively in very satisfactory agreement with

the experimental curves of Fig. 36.

Conclusions

It has been shown that the kinetic behavior of the reactor is strongly

determined by its prompt negative temperature coefficient, which very effec-

tively limits the power when excess reactivity is suddenly inserted. While

the power does overshoot somewhat, it does not reach uncomfortably high
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values. According to the SPERT tests,* the peak power following an inser-

tion of 75 cents is at least five times less in TRIGA than in a reactor

using MTR-type fuel elements, and the total energy liberated during the

surge is reduced by a similar amount.

*
R. W. Miller, Calculation of Reactivity Behavior during SPERT-I Tran-

sients, Report IDO-16317, June 1, 1957; F. Schroeder, S. G. Forbes, W. E.
Nyer, F. L. Bentzen, and G. 0. Bright, "Experimental Study of Transient
Behavior in a Sub-cooled Water-moderated Reactor," Nuclear Sci. and Eng.,
Vol. 2, 1957, p. 96.



Chapter 8

SAFETY REPORT

In this chapter we shall present a brief analysis of the safety features

of the TRIGA such as would appear as part of a hazards report. Familiarity

with the engineering design, instrumentation and controls, and core physics

of the reactor is presupposed. Only those hazards are analyzed which do not

depend on the geography of the reactor surroundings.

CONCEIVABLE HAZARDS

Activation of the Soil Surrounding the Reactor Pit

The soil adjacent to the reactor pit will capture fast and thermal

neutrons which escape from the pit. The magnitude of the radioactivity

induced was therefore approximated for a typical soil material in order to

determine whether leaching of activity in the soil by ground water might

constitute a potential hazard to the environment. The activities were well

below the permissible AEC tolerances for burial of radioactivity and consti-

tute no hazard.

Activation of Impurities in the Reactor Cooling System

Radioactivity in the cooling system could arise from several sources:

activation of the corrosion products of the predominant system material

(6061 aluminum), of other system materials, and of foreign material inadver-

tently introduced into the system; activation of impurities in the charging

water; fission products arising from fuel-element failure; and N16 resulting

from the reaction 016(n,p)N16. In order to reduce the concentration of

fission products in the cooling system in the event of a fuel-element

failure, a stand-by demineralization and filtration system will be provided.

However, this system may be used only intermittently. Therefore, activity

in the reactor cooling system has been studied under two conditions: (1)

equilibrium activity level with the demineralizer in operation, and (2)

activity build-up without the demineralizer.

109



It has been found that hazards due to activation of corrosion products

of aluminum and other substances in the system, activation of .Loreign material,

and activation of irpurities in the charging water are all negligible, as

discussed below.

Activation of Corrosion Products of Aluminum and Other Materials. The

predominant system material within the reactor tank is o00l aluminum. The

activity of aluminum corrosion products in the coolant was first examined

for the situation in which the demiierallzer is in operation. The constitents

of aluminum may be activated in two ways: aluminum metal in the core structure

may be activated and the activity subsequently released to the coolant by

corrosion, or the original stable nuclides may be transferred to the coolant

by corrosion and then activated as the coolant carries them through the core.

For the purposes oi" this calculation, it was assumed that all of the aluminum

surface lay within the reactor core, so that activation occurred by both of

the modes described above. The reactor was assumed to have been operating

continuously for a sufficient length o time for all activation products in

the aluminum metal to have reached their equilibrium activity level. It was

assumed that the demineralizer had been operating long enough for all cor-

rosion products to reach their equilibrium concentration in the coolant, and

that the demineralizer was 100% effective at its rated flow rate, i.e., that

it removed all aluminum corrosion products from 12 gal of water per minute.

The corrosion rate of 0061 aluminum was taken to be 0.01 mil/yr. It

was assumed that the aluminum corroded uniformly and homogeneously and,

furthermore, that the chemical species in the corrosion products leaving

the corroding surface were in the same ratio as they were in the material in

its solid form. Loss of water from the system and exchange processes with

the scale on surfaces in the reactor system were neglected.

The equilibrium specific activity, in microcuries per cubic :entimeter

of water, due to each activation product is tabulated in Table 3. Activa-

tion is primarily by thermal neutrons in all cases except that o Na . For

purposes of comparison, established AEC tolerances for continuous disposal

*
This is the value given for 6061 (61S) aluminum by J. E. Draley and

W. E. Ruther, "Aqueous Corrosion of Aluminum Alloys at Elevated Temperatures,"
Proceedings of the International Conference on the Peaceful Uses of Atomic
Energy, Vol. 9, United Nations, New York, 1>56, p.391.



Table 3

SPECIFIC ACTIVITY FROM ACTIVATION OF IMPURITIES IN THE WATER

Half-
life

2. 3m

2.62h

2.9y

45d

12.8h

5.1I

2.58h

9.5ia

27d

3.
245d

52ai

2.2m

5.8m

15h

Equilibrium AEC
with demineralizer Build-up without demineralizer (pc/cm3 ) tolerance

(pc/cm3 ) After 1 month After 6 months (pc/cm3 )

Activity from corrosion of 6061 aluminum

5.7

0.7
1.4

3.2

1.5

5.7

2.5

3.5

3.9

5.9)

3.3

1.1

3.4

9.0

x

x

x

x

x

x

x

x

x

x

x

x

x

x

10~8

l-ll10-

10O9

10

1080

108

10
1

10-9

1012

10_10

-103

1012

10-10

6.8 x 10-7

5.2

1.5

2.8

4.4

1.9

1.7

2.9

5.2

6.4

1.4

1.4

2.2

3.1

x

A

x

x

x

x

x

x

x

x

x

x

x
x

10-10

100o

10 810"0"
-8

10-7

0-7

106

10-9

ir1 2
10~-

1-9

10-12

ll 1

3.8

8.9

8.6

7.0

5.1

2.0

3.2

8.0

5.4

2.8

3.1

3.8

5.6

1.1

3.5

x

x

x

x

x

x

x

x

x

x

x

x

x

x

X

100

10-10

100

10-6
10

-o
10

10~7

10-~

10-8

-o8

10

10-1

1-10

10-

4

1.1

8

1.5

x

x

x

x

1- tl0

10-3 -2

10

A 28

Si31
Si.

Fe 2

Fe59

Cu 4

Cu

Mn ,

Mvg27

Cr5 1

Cr5 5

Zno5

Zn 1

Zn 1

Ti 5 1

Na24

Activity from corrosion of foreign material

Fe)) 2.9y 4.5 x lo0 2.6 x 10O 8.7 x 10~5 4 x 10~4

Fe5 9 45d 1.1 x 10 11 5.6 x108 1.1x10- 1.1-x10 H
HJ

Nuclide

5 x 10-2

6 x 10-3

8 x 10~

_ 
--- -
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of radioactive water to unrestricted areas are presented in this table for

several of the more significant activation products.

In order to estimate the activity build-up when the demineralizer is

not in use, a calculation similar to the one described above was made,

except that the effect of the demineralizer was eliminated. I was assumed

that the reactor had been operating for some time with the demineralizer in

use, and that the demineralizer was then turned off. Since the demineralizer

reduces corrosion-product concentrations to a relatively low level, the

coolant was assumed to have zero concentration of corrosion products at the

time the demineralizer was shut off. Activities were then calculated at

1 month and 6 months after demineralizer shut-off; these activities are also

tabulated in Table 3.

The results of these calculations indicate that radioactivity in the

coolant due to corrosion products of aluminum will remain within acceptable

limits.

Activation of Corrosion Products from Foreign Material. foreign

material may be Inadvertently in-roduced into the reactor system. 1or

example, a workman might leave tools in the reactor pit before the initial

filling of the system. Corrosion of this foreign material would introduce

a source of activity into the system not covered by the above analysis.

Although the introduction of significant amounts of foreign material into

the tank is improbable, it is felt that some attempt should be made to

estimate the effect of corrosion of foreign material on induced radio-

activity in the cooling system. For this estimate, it is assumed that

1 ft2 of iron surface is exposed in the cooling system and corrodes at a

rate of 5 mils/yr. If the corrosion of the iron surface is subjected to

the same analysis as in the preceding section, the results obtained are as

tabulated in the second half of Table 3. This level of activity is accept-

able.

Activation of Impurities in the Charging Water. The reactor system

will be filled initially with distilled water. If subsequent charging

water is required, it will be distilled water or will be fed into the

reactor system through a filter and a mixed-bed demineralizer. It is

therefore anticipated that the concentration of impurities in the charging
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water will be too low to produce any appreciable induced radioactivity in

the reactor cooling system.

Escape of Fission Products from a Minor Defect in a Fuel Element

The reactor fuel elements are jacketed with 0.030-in.-thick aluminum

cladding, and each fuel element will be leak-tested before being installed

in the reactor. Thus, it is anticipated that the fuel elements will not

fail in operation; however, in any reactor system, the possibility exists

that a fuel element may fail and release fission products into the coolant.

In the event of a small fuel-element defect, it may well be possible and

desirable to continue operation of the reactor without unscheduled shut-

downs and without decontamination of the reactor system being required.

The type of accident most likely to occur is the release of fission

products into the water through a small defect in the cladding of a fuel

element. The zirconium of the fuel elements is not expected to undergo

any chemical reaction, other than normal corrosion, with water at the

temperatures at which this core will operate. The rate of diffusion of

gases through the zirconium-hydride lattice is probably small, and the

possibility of cracks existing in the fuel material is considered to be

very remote. Thus, if the escape of fission-product recoils from fuel

surfaces exposed to water is neglected, fission products can enter the

water only through direct corrosion of the fuel-bearing material.

If fission products are detected in the reactor coolant, the deminer-

alizer will be used to reduce the fission-product activity. In order to

determine whether the demineralizer can adequately control activity in the

system due to a minor fuel-element defect, a calculation was made in which

it was assumed that 10 cm2 of fuel surface were exposed to water. Experi-

mental work at General Atomic, presented below under "Corrosion of Fuel

Material," page 1>, indicates that the corrosion rate of the zirconium-

hydride-uranium mixture in water is about 2.3 mg/cm2-yr. For the purposes

of this calculation, it was assumed that the exposed fuel surface corroded

uniformly at this rate and that only those fission products contained in

the corroded material were released to the water. Fission products were

assumed to be uniformly distributed throughout the fuel-bearing region.

The reactor was assumed to have been operating for infinite time at a
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power level of 10 kw. The demineralizer and filter were assumed to be 100%

effective for all nonvolatile fission products, i.e., they removed all non-

volatile fission products from 12 gal of water per minute.

In calculating the activity due to nonvolatile fission products, this

activity was taken to be the total fission-product activity. To account

for the fact that many fission products are very short-lived and would

decay soon after entering the water, the total fission-product activity was

assumed to be that which would exist 5 hr after shutdown, as given by the
*

Wigner-Way equation; 5 hr is the effective 'half life" of the demineralizer

(i.e., the time it would take the demineralizer to reduce the nonvolatile

concentration by a factor of two ii no impurities were being added to the

coolant).

The results of this calculation indicate that the demineralizer can

limit the specific activity of nonvolatile fission products in the coolant

resulting from 10 cm2 of exposed fuel surface to an equilibrium level of

1.6 x 107 pc/cm3 of water. This activity level is about equal to the AEC

tolerance for continuous disposal of water to unrestricted areas.

Two of the fission-product elements, xenon and krypton, are volatile

at the reactor operating temperature. The activity due to these fission

products was calculated by the methods described above, except that the

effect of the demineralizer was eliminated. For the long-lived xenon and

krypton isotopes, the activity was calculated at a time 10 yr after the

fuel-element defect had occurred (the short-lived isotopes reach equilibrium

within this time). The calculated specific activity of Kr5 was 5.4 x 10~

pc/cm3 of water, and that of Xe1 3 3 was 2.8 x 107 pc/cm3 . All other xenon

and krypton isotopes gave rise to activities considerably less than

10 ' pic/cm3.

An experiment was also done to check the rate at which fission products

appear in water that is in contact with active material, either by corrosion

of the active material or by diffusion of volatile products out of the'

active material and into the water. Some fuel-element material was exposed

to neutrons in order for fission products to be produced in it. The

K. Way and E. P. Wigner, "Rate of Decay of Fission Products,"
Phys. Rev., Vol. 73, 1948, p. 1318.
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irradiated material was then immersed in demineralized water. The initial

rate of dissolution of the typical fission-product isotopes Sr8 , Ba4o
131 131and I by the water was then measured. It was found that I dissolved

the most rapidly of the three; it appeared in the cooling water at a rate

corresponding to the dissolution of 100 p- of uranium-zirconium hydride per

day per cm2 of fuel element exposed to the water. Since initial corrosion

rates are usually much higher than steady-state ones, and since iodine is

rather volatile, this measurement can be considered to be in qualitative

agreement with the above calculations.

On the basis of this analysis, it is expected that the demineralizer

will be able to adequately control the fission-product activity arising

from any fuel-element failure which might reasonably occur. Should a very

major fuel-element failure occur (possibly from severe mechanical damage to

the reactor core) which would cause more activity than the demineralizer

could control, the reactor would be shut down and the defective fuel

elements replaced. All of the water in the reactor system "an be dis-

charged, either directly or through the demineralizer, to a tank truck or

other receptacle outside the reactor building; access to the area of the

reactor pit is not required for this operation. Thus, the water in the

reactor system can, if necessary, be replaced with uncontaminated water

during removal and replacement of defective fuel elements.

A gamma monitor will be provided to detect fission-product release to

the water. If the monitor actuates an alarm because of excessive gamma

activity in the water, a water sample will be taken for radiochemical

analysis to determine whether fission products are present and to quanti-

tatively assess the extent of fission-product contamination.

Radioactivity from N' 6 in the Reactor Cooling System

Radioactive Nlo will be produced in the water by the reaction
160l

0 (np)N . The effective cross section for this reaction integrated
*

over the entire fission spectrum is 0.020 millibarns. The half life of

N L is 7 sec; the gamma energies are 6.1 and 7.1 Mev in the ratio 12.5:1.

Eighty-two percent of the N1 6 disintegrations are accompanied by a high-energy

* 16 16
H. C. Martin, "Cross Sections for the 0 (n,p)N Reaction from 12 to

18 m.e.v.," Phys. Rev., Vol. 93, 1954, p. 49.
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gamma ray. Measurements at the General Atomic TRIGA indicate that the

radioactivity above the tank surface due to N decay is negligible at 10 kw,

and within acceptable limits at 100 kw.

SAFETY OF THE REACTOR

Chemical Stability of the Fuel Elements

The fuel elements are clad in 0.030 in. of high-purity aluminum (type

6061). It is well known that this material suffers very slight corrosion

when immersed in water of high purity. It is conceivable, nevertheless,

that if there were an initial defect in the aluminum, a leak could develop

which would allow water to come in contact with the active part of the fuel

element. The consequences of such contact will be briefly discussed.

Thermodynamically, there is less danger of a rapid zirconium-hydride-

water reaction than of a corresponding reaction between pure zirconium and

water, because the heat of reaction is smaller and the heat capacity is

larger in the former case. The uranium, which is present only in the amount

of 1.5 at.-%, does not affect this argument. Furthermore, the hydride is

fully dense, as it is made from cast and extruded zirconium-uranium alloy.

Its surface-to-volume ratio is therefore small. In addition, the following

experiments bearing on chemical stability have been performed.

Quenching of Finely Divided Material. A sample of zirconium-8 wt-%

uranium--l wt-% hydrogen alloy was broken up by pounding it into particles

ranging from 1/4-in.-diameter chunks to a very fine powder. Three portions

of these particles, each weighing about 25 g, were sealed in separate glass

tubes under vacuum. These tubes were then heated to 3000C in an oven and

plunged one at a time into 800C water; they broke as they entered the water.

No reaction was observed in any case.

Resistance Heating to High Temperatures. Two specimens 1/8 in. in

diameter by 12 in. in length, and two specimens 1/4 in. in diameter by 12

in. in length, were resistance-heated to various temperatures up to approxi-

mately 8500C. They were then sprayed with water. The temperature dropped

in the areas sprayed and the samples discolored; no other metal-water

reactions occurred. The smaller samples were cycled about five times to 8500 C
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and finally broke as the result of expansions and contractions between

fixed ends. The temperatures used in these experiments were considerably

greater than expected fuel temperatures.

Corrosion of Fuel Material. A group of uranium-zirconium-hydride

specimens was exposed to boiling distilled water for eight days and showed
V,! 2

a weight change of only 0.05 mg/cm

Thermal Shock Resistance of the Fuel Elements

Although the foregoing experiments would seem to indicate that the

reaction danger between water and even finely divided fuel material is

small, it was nevertheless deemed desirable to find out whether severe

thermal stresses were capable of cracking or pulverizing any of the fuel

material. Accordingly, the following experiments were done.

Quenching of Massive Zirconium Hydride. A 1/4-in.-thick, 1/2-in.-

diameter disk with H:Zr = 1.2 was heated in air to 6000 C and quenched in

room-temperature water through 10 cycles. No apparent change occurred,

except for surface discoloration.

A 3-in.-long, 1.4-in.-diameter sample of zirconium-8 wt-% uranium--

1 wt-% hydrogen alloy was heated in air to 300 C and quenched in 20 C

water 75 times. This cycling treatment had no deleterious effects.

Thermal Cycling of Zirconium Hydride. A 3/4-in.-long, 1/2 in.-

diameter rod with H:Zr = 1.2 was cycled 1000 times between 528C and 6550C

on a 45-min period. (This cycle took the sample through the alpha-beta

transformation for the high-zirconium phase in the alloy.) The sample

suffered no apparent damage.

Quenching of Prototype Fuel Elements. A 1.4-in.-diameter sample of

zirconium-8 wt-% uranium-l wt-% hydrogen alloy, 3 in. long, was canned in

aluminum in the same way that a full-length fuel element would be canned.

This sample was cycled between 2000C air and 200C water 300 times. No

measurable dimensional changes occurred, and x-ray photographs taken before

and after cycling revealed no significant effects at the cladding-fuel

interface.



Quenching of Intentionally Punctured Elements. A l/16-in.-diameter

hole was drilled through the cladding of another sample, otherwise identical

to that described above. This sample was cycled 500 times from 2000 C air to

200C water. No deleterious effects were observable. The only damage visible

after the cladding was removed was discoloration of the fuel alloy. No

preferential corrosion in the defect or swelling of the cladding was

observed, despite the fact that there is no cladding-fuel bond in the fuel

elements. No evidence was found of accelerated corrosion in or near the

punctures.

The experiments reported here would seem to indicate that the zirconium-

hydride fuel elements can withstand much more severe treatment than they

will ever receive in the operating reactor. The experiments performed with

clad elements are good evidence that cladding failure is highly unlikely.

All the evidence available indicates that any cladding failure which does

occur will only expose massive alloy to water and that this alloy will

remain intact and is inert to water. Thus, while measurable amounts of

fission products will undoubtedly appear in the cooling water if a cladding

failure occurs, rapid fuel-element corrosion and gross release of radio-

active materials will not take place.

Radiation Stability of the Fuel Elements

An experiment was performed to observe what radiation damage, if any,

hydrided zirconium-uranium reactor fuel material suffers if exposed for

long periods in a high flux.

Four slugs of zirconium containing highly enriched uranium were

hydrided at General Atomic to yield varying H:Zr atomic ratios. They were

then suitably encased and exposed for several weeks in the high thermal

flux of the Materials Testing Reactor (MTR) at Arco, Idaho. Subsequent

inspection revealed no evidence of radiation damage.

The slugs were irradiated to a burn-up of up to 5%. The U2 3 5 concen-

tration in the samples was nearly equal to the total 20%-enriched-uranium

concentration in a typical General Atomic research reactor fuel element;

thus, 5% burn-up in the slugs produced the same radiation damage density as

about 23% burn-up in the standard fuel elements. Actually, only 1I to

2 'burn-up is contemplated in the General Atomic l0-kw reactors, so
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the experiments proved the radiation stability of the fuel elements with a

very large margin of safety,

Kinetics of the Severest Possible Excursion

One must finally consider the question of what would happen to the

reactor as a consequence of an error in operation. The worst possible

operational error that could be made would result in the sudden insertion

of all the available initial excess reactivity into the reactor. The

amount of excess reactivity available is 75 cents, or less. From the

inhour relation, it is known that the reactor will experience a power surge

with a period of about 1.5 sec when 75 cents are suddenly inserted. Such a

period should normally cause a scram signal which would drop the safety

rods into the core.

If the safety rods should fail to act, the power will, according to

Figs. 32 and 36, continue to increase to about 245 kw, then decrease and

settle at ~-,70 kw.

At 70-kw steady operation, it has been found that the hottest point

in the hottest fuel element has a temperature of about 95 C. Since the

surface of the fuel elements will be even cooler, no boiling can take place.

The water in the tank, if not cooled, will rise in temperature at a rate of

about 40C/hr. The additional power delivered during the short overshoot is

not sufficient to affect these conclusions materially.

The reactor has been run entirely safely for relatively short times

at 100 kw. At this power, the gamma radiation level 3 ft above the surface

of the water is about 11 mr/hr.

* * *

A large prompt negative temperature coefficient makes any reactor very

much safer if a large amount of excess reactivity is available. In the

TRIGA, where the excess reactivity is kept to below lo, the prompt coefficient

helps keep the maximum power level down to a reasonable multiple of its

normal operating value, and limits the energy liberated in a transient.

In conclusion, it is probably fair to claim that TRIGA is the safest

training reactor so far devised.
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