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PREFACE

In 1956, Risg was a peaceful and sparsely inhabited peninsula in Ros-
kilde Fjord. By 1969, there had developed on this site a research estab-
lishment with a staff of about 800 and a wide range of scientific and tech-
nological activities, During these years of fruitful growth, Risg was di-
rected by Professor Torkild Bjerge, whose wise judgement, breadth of
interest, and commitment to the highest ideals of scientific research are
reflected in the pattern of the establishment today.

According to the law by whick it was founded, Risg has the task of
furthering the peaceful uses of atomic energy for the benefit of society.
The variety of natural phenomena associated with atomic energy and its
ramifications has resulted in a corresponding variety of activities within
‘basic and applied research, while the modest size of the establishment has
made necessary the virtue of close collaboration with a host of research
institutes, industrial companies, universities, and scientific laboratories,
both in Denmark and in other countries., The structure of Risg, which is
composed of about a dozen interrelated departments with a wide range of
experience, has proved to be well suited to tackling complex problems in-
volving expertise in different fields, and the interdisciplinary character of
its research is one of the establishment's principal strengths.

In this volume are collected a series of papers chesen to give an im-
pression of the character of Risg today. Accordingly, there are reports
on research in reactor technology, non-nuclear applications, especially
within medicine, and bas:c studies with long-range goals. The research
of the establishment is greatly influenced by the special facilities which
are available. The use of the reactors in materials testing, basic research,
isotope production, and activation analysis is illustrated in this volume,
while the utilization of other radiation sources, especially the electron ac-
celerators, in both applied and basic research, is also described.

Papers 1-6 are concerned with various aspects of reactor technology,
although the last two of these deal with modern developments in materials
science and systems analysis which have general application in non-nuclear
technology. Papers 7-9 describe the application to practical problems of
expertise in the generation and detection of variocus kinds of radiation, while

-10-12 are concerned with technical develooments in the medical field, The
protection of the population against excessive exposure to radiation was the
primary motivation of the plant studies discussed in papers 13 and 14, while
the study of the dispersion of radioactivity through the atmosphere provided



the initial impetus for meteorological studies of the type described in paper
15, although again this work has proved to have wide application in other
fields. Finally, papers 16 and 17 describe basic research on the chemical
and physical properties of matter, carried out using electrons and neutrons
respectively.

For over a decade, Risg has been occupied with developing the peaceful
uses of modern science in collaboration with many other institutions. It has
established a place in the scientific and technological life of the country and
become an internationally respected research institution. In appreciation
of his outstanding cortribution to the development of the establiskment, this
volume is gratefully dedicated to Professor Bjerge on his seventieth birth-
day by his colleagues at Risg, who have benefitted so greatly from his ef-
forts.

A. R. Mackintosh



The Development of Three-Dimensional Calculations in Reactor Physics
Experience with Flux Synthesis

by
H. Larsen and B. Micheelsen

Reactor Physics Depariment

Abstract

Three-dimensional overall calculations of fiux and power are necess-
ary for detailed reactor calculations. The approximative flux synthesis
method is fast and well suited for calculations of repetitive nature.

A three-dimensional flux synthesis burn-up program SYNTRON was
developed. SYNTRON uses a variational, single-channel, flux synthesis
technique, Calculations are performed with SYNTRON for comparison with
a conventional difference equation program.



1. INTRODUCTION

In reactor physics three-dimensional overall calculations are necess-
ary to give an accurate description of the flux and power distributions over
the reactor core. For example, boiling in a boiling-water reactor creates
different void contents throughout the reactor core and makes three-dimen-
sional calculations essential,

The flux distribution in the reactor core is most conveniently determired
by the use of diffusion theory in the form of the difference equation technique.
However, three-dimensional calculations by that technique for a whole reac-
tor core are costly in computing time and unacceptably expensive for many
purposes such as calculation of critical control rod configuration. For this
reason several approximate methods have been suggested, and two of the
best known are the nodal theory and flux synthesis.

With the nodal theory the necessary number of flux points are reduced
by introducing some fitting parameters through the coupling coefficients.

The fitting parameters must then be determined outside the program. In
the flux synthesis method the number of flux points is not reduced, but in-
stead the existence of a certain separability between the vertical and the
horizontal fluxes in many typical reactor calculations is used.

Flux synthesis has undergone great development during the past fifteen
years. One of the methods first suggested was Meyer's single-channel flux
synthesis“, where the neutron flux was assumed to be, piece by piece,
separable in the vertical and horizontal directions. The single-channel ‘
synthesis was extended to the¢ multi-channel flux synthesis by Wachspresss).
He divided each horizontal plane into a number of subregions and performed
a synthesis in each of these subregions. Another extension of the single-
channel synthesis is the variational flux synthesis developed by Kap 3).

In this formalism the three-dimensional flux at each vertical elevation is
found by mixing a set of two-dimensional (horizontal) flux shapes, called
trial functions. Later, some more sophisticated flux synthesis methods
have appeared, as for example variational flux synthesis with discontinuous
trial functions, i, e. different trial functions at each z-elevations)
methods with pseudo-discontinuous trial functions7).

The SYNTRON program uses a variational, single-channel flux syn-
thesies formalism with continuous trial functions. The discontinuous for-

, and

malism is not used because it is rather complicated and slow (in computing
time). Another problem in the discontinuous formalism is that the user
must beforehand know the solution of the problem fairly well to specify the



trial functions, and this knowledge cannot in general be assun:ed avilable.
2. SYNTRON

The three-dimensional flux synthesis program SYNTRONz ) uses a
variational, single-channel flux synthecis formalism primarily based on
Kaplan's method. The three-dimensional group fiux Qg(z, y, x) is found by
means of the following expansion:

K
g

ey = ) zfe) - B, Q)

where

K g = number of trial functions in group g

Hﬁ(y, x) = ﬁial function number k in group g

Zﬁ(z) = mixing function number k in group g.

If the trial functions Hﬁ(y, X} are assumed to be known, the problem is
how to find the mixing functions.

The SYNTRON program includes an ordinary difference equation rou-
tine called DIFFERENS. By means of this routine it is possible, inside the
program, to set up calculations of the necessary two-dimensional flux shapes
{horizontal) for the trial function set to be used as expansion functions.

if the flux expansion eq. (1) is substituted into the group diffusion equa-
tion, we have:

Diffusion equation:

-Dg~92'g+zg'9g = Qg. (2)
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Synthesis equation;
Kg
(087 +38) () zE@) - BEG.®) ) -
k=1
(3)

G Xp
z Z (€8 + xaf - vzB/k ) - 28 () - Hig'(y.x) .

g'=1  i=l
where

D = diffusion coefficient

2§ = absorption cross section

i‘.ﬁ"g' = gcattering cross section from group g' to group g

x18 = neutron fission spectrum»

V- 2% = neutron production cross section

GR = number of energy groups

1=g<GR = energy grou;.) index

keff = effective multiplication factor

Qg = spource term.,

Equation (3) is the basic equation for finding the unknown mixing func-
tions Zﬁ(z). For the solution of eq. (3) a new function set called the
weighting function set ng(y, x) is introduced, cf. 2). in the SYNTRON
program the weighting functions may be either the trial functions (Galerkin
welghting) or the adjoint trial functions. The following treatment is inde-
pendent of the method used.

Equation (3) is multiplied by ng(y, x), and an integration over the (y, x)
plane is performed,
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A typical integration term is:

Af ;(2) = fy fx\zg- HE(y,x) - Wiy, x) dydx, (4)

which is the (y, x) integrated absorption term.
The most complicated term is the radial leakage term:

r
g = g . wé .v2 uxB
DBij(z) Jy L D Wj (y,x) - ¥ vx Hk(y, x) dydx , (5)
The practical integration is performed by a difference approximation
techniquez’ 8).

According to the transformations above, eq. (3) is replaced by:

17

(- 02§ z) - V2 + DBZE (2) + Af (2) ) - 2f(a) -

5

(6)

Gk X
) Zg (SPEE(2) + XIFEE (2)/kygy) - Zf (),
g'=1  i=

which is the basic equation to be solved with the synthesis program.

The terms SPfjg'(z) and XIFigjg'(z) are integration terms for scattering
in and fission contribution to group g from group g'. They have the same
form as in (4).

We now return to the problem of finding the z-dependence of the mixing
functions. In the z-direction, the vertical direction, the reactor is divided
into axial zones or a coarse mesh. The axial zones are selected so that
there are no variations in the cross sections in the z-direction in each axial
zone,

The mixing equations (6) are solved approximately by a finite differ-
ence method. The axial zones are subdivided into a fine-mesh structure,
and the mesh point is chosen in the middle of each mesh, Eq. (6) is trans-
formed into a set of difference quations by means of an integration over the
remaining direction, z.

In this program a semi-iterative technique is used for solving the syn-
thesis equation. The solution technique used is similar to that of the line
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difference technique, only the elements in the matrix equation are here

submatrices. The direct inversion methodg)

is used, and as it is possible
to invert the submatrices once before the iterations are started, little com-
putation is necessary at each iteration, and the solution is very fast, cf. 2).
The eigenvalue, keff’ the effective multiplication factor, is found with an
overall neutron balance equation.

When the mixing functions have been found, it is easy to calculate the

three-dimensional flux distribution from eq. (1).
3. CRITICALITY SEARCH

In reactor physical calculations one is often interested in the flux and
power distributions for the critical reactor rather than in the distribution
for a system held artificially critical by an effective multiplication factor
keff‘ The criticality options of greatest interest would be those directly
simulating the operation of modern power reactors, i.e. critical poison
search and direct iteration on the control rod positions. No feature in the
flux synthesis formalism makes it more convenient to use this formalism
in preference to any other for critical poison search, but for direct iteration
on the control rod positions the flux synthesis is very convenient. Control
rod movement in the vertical z~direction can be simulated by internal bound-
ary displacement between the axial zones.

In the SYNTRON program two different dimension control search options
are implemented, one for iteration on the dimensions, and one for internal
boundary displacement with fixed outer dimensions (control rod movement),

3.1. Critical Dimensions

The synthesis, eq. (6), can at each z-elevation and in each group for-
mally be written as

LEAK + ABS = SOUR , Q)

where

LEAK = leakage term, ABS = absorption term, SOUR = source term.

In order to determine the size, i.e. the length in the z-direction, of
one or more axial zones at which the reactor is critical, for example axial
zone No, 1, an eigenvalue must be associated with the height L? of axial

zone No. 1,
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In realistic, three-dimensional synthesis calculations the most time-
consuming calculations, besides the trial function calculaiions, are the
integration of the matrix elements, particularly the leakage term DBZ,
eq. (5). This is the case if the fast solution method mentivned in section 2
is used. During the integrations no assumption is made about the size of
the mesh in the z-direction. The absorption and the source elements are
directly proportional to the length, and the axial leakage elements are to a
certain degree inversely proportional to the length, If the dimension de-
pendence of the leakage terms is dropped - i, e. the leakage terms are held
constant - and an eigenvalue is associated with the absorption and source
terms, eq. (7) will, for the zones to be altered, be:

LEAK + ABS - A\ = SOUR - \. (8)

The eigenvalue M\ is found by an overall neutron balance equation.

When the mixing functions and A have been found, the dimensions of
the axial zones are now L, = L? « A, while Lg and Lg remain unchanged.
With these new dimensions new leakage terms, new mixing functions, and
N are calculated, and only one or two such leakage term recalculations are
normally required for the convergence of this system (A = 1). The extra
cost in computer time for finding the critical dimensions instead of k off is

small,

3. 2, Internal Boundary Search

Internal boundary displacement means that wie internal dimensions are
altered in such a way that the outer dimensions become fixed. If we want
to find the critical position of the control rod in the test example in fig. 1,
this may be done by associating an eigenvalue N with the axial length of the
zone with a control rod

LEAK + ABS - \ = SOUR - \, (8)
while the equation for the axial zone below without control rod becomes
LEAK + ABS * (1 -\) = SOUR * (1 -\). (10)

The calculation method is then the same as for dimension search,
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~—=x(cm)

-—_Control rod

3.3. A Two-Dimensional Example with Internal Boundary Search

For illustration of the capability of the synthesis approximation, a cal-
culation for a simple, two-dimensional example was made with the SYNTRON
program. The example is from Kaplan's original paper3). The syﬁthesis
calculations were compared with calculations by a difference equation code,
DIFFERENS. The geometry of the example is shown in fig. 1. The calcu-
lations were made in two energy groups. A 43 x 40 fine-mesh structure
was used. The two-dimensional synthesis calculations were performed
with two one-dimensional trial functions for each flux group. The trial
functions were found by one-dimensional difference equation calculations;
one at the upper rod-in fuel zone, and one at the lower rod-out fuel zone.

The eigenvalue, the effective multiplication factor k otp Was found to
be 1.020 by the reference calculation method and 1.018 by the synthesis
method.

The example from fig. 1 is used to illustrate the method of direct itera-
tion on the control rod position. In fig. 1 some thermal flux curves are
shown calculated with SYNTRON and test calculations with DIFFERENS. A
keff is put into the SYNTRON program, and the program is asked to find
the control rod position which gives the specified k ett’ Afterwards the cal-
culated dimensions are put into the static difference equation code DIFFER-~
ENS to check the flux distribution and k ot This is done for critical reac-
tor case II, an over-critical reactor case I, and an under-critical case III,
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cf, fig. 2. The letters A, B, C, and D give the control rod position, B
is the original position and also the guessed position for the start value in
cases I, II, and Iil.

3.4. A Three-Dimensional Calculation Example with Internal Boundary Search

The reactor core configuration in fig. 3 a and b represents a large light-
water reactor with 25 control absorbers (P) partly inserted (in the whole
core). The SYNTRON program was used in three-dimensional, two-group
calculations, with a 20 x 20 x 24 mesh.

Calculation i with the control absorbers inserted one quarter of the core
length ~ as shown in fig. 3 b - gave keff =1.0169, The calculation with in-
ternal boundary search, varying the insertion L of the control absorbers,
gave criticality at L = 250.0 cm. (No comparison with detailed, three-di-
mensional difference equation calculations was possible). Calculation times
for a B 6700 (which is 1. 2 times faster than an IBM 7094) are:

Calculation 1; Trial functions = 90 s. Synthesis = 25 s, Total = 183 s,

Calculation 2;: Trial functions = 90 s, Synthesis = 53 8. Total = 219 s,



Fig.3 LWR coiculation

a.Horizontol cross section at core midpiane (2+200cm) b.Vertical cross section (y=0)
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4. SUMMARY

The main conclusions of these investigations are that variational flux

synthesis gives reasonable results if a suitable set of trial functions is used,

and that flux synthesis is well suited for calculations with a criticality search

on dimensions or control rod positions.

1)

2)

3)

4)

5)

6)

)

8)

9)
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A Cold-Neutron Source in the DR 3

by
J. A. Leth

Reactor Engineering Department

Abstract

A general description of the cold-neutron source in the DR 3 is given
together with a short introduction to cold neutrons and the history of cold-
neutron sources in reactors. The main difference between the DR 3 cold-
neutron source and other cold sources is in the use of supercritical hydro-
gen as moderator, which permits adjustment of the effective hydrogen thick-
ness by changing the temperature of the cryogenerators.
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1. INTRODUCTIGN

1.1. Cold Neutrons

Cold neutrons may be defined as neutrons with energies below 5 meV,
corresponding to ue Broglie wave lengths longer than 4 A.

The average kinetic energy of fission neutrons is approximately 5 MeV.
In a thermal reactor these fission neutrons are moderated to become ther-
mal neutrons, mainly as a result of inelastic scattering reactions with the
moderator. The thermal-neuiron spectrum achieved is nearly a Maxwellian
distribution corresponding to the moderator temperature. The average en-
ergy of the thermal neutrons is approximately 25 meV. Of the thermal neu-
trons only 1 - 2% have energies below 5 meV, i.e. are cold neutrons.

In order to obtain a higher cold-neutron flux from an experimental hole,
a chamber filled with a moderator which can be cooled to low temperatures
is placed in the hole, For most cold-neutron sources liquid hydrogen is
chosen as the moderating material.

Cold neutrons have longer wave lengths than thermal neutrons, which
makes them more suitable for investigations of structures with large atomic
spacings. As examples may be mentioned structures of complex chemical
combinniions and molecules, structures of biochemical supermolecules,
defects in crystals, and magnetic défects in magnetic alloys,

Because of wave length - longer than 4 A - and velocity - below 1000 m/s
- cold-neutron scattering has also proved a most useful method for dynamic
investigations. As examples may be mentioned phonon life times, magnon
life times, dynamics of magnetic phase transformations, diffusion in liquids,
and molecular rotations which because of symmetry characteristics cannot
be studied by means of conventional methods.

An introduction to cold neutrons has previously been given in' ).

1.2, History of Cold-Neutron Sources in Reactors

Interest in cold neutrons was first aroused at Harwell in ‘the early 1950's.
After studies of different hydrogenous moderators outside the reactor, the
world's first cold-neutron source was built in the Harwell BEPO reactor in
1957,

In 1959 a cold source was installed in the EL3 reactor at Saclay, and
the following year the Harwell Dido source was commissionedz).

Two cold sources are in operation in Germany, One in the FR-2 at

Karlsruhe since 1 9683), and one in the FRJ-2 at Jiilich since 196 4).
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Cold sources have also been installed in the lcw-flux reactors BR1 at
Mol and FiR! at Helsinki.

A cold source for the high-flux reactor in Grenoble RHF is being built
and is expected to be operating by the end of 19725).

The project for a cold source in the DR 3 was started late in 1968, and

the source is expected to be operational about the middle of 1972,

2. THE COLD-NEUTRON SOURCE IN THE DR 3

2.1. General Description

In principle the cold-neutron source in the DR 3 consists of a hydrogen-
filled moderator chamber placed in the horizontal beam hole 7TL-3 of the
reactor, see fig, 1. The moderator chamber, made of aluminium alloy
AlMg3, is placed inside the vacuum casing, which is made of the same
aluminium alloy. Vacuum is used to insulate the cold parts, and the vacuum
containment further acts as a second containment in a triple containment
system, see 2.3. The annulus between the vacuum containment and the
liner in the beam hole and the rest of the liner are filled with helium at a
small positive pressure.

Hydrogen is used as moderating material and as moderator chamber
coolant at a pressure of 15 bars, which is above the critical pressure, see
2.2, The hydrogen is circulated between the moderator chamber and the
two Philips-Stirling cryogenerators by means of a fan, Another fanis a
standby. The moderator temperature is expected to be about 22°K at a reac-
tor power of 10 MW.

From an intermediate stage the cryogenerators may provide cooling at
a nominal temperature of 80°K. This cooling capacity is used to cool the
neutron filters with a flow of cold helium circulated by a fan. The helium
flow passes round the filter blocks in a spiralled groove. This cooling
jacket is insulated by means of a vacuum annulus which is in connection with
the vacuum in the rest of the plug.

The cryogenerators are connected to the system through a joint box
which contains the four fans and eight cryogenic valves. The cryogenerators
and the joint box are placed just above the beam hole, The moderator cham-
ber and the cooling jacket for the neutron filter are connected to the joint
box by means of transfer lines. The cryogenerators and joint box are shown
in fig. 2.

The only equipment placed outside the reactor shell is the hydrogen buf-
fer and supply system.
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Fig. 2. Cryogenerators and joint box.

2. 2. The Supercritical System

As mentioned in 2.1 the system is supercritical, i. e, the hydrogen
pressure - 15 bars - is above the critical pressure, which is about 13 bars.

In a temperature-entropy chart for normal hydrogen, it may be seen
that hydrogen at 15 bars will always be in a single phase. As the tempera-
ture range during operation wiil be 22 - 30°K, and the pressure is the above-
rentioned 15 bars, the density will be 58 - 70 g/1, which is above the density
¢« £ liquid hydrogen in the same temperature range.

The supercritical system offers a great advantage over other systems,
because the density of the hydrogen may be changed simply by changing the
cryogenerator temperature, which can be done by means of heaters. Thus
the cold-neutron gain may be optimized by adjusting the effective hydrogen
thickness,

All cold-neutron sources with hydrogen moderators built until now have
been based on the use of liquid hydrogen, A supercritical system has been
proposed in the design study of the cold source for the Harwell High-Flux
Beam Reactor. In that study the system was proposed to operate in the
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temperature range 33 .-.38" K which would gtve a reduced hydrogen density
compared with the hqmd hydrogen density. Tkis reduction was intentional
and based on geometrlcalr%onsmerattons

2.3. Safety Phi'iﬁs;ophy

Hydr'ogen 516};; is completely harmless, and a hazard only occurs when
oxygen is present too., The hydrogen/oxygen hazard may occur in two ways;
firstly, if some source of 1gmtton is present, the elements combine exo-

- thermically to form water, ‘and secondly, if oxygen from air is irradiated
at cryogenic temperatures ozone and, if nitrogen is present too, possihly
oxides and ozonides of nitrogen may form, decompose explosively, and
initiate a hydrogen/oxygen reaction,

The basic principle for safety of the cold-neutron source in the DR 3 is
to preclude any possmlhty that air may enter either the hydrogen system or .
regions of the equipment contammg hydrogen especxally at cryogemc tem-
peratures and in fields of high radiation. - ‘

For the cold-neutron source in the DR 3 all hydrogen equlpment inslde
the reactor shell is contained within a high-vacuum system which is sur-
rounded by a third containment filled with helium. The helium is always at
a small positive pressure, so that a leak in the helium blanket can be de-
tected. By adopting this triple- containment philosophy the above-mentioned
basic principle for safety is fulfilled, and it is ensured that in the event of
a leak in the vacuum casing, only Ihel__.tum can enter the v}acuum_system.

' 3. DESIGN ,SOFU'TI;QW“ |

Durmg the des1gmng of the cold neutron source for the DR 3 many
'spec1a1 problems arose because of the low temperature and the demand for
~low leak rates as well as the comple:uty of the trlple contamment system. _

_As an, example of one of the components the Jomt box may be menuoned
The complex1ty of the lomt box is caused by the numerous purposes 1t serves.
In the jomt box the hydrogen and the hehum heat exchangers of the cryo- .
generators are connected to th.e tra,nsfer ,11. 4_s leadmg to the moderator -
chamber and the neutron f11ters respecuvely, through fans and cryovalves.
All these ¢old p1pes and components are connected in the vacuum chamber
of the joint box and are thus fully vacuum msu]ated In the Jomt box the .
vacuum systems of the transfer lmes are separated from the vacuum m the
joint box and the cryogenerators for ease of mamtenance and leak detectlon



25

The vacuum chamber is totally surrounded by a helium blanket which also
contains the vacuum instrumentation and two sputter-ion pumps. The de-
mands of the triple containment philosophy have thereby been fulfilled.

The maximum leak rate of the vacuum system in the joint box is 1 x 10‘6
Torrs 1fs, which corresponds to an inleakage of 1 Ncm3 per 9 days into
the volume of 500 litres.

It was necessary to design the above-mentioned cryovalve specially for
the triple containment system to achieve low leak and heat leak rates.

The moderator chamber design was studied from stress and flow di-
stribution considerations simultaneously, as they are mutually dependent.
The stresses were calculated by means of a computer program and checked
on models with strain gauges. The flow distribution was studied in a perspex
chanmiber with a flow of water and polystyrene particles. In the final design
of the chamber the flow follows a vortex spiral.

The heat input to the hydrogen system, which mainly comes from the
thermal radiation and the nuclear heating in-pile, was calculated on the
basis of the system design. With this heat input the hydrogen temperature
was found from the cooling power - temperature chart of the cryogenerators

to be approximately 22K,
4. COMPARISON OF SOME COLD-NEUTRON SOURCES

A comparison of the coli-neutron source for the DR 3 with those at
Harwell (DIDO), Saclay (EL-3), Karlsruhe (FR-2), Jiilich (FRJ-2), and
Grenoble (RHF) based upon data from the literature is shown in table 1.

The DR 3 cold-neutron source is different from the other cold sources
in two essential points. First, the beam hole is tangential to the core, and
the cold source therefore provides two beams of cold neutrons. Second, the
use of supercritical hydrogen permiis adjustment of the effective hydrogen
thickness as mentioned in 2, 2,
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Table !

Comparison of some cold-neutron sources

Reactor | Thermal flux Moderator Moderator Nuclear heating in Heat

Reactor power | at the source Moderator thickness volume {Moderator| Material [removed
MW n/cm2 s mm cm? W/g W/g w

DR 3 10 R— 10' 3 H, supercr. 60 570 1.3 0.3 620
DIDO 15 4 x10'% | H,lUq 30 200 0.75 0.2 42
EL-3 11.5 5 x10'° | Hy+D, lig. 74 500 1.04 0.11 45
FR-2 43 4.9x10'% | H, 1q. 45 250 0. 91 0.18 50
FRJ-2 15 8.9x10'3 | H,+D, liq. 55 850 2.5 0.7 1000
RHF 60 7 x10'd D, liq. 380 25000 1.47 0.6 7000

L2
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Development of Nuclear Heat Calorimeters and Dose Separation of

Nuclear Heat Components

by

Karsten Haack
DR 3

Abstract

Experimenters' demand for information about the nuclear heating in
their samples and rigs in the reactor necessitated development of two
types of calorimeters: (1) An adiabatic type (25 mm o.d.) with a sensi-
tivity range of 1 - 500 mW/g for measurements in experimental facilities
outside the core in the reflectors and (2) an isothermal rod type (6.5 mm
o.d.) with a sensitivity range of 0.1 - 5 W/g for measurements in the fuel
elements, A description of the calibration and measurement methods is
given, and some characteristic results are shown. The dose separation
comprises the calculations of the heat contributions from thermal and
fast-neutron flux reactions in the calorimeter sample and structure.
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1. INTRODUCTION

A fraction of the energy released by fission in a reactor is not depos-
ited in the fuel elements, but appears as a heat source elsewhere. This
fraction comprises mainly the following contributions:

(a) Fission neutrons 3.1%
(b) Instantaneous y-release 3. %
(¢) Decay y-radiation 2.6%
(d) Decay p-radiation 2.6%
(¢) Neutrinos 5. 6%

The neutrinos are not attenuated within the reactor core. The decay
p-radiation is absorbed in the nearest vicinity of the fuel plates and will
rarely appear in the experimental facilities; but the remaining contribu-
tions (a), M), and (c) will produce considerable heat here, and it is there-
fore necessary that the experimenter knows the size of these contributions
in order to establish sufficient cooling and thus obtain the desired temper-
ature conditions in his rig.

The rig will be heated not only by this primary radiation, but also by
secondary radiation. produced by neutron reactions in the rig materials,

Under the assumption that the primary radiation is not essentially at-
tenuated by the presence of a rig, it becomes mainly a function of the fuel
element position in the core., The energy deposition by the primary radi-
ation is consequently called the ""Position Dose Rate" (PDR).

The secondary radiation depends on the physical and geometrical
characteristics of the rig materials, and consequently the energy deposi-
tion from this radiation is called the '""Material Dose Rate" (MDR).

The total of the energy deposition from the primary and the secondary
radiation (PDR + MDR) is the true dose rate, denoted the "Nuclear Heat"
(NH).

As the properties of the materials in a rig and the neutron flux condi-
tions are usually well known, the MDR can be calculated. But it is difficult
to calculate the PDR in the very complex system of a research reactor
core; better accuracy is obtained by measurements.

The instruments that may be used for such measurements are:

- ionization chambers
- physical or chemical dosimeters
- calorimeters.
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The calorimeter resembles a rig design most closely, and therefore
this instrument is usually chosen for the measurement of nuclear heat.

2. CHOICE OF CALORIMETER TYPES

The classic adiabatic calorimeter cannot be used directly, because
the necessary insulation against heat exchange with the surroundings needs
more space than is usually available in an experimental tube of a research
reactor. The adiabaiic conditions are established by surrounding the sample
with a heat sheath, which is kept at the sample temperature by means of a
heater on the sheath controlled by the difference signal from two thermo-
couples, one on the sample and one on the sheath. Between the sample and
the sheatl is an evacuated gas gap, see fig. 1.

it Gl T 4255
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................

Sample heater Full srze ° Mica spocers

Fig, 1.

The heat deposition, g watts per gram, gives a temperature increase
rate dT/dt according to the equation:

a=c3L cal/g.s = 4. 1868c-— w/g , (1

dt
where ¢ and T are the specific heat and the temperature of the sample,
The dT/dt is measured graphically on the sample thermocouple recorder
paper.
An adiabatic calorimeter as sketched here is suitable for measurements
in the range 0, 01-0. 5 W/g and has been used in the experimental holes out-
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side the core of the DR 3.

Inside the core, values of nuclear heat up to 2 W/g are seen, so a less
sensitive type had to be used here. Furthermore this type should be smaller,
as the access to the fuel elements is through 8 mm tubes. It was decided to
choose an isothermal rod calorimeter type, see fig. 2.

Isothermal Calorimeter. Jype 16

Full srze

Fig. 2.

The principle of measurement appears from the following consideration:
The heat balance in an infinitesimal piece of the rod-shaped sample is (see
fig. 3):

Q=9+ - ()

If the specific heat conduction of the rod is K W/-c¢ cm, its cross section
A cmz, and its specific weight V g/ cm3, and if the nuclear heat is q W/g,
(2) can be written:

Expansion of the left side according to the Taylor formula and exclusion
of terms of order higher than 2 give the differential equation:

2
K T Vdx (3)
e |

with the solution

qQ , - @)
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which shows that the nuclear heat can be found by measuring the difference
in temperature between the ends of the rod.

Thermocouples
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xode X 0
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Rod in isothermal calorimeter, schematic.

Fig. 3.

3. CALIBRATIONS

The sample in the adiabatic calorimeter has a built-in electrical heater
for the purpose of calibration, i.e. measuring of ¢ in eq. (1). This value
is the weighted mean value of the sample construction parts, (sample ma-
terial, thermocouples, heater, cement, and suspensions):

n

z m.c.
i
i=1

es L (5)

z m,
i
i=1

where m, and c; are the mass and the specific heat of the i'th of the n
sample parts,

The calibration could be performed in the same way as an in-pile
measurement, but as the sheath would be heated by the Leater alone, and
the heater is not uniformly suspended over all parts of the sheath, consid-~
erable temperature gradients would occur in the sheath, and the mean
sample/sheath difference temperature could no longer be considered to be
zero,
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A better calibration is obtained by recording a small temperature tran-

sient with the sheath heater control disconnected. The transient is initiated
by a small current through the sample heater vhich raises the sample tem-
perature a few °c (see fig. 4). The current is switched off before equilib-
rium is attained, and then the cooling period is recorded. The gas gap heat
conduction K g w/ OC can be considered constant during the transient. The
heat balance is:

.2 daT
- AT = — » 6

where the sample heat capacity C = c- Mp, and Mp is the sample mass.

Adiabatic Calorimeter Calibration

IASEN 77 /;

Fig. 4.

If four states during the transient are chosen, 1 and 2 at increasing,
3 and 4 at decreasing temperatures, (see fig, 4) so that

Ty-T;=Tg-Ty , (7)

integration of eq. (6) will give
2 2 2
f riat - f K ATdt = f CdT (8)
1 1 1

and
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4 4
- f K aTdt = f cdr (9)
2
with the solutions:
.2 _
ri (tz'tl) - KgI]_2 = C('I‘Z-T]) (10)
and
'Kg13_4 = C('r4’T3) > (l l)

where the integrals

2
I]_2=f ATdt
1
and
4
13_4=f ATdt
3

can be found by graphical integration of the recorded transient. Egs. (10)
and (11) are now solved with respect to the desired value:
I3_4 -t 2

C-= . -ri® joules/°C , (12)
Hoo+tI3g Tp-T,

and, furthermore, the gas gap heat conduction can be calculated:

t, -t
K = —2_1__ .ri% w/ . (13)

g Il -2 + 13-4

‘The calibration of the isothermal rod calorimeter is performed by
means of a built-in heater cable which is shown in fig. 2. This cable and
the longest thermocouple cable together give a considerable contributicn
to the in-pile heating of the rod. The cable contributions can be allowed
for by means of the proportion of their masses to the rod mass, as the
mass -y-absorption coefficient at the most frequent y-energies in the reac-
tor, 1-3 MeV, is the same for the elements in the cables and in the rod.
But it causes different in-pile heating in rod sections 1, 2, and 3. In the
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following calculations the in-pile heating will be denoted k]q, koq, and
k3q where k], k2, and k3 are constants calculated for the respective rod
sections. Furthermore the rod heat conduction is different in the three
sections. The heat conduction along the cables is negligible.

Finally the cables do not extend right to the free end of the rod, and
this miakes the rim conditions more complicated for the solution of differ-
ential equation (3).

Because of the objections mentioned here it is necessary to reconsider
the deduction of eq. (4). If the rim values for a rod section from x = a to
x=b (b ) a, seefig, 3) are

Ty 2= (§F) ) wnd (my. 2= ()

(Tb’ Zb) can be found by solution of the differential equation by use of the
known rim values (Ta’ Za):

T, =T, - (xb-xa)z % + e -x,) Z, (14)
. 2qV 2
zy = - V2 (r,-m) + 2z, (15)

The discontinuity of Z at the section borders can, by a heat balance
consideration, be found to be

A
= (x-dX) ~
Paran) T Plxeax) (19)

(x+ dx)
If eqs. (14), (15), and (16) are used successively on the three rod sec-
tions, an expression of the AT to be measured in-pile is deduced:

qu3 2 Ay
T Tim - Tym ® o O wy W A2 o O

whoere

Vq o . 2 Al AI 2
Zy = - < | kz((xi-xv) ky + 2(x1-xv) Iz- klxv) + ‘Iz- k,x )" .

(18)
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Accordingly for the out-of-pile calibration

2
- - n - -
8Te = TieTye © 7858 e U U (19)
¥ 0T =4T_, q canbe found by means of egs. (17), (18), and (19):
rk
- c .2 j
% 5V ! o
where
. - xy - 2xv+ xi
: ( k+2A2Vk (. -x_ )2k, + 2(x, ~x_) A‘k)+(A‘k 2
S U vl et S ARl S wi U v 1%y

(21)

A correction kr for the increase of the heater resistance r at the
higher heater wire temperatures during the calibration is introduced in
each set of calibration values.

By plotting of ATc versus krl:'i2 a straight line appears from which
the calibration factor fc can be found:

d(AT,)

f, = —— . (22)
¢ d(k_ri%) :

Thus the nuclear heat can be calculated from a ATm:

ke

q =
A VT,

AT = £ 6T  W/g (23)

where fs is the calorimeter sensitivity. A characteristic value of fB is
that of calorimeter 16/9: f_ = 0.122 W/g. °C.

4. MEASUREMENTS

Measurements by means of the adiabatic calorimeter were carried
out by (1) rapid insertion of the calorimeter to the measurement position,
(2) adjustment of the AT control device, and (3) recording of the sample
temperature until the measurement was stopped at 250°C. The nuclear
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heat was calculated by means of eq. (1).

= Adiabatc Calormeter
Megsurements in 7V1
(Exp. Tacility)

b.“ { . Positien above core cenire plane

2 40 0 o 20 30 4« Som

Fig. 5.

The isothermal calorimeter was kept in a measurement position until
equilibrium - AT was attained after about eight minutes. Then it was auto-
matically moved to a new position 10 cm higher up in the fuel element by
means of a gear plug on top of the fuel element. Each vertical scan of a
fuel element consisted of eight measurement points. All fuel elements that
were not used for experiments were scanned at the beginning and at the end
of must of reactor runs 108 - 128,

Typical nuclear heat scans with the two calorimeter types are shown
in figs. 5 and 6. The figures also show the position dose rates PDR =
NH - MDR obtained by means of the calculations given in chapter 5.

Figure 7 shows NH and PDR versus the distance from the vertical
core centre line,
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9. DOSE SEPARATION

The reactions contributing significantly to the heating of the calorime-
ter sample by secondary radiation are:

(A) Thermal-neutron capture in the structure

(B) Thermal-neutron capture in the sample

(C) Decay of nuclei formed in the structure

{D) Decay of nuclei formed in the sample

(E) Fast-neutron elastic scattering in the sample

(F) Fast-neutron inelastic scattering in the sample

Formulas for calculation of these contributions will be deduced below.

(A). The release of binding energy from thermal-neutron capture in the
structure elements gives a total y-source strength of

MeV/s |, (24)

N ®ai®thEbi

where N is the Avogadro number 0.602° 1024,

Mq1 is the mass of isotope "i" in the "q'"''th structure part in grams,

L is the thermal-neutron absorption cross section in barns,

94, i8 the thermal-neutron flux (Westcott) in n/ cmzs,

Ebi is the binding energy in MeV released by thermal-neutron
capture in isotope "i".

The fraction of S that hits the sample is denoted G qS G q is calcu-
lated for some symmetncal geometries in ref, ) With a linear energy ab-
sorption coefficient of the sample u eaj © l referring to the level of the
binding energy of isotope "i", and a eample mass Mp grams, the total en-
ergy deposition rate in the sample from the Q structure elements consist-

ing of I isotopes can be written:
Q I

1
AW g, = '1\7[; z (GySi¥ eay) MeV/s'g . (25)
q=] =1

By rearranging and transforming from MeV/S to watts we obtain:



(B). The thermal-neutron capture in the sample itself deposits a binding
energy heat in the sample which can be found from similar considerations:

AW

CSp

M,

1
M.o_.
_ -14 %th i%ai
= 9,65 10 Z ( A]_ Ebixi) W/g 3 (27)
i=1

where Xi is the fraction of the released energy that is absorbed in the

sample itself, Xi has been calculated for different geometries by Case et
2)

al, *’.

L(l. Only the most common modes of decay: y and p~ will be considered
here. -

If the i'th isotope decays in K modes, and if photons from the k'th mode
are expelled with a probability Nk’ the total heat in the sample from y-decay
in the structure can be summed as:

Q I M.o K
AW = 9.65-10-14 1th z (¢ 4 3l z (NE s ) W/g
DSty ‘ q k k" eak
k=1

Mp g=1 i=1 A

(28)

in the equilibrium state of the decay.

The p~ -particles are expelled with energies that have a continuous fre-
quency distribution 8o that the spectrum is split up into a number of inter-
vals A,, By vees Aj' ceves AJ. If the mean values of energy and frequency
in interval Aj are Ej and Nj respectively, and the probability that p~-par-
ticles in this energy ini':erval penetrate the structure layers is ij' the total
heat deposition in the sample due to p~-decay in the structure elements can

be written:

. v ) | M.o K J
= -14 "th qi ai Z
- - 16 ° ——— .A. * »
8Wpgtg- = 9.65°10 ™, z Z G —%& N ) (Nj;E3s)) Wle
g1 i k=1 =

(29)
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The deduction of the ﬁ'—energy frequency distribution and the calculation of
the penetration probability &Sj are given in Ris¢ Report No. 119 ) for
aluminium,

(D). With a sample of aluminjum the major contribution to the MPD is that
of g~ -decay in the sample. In spite of the short range of the g~ -particles
(5.1 mm of 2, 83 MeV g~ in Al), it is necessary to iake into account those
p~ -particles that escape through the sample surface. If this fraction is
called d, the heating from y- and p -decay in the sample is given by:

A

1
_ Cia-14 Tth
Wpspy = 965" 10 ™, Z ( X,) ) W/g (30)

I

spp- = 9 65'10'4-;}3 Z ( z (1-d)N, Z (NAE)))W/g
=]

(31)

The fraction d can be calculated by means of the computer code BETA~
4)
TAB

(E). Neutrons with energy E suffering elastic collisions with nuclei with
mass number A lose (acc. to (3)) on an average the energy:

=B (a-n’\ _ _2E
dE = 2 = . 32
2 ( (A+1)% ) (A+1)° (32)

The total energy deposition in the sample from a fast-neutron flux with
energy spectrum ¢(E) is consequently:

E
2
N 2A
AWsc, el A m i AE) 0. o1(E)IE MeV/sg , (33)

1

where % 1(E) is the scattering cross section in barns at the energy E.

Commonly the neuiron spectrum is expressed in lethargy units defined
3),
by

E

uEInTO. (34)
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The reference energy is set to Eo = 10 MeV, and eq. (33) is transformed
to lethargy units:

u
]
- Cia-14
AWgc.e1 = ~19-32:10 mf o(u) o . oq(u)du W/g . (35)
o]

(F). Neutrons with energies above the inelastic scattering thresholds of the
sample elements may suffer inelastic collisions accompanied by release of
particles as photons, protons, deuterons, alphas, or other neutrons. The
energy deposited in the sample is the difference between the energy of the.
entering neutron and that of the particle leaving the sample, The probability
that an expelled particle will be absorbed in the sample is denoted X(u).
Thus the total energy deposition in the sample from inelastic scattering is

1
AW = 9.65- 10 12 o(u) o

scinel 1) X(u) du W/g . (36)

1
A scine

0-—— ¢

The contributions (A)-(¥) to the MDR from thermal and fast fluxes
have been calculated as outlined above in terms of a flux of 10]4 n cmzs.
The detailed calculations are shown in Risd Report No. 119 ]).

The results are given in the table below.

Material dose rates (MDR) at a neutron flux of 1014 n/cmzs
Calorimeter
Reaction adiabatic mW /g |isothermal mW/g
Thermal-neutron capture in
the structure 14.5 9.9
Thermal-neutron capture in
the sample 22,1 18.3
p~-decay in the structure 9.5 17. 4
y -decay in the structure 3.8 2.6
p~-decay in the sample 94,6 91.3
y -decay in the sample 6.1 2.5
Total from thermal-neutron flux 150. 6 142.0
Elastic scattering i78 340
Inelastic scattering ~0 26
Total from fast-neutron flux 178 366




1)

2)
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Pellet Stack Shortening and Cladding Elengation
of Irradiated UO,-Zr Fuel Pins

by
F. List, Reactor Engineering Department

and

P. Knudsen, Metallurgy Department

Abstract

Six U02-Zr fuel pins irradiated to a burn-up of 5, 600 MWD/te UO2
showed pellet stack shortenings of 5 to 8 * 1073 and pin elongations of 7 to
9-10%. A theoretical estimate, based on fuel - clad mechanical inter-
action and ratchetting, was made in an attempt to account for the length
changes. The estimate for the pellet stack shortening agrees well with the
observedvalues. The calculated pin elongation is lower than the measured
values, probably because primary creep of Zr was neglected in the calcu-

lation.
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1. INTRODUCTION

Six fuel pins with UO2 pellets clad in zircaioy-2 were irradiated in a
boiling-water reactor to an average burn-up of 5,600 MWD/te U02. Com-
parison of pre- and post-irradiation measurements showed that the pellet
stacks had shortened, and the total pin lengths had increased. We present
the ¢xperimental results and a theoretical estimate to account for the dimen-

sional changes.
2. DESIGN

The zircaloy-2 (Zr-2) cladding bad an inner diameter of 12, 85 mm and
an 0. 6 mm wall thickness. The cylindrical, 5%-enriched uo,, pellets were
ground to a diameter of approx. 12.6 mm and had a sintered density of 10. 4
g/ cm3. The pellet stacks were 1671 mm long including a 13 mm natural
pellet at each end, and the total pin length was 1818 mm, Additional pin
design data are included in table 1 in section 4.

The pellets were held in place inside the fuel pin by a helical Inconel
X-750 spring in the fission gas plenum at the upper pin end, the axial spring
force on the upper pellet being 8 kp. The six fuel pins were suspended from
a common top grid and spaced laterally with Inconel 600 springs.

3. IRRADIATION

The complete fuel assembly (designated IFA 162) was irradiated in the
OECD Halden Boiling-Water Reactor, The coolant was boiling D,0 at 34
ata pressnra, corresponding to a boiling point of 240°C.

The average assembly burn-up was 5,600 MWD/te UO, as integrated
from the power detectors; the total time at power was 220 days, and the
average heat load was 330 W/cm. The axial form factor was about 1.3,
with the highest heat load at the middle of the assembly. During the irra-
diation period the reactor was shut down to zero power 55 times.

4, POST-IRRADIATION EXAMINATION

Comparison of pre- and post-irradiation measurements indicated that
the pins had increased in length as shown in table 1,

X-radiographs of the plenum ends showed that the helical springs were
fractured except in pin M11-1; however, it is not known at what stage of
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the irradiation these fractures occurred. The radiographs also revealed
plenum length increases in the range of 9 to 14 mm. This was verified for
two of the pins by cutting off the end plug and measuring tne distance to the
pellet stack with the depth gauge of a caliper. Since the pins had elongated
by 1.6 mm or less, the pellet stacks had obviously shortened. Gamma scan
recordings were used for a more direct measurement of pellet stack length
after irradiation. The decreases in stack length thus obtained are given in
table 1.

Table 1

Dimensional changes related to design parameters

Pin Pellet Gap Pin Pellet stack
number |H/D (a) | End shape (diam. ) elongation shortening
mm mm mm
M8-2 1 Dished (b) 0.19 1.5 8
M177-2 1 Dished (b) 0.20 1.3 9
M48-2 1.5 Dished (b) 0.24 1.4 13
M37-2 1.5 Dished (b) 0.23 1.4 11
M29-2 1 Flat 0. 28 1.5 12
Mi1-1 1 Flat 0.28 1.6 13

(a) H/D = height to diameter ratio.
(b) Spherical, both ends, 0.35 mm deep, 1.0 mm "shoulder".

5. THEORETICAL ESTIMATE OF DIMENSIONAL CHANGES

An interesting feature of this experiment is that the pellet stacks had
shortened by 8 to 13 mm during irradiation. To account for this, it is as-
sumned that pellets lock firmly with the cladding at a certain local heat load
owing to differential thermal expansion and friction forcesl ). During further
power increase the cladding will be stretched and the pellets compressed,
and both will creep axially. When the reactor is at zero power, the com-
bined forces of gravity and plenum spring may be able to relocate the pellets;
during the following irradiation period the stack length is then further re-
duced and the pin length increased as a result of renewed creep.
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For a theoretical estimate of these dimensional changes, expressions
for in-pile creep of UO2 and zircaloy are obtained as follows. At the heat
loads in question, the temperatures at the inner rim of the dishing "shoulder"
is well below 1 000°C, thus thermal creep of UO2 can be neglected, and the
strain rate, ‘.U' due to irradiation-induced creep can be written (see for

instance ref. 2):

where A is of the order of 2.8 - 10717 (h_]) - (g U/W) - (cm2/kp) (ref. 3),

and R is the heat load in W/g.

The in-pile creep behaviour of zirconium alloys is rather complex
(e.g. ref. 4). An expression has been derived from experimental results
compiled in5), giving in-pile creep strain of Zr-2 as a function of time,
temperature, fast flux, and stress. The axial cladding stress resulting
from the pellet - clad interaction is about 550 kp/ cm2 (see below); with an
average cladding temperature of 265°C and a fast flux of about 4 - 101 3
n/ cmzs, the expression for creep strain can be simplified in the stress
range of interest to give an approximate creep rate of ¢ z = B - o, where
B=1.5-10"2m") (em?/xp).

At the beginning of a period at power, the pellet - clad interaction re-
sults in an elastic compression of the lower half of the pellet stack by:

Bz Fg

a-= « AL
EU-FU+EZ-FZ o’

and the cladding is stretched similarly by

b=E'§U.+I;U-F - AL
y Yyt Bz Fg

o’

AL, is the difference in length between the lower half of the cladding and
the pellet stack if no mechanical interaction existed, i, e,

A
AL ='I§' ‘ QU * th(Q'QI)o

(o]
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where
L = rod length
oy = thermal expansion coefficient of U02
tU = UO2 temperature at dishing edge
Q = average heat load
Q] = average heat load when pellets at the middle of the rod lock
with the cladding
= Young's modulus
= cross sectional area
U,Z = subscripts referring to UO2 and Zr-2 respectively.

After a time increment of At, this difference has decreased owing to

creep and is now

By Py
AL, = AL - = - -AL * B- E, - At
1 (s] EU FU'FEZ FZ (1] Z
E,-F
Z yA
- . AL _-A-R- E, - At
EU FU+EZ Fz o U
or
ALI-'-ALO(I-C'At-D'At).

If the period at power is equal to n » 41, then the length difference at
the e.d of this period is

= O . - . n .
ALn AL0 (1 -C- At-D- At)" .

The sum of the corresponding pellet creep strain, S and cladding
creep Btrain, & 7 is

- —3 » . n
syt sz =8L -AL =AL (1-(1-C-at-D-ayfY,

D . . n
or ‘U’m'ALoﬂ'(i-C At - D At))
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A rough calculation shows that the upper half of the pellet stack will
shorten by about half as much as the lower half, For simplicity, the irra-
diation tume is divided into 55 periods of four days at constant power (Q =
330 W/cm), with relocation of pellets in between, and it is assumed that
the axial forces in the dished UO, pellets are taken up by an outer 2-mm
thick zone of the pellet. Thus the total calculated creep shortening of the
whole pellet stack willbe 1.5 + 55 - o similarly the cladding creep
elongation (i. e. pin elongation) becomes 1.5+ 55 - &,.

On the basis of the limited experience :alvailable1 )Zit is assumed that
the pellet - clad locking occurs at a local heat load of 300 W/cm. With the
above fuel pin design and irradiation conditions, the average axial cladding
stress, 'Z’ can then be calculated:

- 2b

_ 2
7z =T ° Eg =550 kp/em® ,

¢ Z

This stress level is in fair agreement with values obtained experi-
mentally in other irradiationss). The dimensional changes can then be cal-
culated and compared with the experimental results as shown in table 2.

Table 2
Comparison of calculated and observed dimensional changes
Calculated Observed
Pellet stack shortening, mm 10 8§-13
Pin elongation, mm 0.5 1.3- 1.6

6. DISCUSSION OF RESULTS

The agreement between calculated a:d observed pellet stack shor.ening
is gcod. Experimentally, an increase in pellet length seems to lead to a
more pronounced stack shortening, see table 1, This is probably related
) although it is difficult to

draw firm conclusions in ihe present case because the gap was varied at

to the larger end distortions of longer pellets
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the same time.

Flat pellet ends appear to give about the same stack shortening as
dished ends, as would be expected from the "in-pile dishing" mechanism
suggestud previouslyl ) . Again, ike interpretation may be incomplete be-
cause the gap was also varied.

The calculated pin elongation is smaller than the observed values. This
is, at least partly, a consequence of neglecting of primary Zr-creep (for
the sake of simplicity). Estimation of the constant B is another point of
uncertainty, as can be seen from the scatter of the experimental results
compiled in ref. 5.

Other assumptions and simplifications made in the above calculations
may be additional sources of uncertainty. Thus the average heat load varied
between the irradiation periods and had values up to about 450 W/cm; further,
the length of individual irradiation periods varied from 0.5 to 25 days. The
assumed local heat load of 300 W/cm required for pellet - clad locking is
not very well established, since it has been obtained from the early irra-
diation history of a small number of fuel pins only] ). Finally, the pellet -
clad ratchetting at power reductions may have been different for different
pins, since it is not known when the plenum spring fractures occurred.
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Dispersion-Strengthened Zirconium Products for Water-Cooled Reactors

by

E. Adolph and N. Hansen
Metallurgy Department

Abstract

To improve the strength of zirconium alloys at high temperatures a
powder metallurgy process was developed for manufacture of zircaloy-2
dispersion strengthened with yttria (Y203). This work was carried out in
collaboration with the UKAEA, Springfields.

Alloys with up to 10 volume per cent of yttria were produced in a high-
purity argon atmosphere to insure a very low impurity content in the final
material. The alloys were ternsile-tested and creep-tested in the range
room temperature to GOOOC, and corrosion-tested in steam at 400°C, Fur-
thermore a number of alloys were exposed to peutron irradiation before
testing.

This development resulted in dispersion-strengthened alloys with good
thermal and irradiation stability, twice the strength of zircaloy-2, and a
corrosion resistance comparable to that of zircaloy-2.
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INTRODUCTION

Few metallurgical procedures are available to increase the high-tem-
perature strength of a metal. One is to introduce a very large number of
small, hard particles into the metal, and this hardening, due to finely dis-
persed particles, is termed dispersion strengthening. This strengthening
principle was demonstrated with the development in the late forties of sin-
tered aluminium products or SAP. This material was a candidate for core
components in organic cooled reactcrs, and was in 1958 selected for that
purpose for the Risg Reactor Project DOR (an organic cooled, heavy-water-
moderated reactor). A large development and testing programme was
launched at Ris@g, and results from this programme together with work done
at other laboratories in Europe, USA, and Canada showed in 1965 - 1966
that SAP could be used with confidence in the organic reactor. At that tinie,
there was no incentive in Denmark to proceed along the organic reactor line,
but as equipment and expertise in the field of dispersion strengthening was
at hand, and as the interest in the use of dispersion-strengthened products
for nuclear as well as non-nuclear components was increasing, it was de-
cided at Risg to continue this line of research. In the mid-sixties the Danish
reactor programme was shifted towards water-cooled reactors, and a pro-
gramme was initiated together with the United Kingdom Atomic Energy
Authority (UKAEA) to develop a dispersion-strengthened zirconium product
for use as core material in such reactors, The object of this programme
was to develop a material with greatly improved strength properties com-
pared with zircaloy-2, without impairing the corrosion resistance in water
and steam. The development carried out in the period 1966 - 1971 resulted
in alloys with twice the strength of zircaloy-2 and about the same corrosion
resistance, These alloys, composed of zircaloy-2 and yttrium oxide as the
dispersoid, are described in the following.

SELECTION OF ALLOY SYSTEM

The main demands on the zirconium matrix alloy are good corrosion
resistarce in water and steam environments and satisfactory strength, The
main demands on the dispersoid are small tendency to agglomerate in the
fabrication and operating environments, and a reasonably small neutron
cross section to ensure good neutron economy. On the hasis of theLe de-
mands zircaloy-2 was selected as the matrix metal and yttrium oxide as
the dispersoid.



55

Fig. 1. Stainless-steel glove box for handling of powder materials.

FAPRICATION OF ALLOYS

The introduction of small yttria particles into zirconium alloys in best
achieved by powder metallurgy techniques. In order to eliminate the pick-
up of gaseous impurities which degrade the properties of zircounium alloys
(i. e. oxygen, nitrogen, and hydrogen), the materials are handled in an inert
atmosphere of purified argon.

For this purpose a stainless-steel glove box and argon purification and
analysis systems were constructed, fig. 1. The concentrations of oxygen,
nitrogen, and water vapour measured in the circulating argon atmosphere
of the glove box were 5, 20, and 1 ppm by weight respectively. The basic
production process is shown schematically in fig. 2. The hydride of zirc-
aloy-2 that is very friable was chosen as the starting material. For the
production of zircaloy-2 + yttria alloys, rods of conventionally produced
zircaloy-2 were completely hydrided at an overpressure of hydrogen at an
elevated temperature, The hydride was milled in a rotating ball mill to a
suitable particle size with yttria which had been pre-milled in alcohol to a
size distribution shown in fig. 3(a). In general the yttria particles were
rounded in shape with a small surface area, About 80% of the yttria has a
diameter of less than 500 .& The milling was carried out under argon, and
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Fig. 2. Schematic flow sheet of the production route.

the milled powder mixture was then cold-compacted into pellets before
being sinterec to about 85% theoretical density. After sintering, the pellets
were clad in copper under vacuum and hot-extruded into fully dense rod
material, then stress-relieved for 10 hours at 600°C. The materials were
analysed for dissolved gas content, and the results were in the region 100 -
150 ppm for nitrogen, 10 - 30 ppm for hydrogen, and 2000 - 4000 ppm for

oxygen.
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Fig. 3. Yttria particle size distribution.

METALLOGRAPHY OF EXTRUDED AND STRESS-RELIEVED ALLOYS

Fig. 4 shows the microstructure of an alloy with 5 volnme per cent
(v/o) yttria with a grain size of about 1.5 ym. Powder-produced zircaloy
material with no yttria shows a grain size of more than 4 pm, illustrating
the effectiveness of yttria in restricting grain growth in the sintering and
extrusion processes.

The particle size distribution histograms in fig. 3(a) and (b) show that the
average particle diameter increases during the manufacturing process. The
coarsening of the yttria particles probably occurs during the sintering
process. The mean particle diameter of yttria in the extruded and stress-
relived products is approximately 600 A. On the assumption that the par-
ticles form a simple cubic array, the surface to surface spacing can be
calculated” to be about 1500 A, This is a satisfactorily low figure for ob-
taining a good contribution to the overall strength from the dispersed par-
ticles.



Fig. 4. Electron micrograph x10, 000, extruded and stress-relieved
sircaloy-2 + S v/o yttria.

THERMAL STABILITY OF DISPERSION-STRENGTHENED ALLOYS

Samples of zircaloy-2 + 5 v/o yttria were heat-treated at 600 and 700°C
for up to 1000 hours. After treatment the materials were examined for grain
growth and particle stability.

No noticeable grain growth was observed after heat treatment for 1000
hours at 700°C. The yttria particle size distribution was measured in
samples of a zircaloy-2 + 5 v/o yttria alloy heat-treated for 500 hours at
600°C and 1000 hours at 700°C in the manner previously described., Thke
histograms of the particle size distribution are shown in figs. 3(c) ard (d).

It is apparent that the particles have not coarsened significantly after 50C
hours at 600°C. After 1000 hours at 700°C it is evident that the size distri-
bution had changed slightly, and the mean particle diameter had increased
to 750 A.

From these experiments it can be concluded that the yttria particles
will be reasonably stable during fabrication not involving temperatures above
800°C for fairly short periods of time, and at reactor operation temperatures
it is suggested that the particles would be completely stable,
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TENSILE PROPERTIES OF UNIRRADIATED ALLOYS

The tensile properties of the alloys with 0, 5, and 10 v/o yttria were
established by vacuum testing,

Fig. 5 shows that the 0. 2% proof stress at 350°C (max. operation tem-
perature for a zirconium material in water-cooled reactors) of the zircaloy-2
+ 5 v/o yttria alloys was increased by approx. 75%, and that of the 10 v/o
yttria alloy by approx. 150% compared with similar alloys without yttria
particles.

The increase in ultimate tensile stress at temperatures up to 500°C
with increasing yttria additions was found to be linear up to 10 v/o yttria.

In fig. 6 the ultimate tensile stress up to 600°C of zircaloy-2 alloys
containing 5 and 10 v/o yttria is compared with materials currently con-
sidered for pressure tubing in water-cooled reactors, namely zircalcy-2
in the 30% cold-worked (CW) condition and zirconium 2-12-% Nb in the 20%
cold-worked condition and in the heat-treated (HT) condition. The ultimate
tensile stresses in the longitudinal direction of autoclaved pressure tubing
material were averaged from published resultsz' 3, 4). The dispersion-
strengthened alloys are significantly stronger than the cold-worked zircaloy-2
alloy. Although the ductility of the zircaloy-2 + 5 v/o yttria alloy is lower
than that of cold-worked zircaloy-2 at room temperature, the ductilities at
300°C are nominally in the same range 15- 20%2 4). The dispersion-
strengthened alloys are stronger than the cold-worked z1rcomum 22-%
alloy, but the ultimate tensile strength of zirconium 212-% Nb in the heat-
treated condition closely approximates that of the 10 v/o yttria alloy and
also has a superior ductility of about 20% at 300°C compared with about 10%

for 10 v/o yttria alloys.
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TENSILE PROPERTIES OF IRRADIATED ALLOYS

Neutron irradiated has a substantial effect on the tensile characteristics
of metals in much the same way as cold work. To gain some elementary
knowledge of the effects of irradiation on the tensile properties of zircaloy-2
+ yttria alloys, cylindrical tensile specimens were irradiated in the Danish
reactor DR 3. The specimens were held in a rig where the temperature was
kept at 285'1- 15°C by controlling the flow of the helium atmosphere around
the specimens. The total irradiation time was 2800 hours, and the neutron

20 n/cm2 fast,

dose received was 9.2 x 102° n/cm2 thermal and 2.3 x 10
E) 1 MeV.
Tensile tests on the irradiated specimens were performed in argon at

250 and 350°C. The tensile data obtained from these specimens are shown

in table 1.
le 1
116 ies of Irradiated
250 350°C

0.2 78 (Kpei) | UTS (Kpet) nou.w"Fo.zs 78 (Kpet) | V2B (Kpe1) [Rlong. (H)*

uniry, irr, | unire, irr, Jusire, irr.fwairr. irr. usirr, irr, |enirre, {rr.
Commereial )
Zr-2 Annealed 325 585 | Wws| 6.5 25 | 5 [27.8 | 863 Mm.o)] wo | a3 5
-2 + 0 v/o .
Tttria 35,0[ 65.0 |55.1] ;2.1 ] 2% § 6 (a8.0 | =8.6 45.1] 60.1 | 28 5
-2+ 5 v/ R
Tetria 61,7] 947 | 78.2]103.2 |15 | & |0 | 7.6 68.9) 872.9 | 2 5
-2 + 10 v/0
Tttria 88,5 j105.5 hoo.2 {115.2 7 3 69.7 | 85.7 82.8 1102.8 | 10 'Y

%) Gauge length 10 diaseters.

The tensile properties of the irradiated alloys followed the generally
observed trend for irradiated zircaloy-2, i. e. the proportional limit, 0, 2%
proof stress, and the ultimate tensile stress were all increased, and the
elongation was reduced. The lower increases observed at 350°C probably
reflect the partial recovery of irradiation damage at the higher testing tem-
peratures,
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An interesting effect of irradiation on work-hardening characteristics
was observed and is illustrated in fig. 7. The alloys without yttria cease
to work-harden, and the stress drops after very low plastic strains of the
order of 0.25%. The alloys containing yttria continue to work-harden up to

at least 0.6 - 1. 0% plastic strain. The increase in tensile strengths is also
clearly demonstrated.
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CREEP RUPTURE PROPERTIES

Creep tests were carried out in vacuum on cylindrical specimens
machined from extruded and stress-relieved rods.

The minimum creep rate was measured, and fig, 8 shows as an ex-
ample the stress dependence of the minimum creep rate for zircaloy-2
alloys. The addition of yttria particles to zircaloy-2 significantly improves
the creep resistance, and on comparison of the minimum creep rates ob-
tained for yttria-containing ailoys with those from cold-worked zircaloy-2
at 500005), it is seen that much lower creep rates are exhibited by the dis-
persion-strengthened alloys.

The rupture lives of dispersion-strengthened alloys measured at 350-
400 and 500°C proved superior both to cold-worked zircaloy-2 and to zir-
conium 2%%Nb alloys, see figs. 9 and 10,
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2r2+YTTRIA  AND COLD WORRED 2IRCALOY-2
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Fig. 9. BStress rupture at 500°C; gircaloy-2 + yttria and cold-worked
zircaloy-2.




64

In fig. 10 the rupture lives of zirconium 2-12-%Nb alloys (heat-treated)
are compared with those of the dispersion-strengthened alloys at 450 - 500°C,
and here the 2-12-%Nb alloys show a much steeper slope than the dispersion-
strengthened alloys, which irdicates greater stability of the latter,

Contrary to many other dispersion-strengthened alloys zircaloy-2 +
yttria alloys show excellent creep elongations, e, g. for a 10 v/o alloy the
rupture elongation is about 30% at 500°C.
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‘Fig. 10. Stress rupture at 450-500°C; zircaloy-2 + yttria and zirconium
3 ) ND (heat-treated).

CORROSION

Specimens of dispersion-strengthened alloys containing 0, 5, and 10
v/o yttria together with commercial zircaloy-2 were subjected to corrosion
testing in steam at 400°C and a pressure of seven atmospheres. The resulis
of the test are shown in fig, 11, There were no substantial variations in the
results obtained from powder-produced zircaloy-2 + 0 v/o yttria and from
a conventional zircaloy-2 rod, and the results have been combined in one
curve. Specimens from two batches of zircaloy-2 + 5 v/o yttria exhibit
weight gains close to that of zircaloy-2. Specimens from the remaining
batches showed poor corrosion resistance with a wide scatter in experi-
mental results. The two batches of zircaloy-2 + 5 v/o yttria that showed
good corrosion resistance also exhibited a black, adherent oxide film after
corrosion testing, sirnilar to that of commercial zircaloy-2, The surface



65

WM CORROSION i STHAM 430%C 7ATM
GaiNmgied]
00
@ 2w SAND 0. YITRIA ALOYS
®  In) COMMERCIAL ROD -2+ 0AND 377 V,Q,
& 2r2 MEACTOR GRADE FuEL TUBE

T vy 7T 1T TT7rT

n A 1
0 » CAPOSUNE TIME DAYS

Fig. 11. Corrosion in steam - weight gain vs. exposure time.

of alloys from the other batches showed a black oxide film with white spots
or stringers, and in the 10 v/o yttria-containing alloys a white oxide layer
. was formed, Comparisons between batches of zircaloy-2 + 5 v/o yttria
alloys that exhibited widely varying responses to corrosion testing failed to
reveal any obvious differences in the alloys which could be responsible for
the variation in corrosion behaviour. It is possible that the concentration
of dissnlved oxygen and the solution of small amounts of yttrium metal
varied from alloy to alloy, but such differences are difficult to measure
accurately. '

DISCUSSION AND CONCLUSIONS

The methods used to produce alloys of zircaloy-2 containing particles
of yttria yield a material with a small-grained, continuous metal matrix
and a uniform dispersion of small yttria particles,

The addition of the fine particles of yttria to a zircaloy-2 matrix results
in significant increases in the 0. 2% proof stress and the ultimate tensile
stress, The increases are effective between room temperature and 600°C
and continue to improve with the addition of yttria up to at least 10 v/o., The
ultimate tensile strength in the region 300 - 350°C shows a marked superi-
ority of the yttria-containing alloys over cold-worked zircaloy-2 and cold-
worked zirconium 2'2%Nb alloy.
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The lower creep rates, longer rupture lives, and good creep rupture
ductilities obtained with the dispersion-strengthened zircaloy-2 + yttria
alloys show that they have a clear advantage over cold-worked zircaloy-2.
At temperatures of about 300 - 350°C the 10 v/o yttria alloy would compare
to the stress rupture properties of zirconium 2-]2-% Nb alloy, but the yttria-
containing alloys are shown to have better rupture lives at higher tempera-
tures, i.e. 400 -500°C. When irradiated at 280°C zircaloy-2 alloys con-
taining yttria particles show a continuation in work hardening to greater
plastic strains than alloys without yttria, which would be a beneficial prop-
erty in fuel cladding.

Although corrosion testing in steam of zircaloy-2 alloys containing
particles of yttria showed widely scattered results, the fact that some alloys
containing yttria gave weight gains close to those normally observed for
zircaloy-2, show that it would be possible to produce corrosion-resistant
alloys containing dispersed particles of yttria. Thermodynamic consider-
ations) of the stability of yttria in zirconium indicates that approximately
3000 - 4000 ppm oxygen is required in solution at 700°C for yttria to remain
. completely stable. Thus it is likely that the probable hypostoichiometry of
Yttria in zirconium with initially less than the equilibrium amount of oxygen
needed for stability, combined with a small concentration of yttrium (also
reported as increasing corrosion7 )), produce a reduced resistance to cor-
rosion in steam. The above arguments are supported by preliminary ex-
periments where the addition of oxygen to alloys which have high weight
gains after exposure to steam results in a marked decrease in weight gains
after corrosion testing,

The mechanical properties (strength, strain hardening, and ductility)
before and after irradiation for yttria dispersion-strengthened zircaloy-2
alloys, indicate that the alloys might be considered for further development
for use in nuclear components, provided the corrosion resistance can be
improved.
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Experiments on Data Presentalion

to Process Operztors in Diagnostic Tasks

by

Jens Rasmussen and L. P. Gcodstein
Electronics Department

Abstrac_t

Safety and reliability considerations in modern power plants have prompt-
ed our interest in man as an information receiver - especially in diagnostic
tasks where the growing complexity of process plants and hence the amount
of data involved make it imperative to give the staff proper support. The
great flexibility and capacity of the process computer for data reduction and
presentation and for storing information on plant structure and functions give
the system designer great freedom in the layout of information display for
the staff, but the problem for the designer is how to make proper use of this
freedom to support the operators efficiently. This ic especially important
in connection with unique, high-risk, and generaliy improbable abnormalities
in plant functioning.

Operator tasks and mental models and the need for matching the encoded
information about the plant to these models are treated. Mention is made of
scant information available to thedesigner and the difficulty involved in per-
forming experiments in a2 realistic environment. Results from the use of
veraalization techniques in an electronics maintenance shop in order to gain
insight in the structure of mental procedures are described, and the paper
concludes with a discussion of experimental work in display coding and for-
matting being carried out at the DR 2 reactor.
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1. INTRODUCTION

Safety and reliability considerations in modern power plants prompted
our interest in man as an information receiver in diagnostic tasks. Al-
though power plants are amply protected by automatic safety systems, we
found that there are critical periods during which plant safety to a consider-
able degree depends directly upon supervision and protecticn by the oper-
ating staff. Examples are initial plant start-up, re-start following major
repair or modifications, etc. After such periods the plant may be left in
an unsafe conditi..1, not covered by the automatic protection system.

When abnormal plant conditions are detected during these phases, the
staff has a diagnostic task which is, in fact, a very complicated data pro-
cessing job, and it becomes increasingly important to give the staff proper
support in view of the growing complexity of process plants and hence the
amount of data involved in the task.

The great flexibility and capacity of the process computer for data re-
duction and presentation and for storing information on plant structure and
functions give the system designer great freedom in his layout of informa-
tion display for the operating staff, but the problem for the designer is how
to make proper use of this freedom to support the operators efficiently.

2. OPERATOR TASKS AND MENTAL MODELS

The process plant operator works in a symbolic world. His task is to
select relevant data from the multitude of data presented to him, to decode
the information, and to transform it into a set of manipulations appropriate
to the current plant condition.

During this task he needs not only the relevant set of data, but also a
decoding and transformation model as well as a data handling procedure.
Therefore it is important that the encoding of the data presented - i. e. the
display formats or layouts - fits the operator's decoding models or allows
him to form models and procedures well within his mental and perceptual
capacity, The mental models and procedures of the operator are in some
way modelling system information which describes plant responses and/or
plant structure and internal functioning,

The problem of the designer is that the system information used by the
operator is not only that supplied by the designer in the form of manuals,
instructions, and education of the operator, but is also to a high degree ex-
tracted from the system itself by the operator as he acquires his extensive
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operating experience. The basic difference is that system information used
by the designer is related to internal system functioning, while the informa-
tion forming the operator's experience is related to the external responses
of the system.

One major experience from our studies and discussions with designers
and operators has been the great discrepancy between the actual procedures
or transformation models used by the operators and the imagining of these
procedures by the designers at their writing desks.

For example, we find data presentation by digital indicators or alpha-
numeric listings on CRT!s, as commonly found in computer-controlled dis-
play systems, a bad substitute for conventional operator consoles in many
operating conditions. In the latter case, the operator normally does not
read the instruments, but merely judges the position of the pointers. In
addition, the geographical distribution of meters and indicators relates data
to plant structure, and properly arranged groups of meter readings are
viewed as patterns.

The problem of the display designer is further complicated by the fact
that the conceptual transformation models and procedures used by the oper-
ator will be different under the different working conditions.

In frequent, recurrent tasks, the operator may be expected to work
from '"the expression on the face' of the system; that is, to apply subcon-
scious procedures based upon recognition or experience. llis data handling
may be likened to high-capacity parallel processing in his "peripheral sys-
tem'" (as in car driving), whereas, in infrequent or unique diagnostic situa-
tions, he will have to place his attention inside the system and relate his
procedures to the internal functioning of the system by careful and sequential
data handling in his slow, low-capacity, conscious ''central processor'.

If the coding and formatting of the data sets presented to the operator
are to fit his procedures and models, they will have to vary greatly in the
different operating situations. No one would expect the same coding of data
to be appropriate for the ordinary driver's control panel in a car and for
advanced diagnostic instrumentation in a test station for cars. Yet the
operator's console in most process plants has to fit both types of needs. As
mentioned above, the nature of the system information used by the operator
to relate plant response to his manipulations is related to the frequency of
the events and may have elements of subconscious training, experience
from previous cases, instructions and station orders worked out by de-
signers for infreqrent but foreseen events, and - in extreme cases of un-
foreseen and generally improbable situations - his actions must be based on
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familiarity with plant anatomy and its physical functioning.

In our context of plant safety, we have a special interest in diagnostic
procedures during events implying high risks - which, in well-designed
plants, are those of very low frequency - i. e. the generally improbable,
unique events. While the great adaptability of man will very often reduce
the importance of a proper layout of displays in recurrent and familiar
tasks, the coding and formatting of displays may be very important in con-
nection with the unique, high-risk events. Very little information is avail-
able to a display designer about mental models and procedures used by
system operators in real-life environments, and we therefore have an ex-

perimental programme to supply us with such information.
3. MAN AS INFORMATION RECEIVER

We found that a reasonable way to gain insight into the structure of the
mental procedures used by the operator was to ask him to verbalize his
thinking,

Owing to the low frequency of events calling for real diagnostic proce-
dures and the stress laid upon the operators when paced by the dynamics of
a plant, it is difficult to perform experiments in an actual control room
environment.

We therefore found it convenient to carry out preliminary experiments
in an electronic maintenance shop in order to test out methods for recording
and analysing verbalized records and to have an indication of the more basic
features of man in a realistic diagnostic task,

Of course, detailed results from such experiments are not directly ap-
plicable to the control room environment, but some of the more general
results may be helpful in display coding and for future experiments in the
control room, This will be discussed later.

For the experiments we selected electronic systems with fairly com-
plex displays, which permitted a rather close localization of the fault by
rational deduction from the information available from the external response
of the system. These systems included TV-receivers, oscilloscopes, and
multi-channel analysers.

The procedures found will not be discussed here; a re\riewl »2)

is
published elsewhere, and some conclusions relevant to the present dis-
cussion will be presented here instead.

When a diagnostic task is not characterized by mere recognition of the

faulty system response, the search for the fault is a multiple task.
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The man has to collect data sequentially and control the route of search;
he has to maintain or establish an overall conceptual model of the system
and the interconnections of its subsystems. He hac to identify the proper
sources of the data needed amongst the many sources of data available. To
judge the data, he bhas to establish a conceptual model of the related equip-
ment at a more detailed level, and, finally, he has to keep track of his over-
all plan for the diagnosis.

In our studies we found - as could be expected - that difficulties in one
of the subtasks may impair the performance in the other tasks greatly, and
from ihis we drew two conclusions:

One is that great care should be taken when generalizing from clear-cut
laboratory experiments with special equipment which strips all secondary
or seemingly trivial activities from the main diagnostic task.

The other is that when using computer-controlled displays, not only the
data should be presented to the operator as is dune in alphanumeric listings
or digital indicators, but the data should in some way be related to plant
anatomy in order to support the operator's conceptual models. In conven-
tional control rooms this is to some extent done by proper geographical
layout of meters, indicators, and alarm panels,

Although response data in our experiments were clearly available to
and observed by the man, making it possible to locate the fault by a rational
deductive analysis of the data and the relationships between them, the actual
search procedure was normally based upon rapid streams of simple good/
bad judgements made on the data individually.

Considering the difficulty of keeping track of the different subtasks,
this seems quite reasonable since the procedures used do not call for high
short-term memory capacity, This may also be an important feature of the
corresponding procedures followed in stressed control room operations, It
seems to be convenient for the man to map the system by means of good/bad
judgements., However, when information has been treated in these judge-
ments, only the result - good or bad - seems to be remembered, and the
original information is discarded and not latér recalled for further control
of the search, .

Again, it is to be expected that presentation of accurate information in
digital form will not in many circumstances be of great help to the operator,
He should rather be given data in analogue form including reference to nor-
mal data in some sort of graphic, symbolic display.

We found that a general rule conirolling the search procedures seems
to be that as soon as information is perceived which refers to a procedure
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of search normally found to be successful, attention is switched to this
procedure, even though information is also clearly available showing either
that the procedure will be inefficient in the actual case, or indicating the
possible existence of a short-cut method, if the situation is more carefully
considered.

As discussed by Bartletts), there seems to be a point of no return in
the operator's attention to data. As soon as a familiar routine is found to
be waiting ahead, this prevents further use of the information in the data
currently treated,

To us this indicates thai data should be presented or be available to the
operator in clearly formatted sets or patterns related to relevant systems
and operating conditions, to force the operator to include all pertinent in-
formation in his initial hypothesis rather than in the form of information in
alphanumeric listings calling for sequential reading during which the oper-
ator's attention may switch to a familiar procedure involving an inadequate
subset of data,

In our studies, as in other published experiments4 ), operators have
demonstrated a marked tendency to hang on to procedures they have nor-
mally found successful and, when in trouble, they have tried to repeat these
procedures more carefully instead of returning to the original information
at the starting point and considering it with a more open mind.

This may be an important point to consider in plant environments since
poor data presentation may cause the operator to spend too much effort in
considering familiar procedures related to familiar subsets of the data
presented.

This tendency may be countered if automatic data and alarm analysis
by a computer are used to classify plant conditions, group data in relevant
sets, select and edit display formats, and relate data to plant structure.

The general diagnostic procedures found in our experiments may seem
inefficient if the man is supposed to minimize the number of decisions
necessary in order to be rational, informationally speaking. 1f, however,
he is supposed to minimize the time generally needed to identify the system
condition by use of procedures based upon operating experience and well
within his limits for short-term memory and inference, the procedures are
highly efficient, except in very infrequent cases.

The influence from man's objectives and from the cognitive strain upon
his choice of procedure has been treated thoroughly in the experiments on

concept formation by Bruner et al.'s).



75

4. EXPERIMENTAL WORK ON DISPLAYS

As mentioned earlier, very little information is available to process
plant designers about the functioning of the human operator in the control
room. As a step towards increasing the available information, a computer-
controlled instrumentation was developed and is running "on-line" at the
DR 2., This instrumentation includes a control console with an advanced
display facility for conducting experiments in display coding and formatting
and interactive data retrieval (see fig. 1).

The console forms the basic man - machine interface of the digital
instrumentation system. It will be used by both engineering and operational
personnel under all conditions of reactor operation in an environment which
could be said to approach the "industrial. It should be stressed that the
console performs only a display function; basic reactor monitoring and con-
trol are carried on from the existing control room.

Tre control console is equipped with several types of display equipment.
The most prominent and important is the cathode-ray-tube (CRT) display
which comprises three tubes - two large conventional ones and one small
storage tube. These are driven from two display processors with associ-
ated character generators. The computer can communicate with each dis-
play processor and cause any desired pattern of lines, curves, dots, and
characters to be generated on the CRT's. By splitting the screen of the two
large tubes into a right and a left half via programming, a total of five dif-
ferent pictures can be maintained simultaneously. In addition, there are
two digital displays, a status display, four keyboards, and a light pen. How-
ever, the point is not the quantity of equipment, but the uses to which it can
be put to satisfy the various needs for information coded in an effective
manner for the tasks at hand. The digital displays and the five selectable
CRT pictures are meant to serve as a compressed and integrated substitute
for the large panorama of displays, controllers, meters, and recorders
found in present-day control rooms,

The strategy intended for use here is that of using the various CRT
pictures as a supplement to the normal alarm system to give the operator
the information he needs to formulate his diagnosis, Whereas, at present,
hig survey consists in running his eye over many square feet of control
room panels, the operator substitutes, in our system, a sequence of "'pic-
ture select" and ""examine' operations. In a conventional plant he gets his
detailed information by walking over to a particular meter or recorder;
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with the control console the operator can use the light pen or keyboards to
get the same information.

It is appropriate to say here that our first efforts in display formatting
were directed at retaining commonly used data types and symbols - such as
the equivalent of meter pointers and faces, mimic panels, text, etc. - and
using them within the framework of the CRT display. A later step, based
on experience and further experimental work, might be to broaden the spec-
trum of symbolics for better matching to the operator's peripheral system.

5. OPERATION

If a process status change is detected, several things occur automati-

cally:

A bell sounds, and the appropriate status display window - pinpointing
the affected reactor sub-system - blinks t{o indicate whether a new
alarm has been detected, or whether a previous alarm has become

normal again.

In addition, the detected status change and the time are listed automati-
cally in text form on one of the CRT half sectors. The original presen-
tation is lost until the operator acknowledges the change.

Multiple status changes will appear on the CRT in order of detected
occurrence, and each will give rise to an appropriate indication on the
status display. No kind of pre-processing of alarms is performed at the
present time,

On the basis of this initial information - i, e. affected reactor sub-
system(s) and channel numbers within the sub-system - the operator can
now seek further information from the display system. By use of either of
two ""CRT Display Select" keyboards, he can build on the four CRT sectors
the set of process status information he feels is best suited to the existing
situation,

Figures 2 to 4 illustrate several of the CRT display formats used at the
present time., A short description is included with each figure. In general,
they are analogue in form to permit quick comparison of actual multi-
parameter-process information to be made with a reference pattern existing
in the operator's mind for the particular sub-system. Rather than accuracy,
capability of inspiring a quickly grasped appreciation of the actual situation
is required,



11

The light pen can then be used in several ways to request further in-
formation via the analogue presentation. For example, by pointing first to
the dot inside any desired variable-indicating diamond, box, arrowhead,
cross, etc., and then to one of the light dots on the screen, an updated
digital value for the selected channel will be displayed.

The operator can also request ''trend" information for any two (at one
time) of the displayed process variables on any one of several time scales
by means of similar light pen and keyboard operations. These curves,
which can give valuable insight into plant behaviour up to the present mo-
ment, will appear automatically on the other half of the "'requesting" screen.
Use of the light pen on a ''trend" curve will permit the recovery in digital
form of any desired point on the curve. This can be useful in, for example,
post-incident analyses.

In this way, the operator has easy access to detailed data through the
selected sub-system analogue display, but he is actually forced to examine
a significant part of the process behaviour before gaining this access. He
is thus somewhat more restricted in the automatic reflex type of reaction
he can make which, for example, might limit his attention to a minimum set
of probably inappropriate variables or instruments when a true emergency
arises. .

The light pen can also be used to change alarm limits. Most analogue
process variables have associated high and/or low alarm references which
. are used by the corhputer programme to check the status. Some of these
references are fixed by the designer, and others can be adjusted to match
operating conditions, This can be especially useful during commissioning
or repair., Alarm limits are displayed as short horizontal line segments,
If the light pen is pointed at the desired limit, two extra lines appear auto-
matically, one above and one below the existing line, corresponding to a
Ts5t0 10% spread. The limit line segment will then blink, Moving the light
pen up or down results in the set of added bound-lines following, When the
desired value is reached, the "GO" key is pressed, the new alarm value is
accepted (various criteria can be employed here) and inserted in the ap-
propriate lists in store, and the display is adjusted to show the limit in its
new position without the two extra bounds.

Although the present system capability is limited to display and process
information retrieval, there is no technical reason for not employing the
light pen (or some similar device) to take any ultimate control action that
may be required, |
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In conclusion, a few words about the future programme. The operating
staff of the DR 2 will soon begin to use the control console to follow start-
ups and shut-downs of the reactor. We are very interested in obtaining
their comments on and criticism of the operation of the system. It will
also be possible to use the computer to measure quantitatively the operators!
utilization of the various console featuraes under the various reactor operating
conditions,

The department is also about to acquire an off-line interactive display
terminal which, among other things, can be used for investigating more
restricted problem areas which arise from the experimental work. For
example, future work will deal with a more rfitting format for alarm presen-
tation which we feel should tie the alarm situation more closely to the anat-
omy of the plant, a feature which alphanumeric text listings do not offer.

REFERENCES

1) Jens Rasmussen, Man as Information Receiver in Diagnostic Tasks.
In: Conference on Displays, Loughborough, 7 - 10 September 1971.
(IEE Conference Publication No. 80), (Institution of Electrical En-
gineers, London, 1971) 271-282,

2) Jens Rasmussen and Aage Jensen, A Study of Mental Procedures in
Electronic Trouble Shooting. To be published,

3) Frederic Bartlett, Thinking, An Experimental and Social Study.
(Unwin University Books, London, 1958) 203 pp.

4) Abraham S, Luchins, Mechanization in Problem Solving. Psychologi-
cal Monographs 54 No. 6 (1942) 95 pp.

5) Jerome S. Bruner, J.J. Goodnow, and G.A. Austrin, A Study of
Thinking. (John Wiley, New York, 1967) 330 pp.

6) L.P. Goodstein, Operator Communications in Modern Process Plants.
In; Conference on Displays, Loughborough 7-10 September 1971 (IEEE
Conference Publication No. 80) (Institution of Electrical Engineers,
London, 1971) 149-153,



79

Fig. 1. Control Console.
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Fig. 2. Reactor power at "full power”. Channels corresponding to three
different methods of measuring power are displayed simultaneously. A
typical anaicgue survey presentation.
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Fig. 3. Reactor sooling system. Quantitative data on temperatures, flows
and water level are combined with a symbolic representation of the reactor
core, cooling pumps, heat exchanger, cooling tower, and blowers. On/off
status of pumps plus cooling fan speeds are included. A portion of the
"display select” keyboard and the light pen can also be seen.
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Fig. 4. A symbolic representation of the DR 2 reactor hall and cellar with
a radiation detector located at the centre of each cross whose length is
proportional to the radiation intensity measured at the detector. The in-
cluded scale allows a rough quantification to be made,



Fig. 5. Survey of the reactor control rods. Each rod has a magnet (upper
rectangle) which holds the rod (lower rectangle). Movement of the rods is
indicated approximately by the arrows.
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-Excited X-ray Fluorescence

by
L. Lg¢vborg and H. Kunzendorf
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Abstract

The principles and techniques of X-ray fluorescence analysis using
radioisotope excitation sources and energy-dispersive methods of X-ray
detection are explained. The performance of the measurement method for
the determination of metal contents in metallic ores is illustrated by ex-
amples, which include the use of portable equipment and semiconductor-
detector X-ray spectrometers,
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1. INTRODUCTION

X-ray fluorescence analysis (XFA) is a technique for multi-element
analysis of a variety of materials. The method is based on the fact that
each element has a characteristic spectrum of fluorescent X-radiation which
can be excited by means of a suitably chosen source of ionizing radiation.
The equipment used in ordinary XFA comprises an X-ray tube and a wave-
length-dispersive X-ray spectrometer (Bragg spectrometer). Because the
operation of an X-ray tube presupposes a supply of high-voltage power and
cooling water, and because a Bragg spectrometer is a fairly delicate and
complex device, ordinary XFA can only be used under well-equipped lab-
oratory conditions.

The need in the mineral exploration and exploitation field for a method
permitting assessment of metallic ores in the rigid environment presented
by an exploration area or a mine resulted in 1965 in the development of a
portable, rugged X-ray fluorescence analyserl ). In this and similar in-
struments, which are now commercially available, the X-ray tube and its
ancillary units have been substituted by a small-sized, radioactive source,
and energy-dispersive techniques are used for the measurement of the
characteristic K X-rays emitted by the metals sought after. Radioisotope
XFA carried out with portable equipment is basically a single-element
method of analysis, as the equipment must be adjusted to register a narrow
range of X-ray energies. The limit of detection which can be obtained with
portable XFA instruments is of the order of 0. 1% metal contentz).

Another kind of radioisotope XFA, whose applicability to the mining
industry seems promising, is based on energy-dispersive X-ray spectrom-
etry using lithium-drifted semiconductor detectors. The good energy-reso-
lution which can be obtained with such detectors (less than 0.5 keV), makes
it possible to design XF A systems for multi-element analysis of rocks and
ores. At present such systems can be used for the determination of most
to be detected3 .

In this paper the authors wish to outline the techniques of radioisotope

metals with Z g 15,and they permit metal contents in the tens of ppm region

XFA with a view to its application to the analysis of metal content in ores,
We shall illustrate the performance of the techniques by giving examples
from our studies in connection with mineral exploration in Greenland.
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¢. PRINCIPLES AND TECHNIQUES

2.1. X-Ray Fluorescence

X-ray fluorescence can be produced by means of ionizing radiation
whose energy exceeds the binding energy of a K electron belonging to an
atom of the element of interest. An atom from which a K electron has been
ejected is only stable for about 10'l 5 s, after which the missing electron in
the K shell is replaced by an electron from one of the other electron shells,
Most likely, an L electron is transferred to the K shell, leaving a hole in
the L shell, This hole is in turn occupied by a subsequent electron transi-
tion to the L shell, e.g. from the M shell. This sequence of events con-
tinues until the atom is left in a stable condition, the possible electron
transitions being governed by the selection rules: 41 = ¥ 1, and AJ = 0 or
.

The energy released by the sequence of electron transitions is either
emitted in the form of X-rays (X-ray fluorescence) or used for the ejection
of outer orbital electrons (Auger effect), the fraction of produced X-radia-
tion (the fluorescence yield w) being an increasing function of the atomic
number Z.

2.2. XFA

The K X-rays resulting from electron transitions to the K shell are
the ones mainly used for the determination of elemental abundances by XFA,
The fact that the energy of the predominant Ka X-rays (the radiation emitted
as a result of L-K transitions) approximately varies as Z2 (Moseley's law)
makes it relatively easy to identify and assay an element from a measure-
ment of the energy and intensity of its characteristic fluorescent K"1 X-radi-
ation,

Certain difficulties arise, however, in XFA of materials which are
composed of many elements, e.g. rocks and ores. Firstly, the Kn X-rays
from the element(s) of interest may be more or less obscured by fluorescent
or scattered X-rays introduced by the other elements in the sample material,
Secondly, the degree of absorption of the Kn X-rays in the sample material
depends in a complex manner on the physical form and the chemical compo-
sition of the sample, These error sources (inter-element and heterogeneity
effects) can be reduced or eliminated by the use of special sample prepara-
tion methods or by means of sophisticated computational correction methods.
Neither of these techniques are consistent with the aim of radioisotope XFA,
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the justification of which lies in its wide adaptability and ease of operation.

Instead, one generally prefers to make use of calibration curves which per-
tain to the particular material under investigation, e.g. a specific ore type
in pulverized or solid form.

2.3. Radioisotope Sources

The fluorescent K X-radiation of an element is most efficiently excited
by means of electromagnetic radiation, the energy of which just exceeds the
K-electron binding energy. As it is of great importance to reduce to a mini-
mum the amount of backscattered radiation from the sample material, an
excitation source which emits mono-energetic photons is generally preferred.
Only a very limited number of sufficiently long-lived radioisotopes emit
abundant, low-energy photon radiation. The five sources most commonly
used for the production of radioisotope-excited X-ray fluorescence are given
in table 1.

Table 1

Commonly used radioisotope sources for the excitation
of fluorescent K X-radiation in ore metals

Typical
Radio- Half-life | Decay | source Energy (keV) | Usable for the
isotope (years) mode strength and kind of determination
(mCi) radiation used | of
55pe 2.7 | E.C. 5 5.9MnK X Ti, V, Cr
6.4 Mn Kp X
238Pu 86. 4 a 30 13.5, 15.4, Fe, Co, Ni
17.2 U LX Cu, Zn
10904 1.3 | E.C. 3 22.1¢K X Zr, Nb, Mol
25 AgK, X
24 o m 458 a 10 59.6 Y Ag, Sn, Sb
rare earths
57¢co 0.7 | E.C. 1| 122, 136Y W, Pt, Au
! Hg, Pb
i L
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The excitation efficiency which can be obtained by means of the radio-
isotope sources given in the table strongly depends on the difference between
the source energy and the energy of the K absorption edge of the metal
whose K X-rays are to be excited. For instance, the 17.5 keV K‘l X-rays
of Mo are very efficiently excited witl the 22 keV Ag K‘1 X-rays following

108 109

the decay Cd —=* Ag, while the 25 keV K X-rays of Sn are poorly

T E. C. 9241 237
excited with the 60 keV Y-rays following the decay Am - Np.
Nevertheless, the five radioisotopes mentioned in table 1 suffice for the

determination of most ore metals by radioisotope XFA.

2.4. Portable Instruments

In a portable XFA instrument the Ku X-rays of the metal searched for
are isolated from other possibly excited X-rays by means of a pair of bal-
anced X-ray filters,

An X-ray filter consists of a thin layer of material having a high abun-
dance of a particular element with K absorption-edge energy EK’ The ef-
fect of the filter is described by the equation

T(E) = exp[ -u(E)et],

where T(E) is the relative transmission of the filter for X-rays with energy
E, and where p(E),p, and t are the mass-absorption coefficient, the density,
and the thickness of the filter material. Owing to the abrupt change in p(E)
for E = EK‘
fall on either side of EK' Fig. 1 shows the variation of u(E) for Y and Zr
across the respective K absorption-edge energies (17,0 and 18,0 keV), The

a distinct filter action is obtained for X-rays whose energies

interval delineated by these energies encompasses the K‘1 X-ray energy of
Mo (17.4 keV), A passband for the isolation of Mo K‘1 X-rays can there-

fore be realized if the thicknesses of the Zr and Y filters are adjusted so
that their relative transmissions are made equal outside the passband.

The configuration of the excitation source, filter pair, and X-ray detec-
tor normally used is shown in fig. 2(a). To facilitate operation under field
conditions, these components are usually contained in a probe unit in which
the filter pair is pivotally mounted in a spring-loaded tray so that the two
filters can be quickly interchanged., The counting of X-rays is carried out
by means of a rugged, battery-operated scaler unit in which the result of a
counting appears in the form of luminous figures. Portable XFA instruments,
which weigh less than ten kg and are adaptable to field analysis of a variety
of ore metals, are commercially available,
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Fig. 1. Mass-absorption coefficient versus X-ray energy for Y and Zr.
The figure explains how a balanced filter can be constructed for the isola-
tion of Mo Kn X-rays.

In order to determine a given metal, the ap;;ropriate excitation source
and filter pair must be installed in the probe unit, and an optimum setting
of the single-channel analyser in the scaler unit must be found. An ore
assessment comprises two successive countings, each typically lasting ten
seconds, one using the filter with the highest EK energy, the other using
the other filter. Since the difference between the two counting results is a
(linear) measure of the metal content in the ore sample, this content can be
determined from a suitably constructed calibration curve.

2.5. X-Ray Spectrometers

The configuration of an energy-dispersive X-ray spectrometer system
is indicated in fig, 2(b). The basic element of the system is-a Si(Li) or
Ge(Li) X-ray detector a few mm thick and cooled to a temperature of about
-190°C by means of a cryostat and a supply of liquid nitrogen. The weak
signals given off by the detector are amplified in a charge-sensitive, low-
noise preamplifier and then fed to a multichannel analyser with a core
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Fig. 2. Schematic diagram showing the principle of metallic-ore analysis
by means of portable instruments (a) and X-ray spectrometers (b).

memory of at least 512 words. The applicability of the system to elemental
analysis by XFA is based on the fact that the spectrum recorded with the
multichannel analyser is a close reproduction of the energy spectrum of the
fluorescent X-radiation excited in the sample.

Fig. 3 shows the spectrum of a powdered rock specimen containing
0.56% Zr and 0.07% Nb. The spectrum was recorded by means of a Si(Li)
detector 3 mm thick and with a diameter of 6 mm, and having an energy
resolution of 260 eV in the detection of 6 keV X-rays. The K, and K‘3 X-
rays of Zr and Nb are readily distinguished in the spectrum. Furthermore,
the fact that the K  X-rays of Rb and Y are also detected reveals the
presence of these elements in the sample,

The determination of metal contents from a measured X-ray spectrum
can be made by the solution of a system of linear equations which relate the
metal contents to the count rates in energy intervals centred at the KCI peaks



92

:,J

‘ Counts /1000's -— 2r Ka
1S+
Si (Li) detector
Excitation source:
Imci  cq ,
w0t r

Fig. 3. The X-ray energy spectrum of a pulverized rock specimen con-
taining 0.56% Zr and 0.07% Nb. The spectrum was recorded hy means of
a multichannel analyser with a core memory of 1024 words.

of the metals., Or one can make use of the least-squares method to fit the
spectra of a series of carefully selected standard samples to the spectrum
of the unknown sample. In both cases one must consider the possible error
sources mentioned in subsection 2.2. Most conveniently, the processing
of the X-ray spectra is done on a digital computer which may form part of
the multichannel analyser itself,

3. APPLICATIONS

The authors began their studies of radiocisotope XFA in 1968 with a view
to using this technique in prospecting for metalliferous ores in Greenland,
The investigations summarized here comprise

a) An evaluation of detection limits in the analysis of powdered
metallic ores by portable XFA equipment,

b) The application of portable XFA equipment for the direct
analysis of exposed rock surfaces.
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c) The use of a Si(Li) X-ray spectrometer for the determination
of low contents of various ore metals.

‘Most of the results and conclusions given have been reported in greater

detail in the literature cited in references4 to 7).

3.1. Analysis of Powdered Ores

Samples of eight different metallic ores, most of which derived from
Greenland, were crushed and finely ground. Powdered samples showing a
sufficiently great variation in their respective metal contents were not
further treated, whereas samples having a limited range of metal contents
were used for the preparation of new samples containing various amounts
of powdered, non-metalliferous material. The added material either con-
sisted of granite (Z = 10) or gabbro (Z ~ 12), depending on which of these
two rock types most closely fi'ted the natural host rock of the ore. About
50 ¢ of each sample was poured into a sample container, the bottom of which
consisted of a thin melinex film, and the sample was placed on the top of the
measuring head of an Ekco Mineral Analyser., By means of a suitable exci-
tation source (table 1) and filter pair (table 2), the difference count rate
from each sample was measured three times. Before each of the two last
measurements the sample was poured out of the sample container and back
again.

A detection limit for each of the nine measured metals was estimated
on the assumption that the average difference count rate is a linear function
of the metal content if the latter is sufficiently low. Fig. 4 shows the cor-
responding regression line for Mo and its 95% confidence limits. In con-
nection with the use of the regression line, we understand by ''detection
limit" the minimum content of Mo that must be present in a sample to en-
sure that there is only 2, 5% probability for no. detecting any Mo in the
sample. Combining the calculated variances of the calibration constants
a and b with the variance of the difference count rate y, one is able to
assign 95% confidence limits x T Ax(y) to any estimated Mo content x =
(y-a)/b. The detection limit x is given by the condition x, = Ax, and it
can therefore be determined graphically as indicated in fig. 4.

The estimated detection limit for Mo, 0.03%, is low enough to make
the instrument used practically applicable, as the economic cut-off limit
in the mining of Mo ore is typically 0.1%. A lower detection limit could
have been obtained if more samples with very low contents of Mo had been
used for calibration of the instrument, The use of a better balanced filter
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Fig. 4. Evaluation of the detection limit in the analysis of pulverized
samples of Mo ore by means of portable XFA equipment. The detection
limit is given by the condition x - Ax = 0 where Ax is the half 95% confi-
dence interval for x when y 18 known.

pair (one yielding a lower zero count rate a) would also result in an im-
proved detection limit.

The detection limit determined for the other eight measured metals
can be found in table 2 (La + Ce is considered as one metal). The table
may serve as a2 guide to the performance of portable XFA equipment, but
we emphasize that the actual detection limit of such equipment depends both
on the composition of the particular ore type to be assayed and the calibra-
tion procedure used.
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Table 2

Determination of detection limits in the assessment of
powdered ore samples by means of portiable XFA equipment

el | oremnernt | At [Pt % avrage | Detetion
in samples (%metal content)

Cr Chromite 1 Gabbro | Ti/V 4,2 0.2
Ni Rammelsbergite | Gabbro | Fe/Cod  0.45 0.06
Cu Bornite Granite | Co/Ni 1.5 0.15
Zn Sphalerite Granite | Ni/Cu 1.2 0.15
Zr Eudialyte None Rb/Sr 1.8 0.2
Nb Eudialyte None Sr/Y 0.2 0.07
Mo Molybdenite None Y/Zr 0.1 0.03

LatCe | Monazite Granite | I/Cs 0.2 0.02
Pb Galena Granite | Ir/Re 0.9 0.10

3.2. Analysis of Exposed Rock Surfaces

The study coniprised measurements with a portable XFA instrument on
outcrops of vein and disseminated types of mineralization in southwest
Greenland. The metals searched for were Zr, Nb, and Ce+ La. The
measurements were made at five to ten cm intervals across the contacts
between different rock types, while the measurement locations were spaced
by one or two m on uniform rock formations, The micro relief of the rocks
examined was of the order of a few tenths of a centimetre. Chip samples
and hand specimens of material from the traverse lines were collected for
later assay by conventional methods of analysis.

Detaction limits of 0.45% Zr, 0.15% Nb, and 0.2% La+ Ce were evalu-
ated by application of regression analysis to the experimental data as de-
scribed in subsection 3.1, As might be expected, these values are greater
than the detection limits which were found when the same metals were meas-
ured in powdered ore samples (table 2). However, the fact that the portable
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XFA instrument responded so well to the metal contents of exposed rock
surfaces encourages one to believe that satisfactory on-the-outcrop assess-
ment of ore grade can be made at least in some kinds of metallic-ore de-

posits.

3.3, Tracing Ore Metals in Rock Samples

Seven standard rock powder-samples obtained from the U.S. Geological
Survey were measured for 400 s each with an XFA system, incorporating a
one-mCi mng excitation source, a Si(Li) detector 3 mm thick and with a
diameter of 6 mm, and a 1024-channel multichannel analyser. The resulting
X-ray spectra were processed by summation over six energy intervals
covering the Kn X-ray energies of the elements Rb (Z = 37) to Mo (Z = 42).
Using the fact that the count rate in the energy interval containing the Ku
peak of element Z also contained the Kp peak of element Z - 2, a system
of linear equations were set up whose solution furnished six count rates,
each being proportional to the sample content of the respective element. °

The elements searched for comprised the ore metals Zr, Nb, and Mo,
the contents of which averaged 230, 16, and 3 ppm respectively. The spec-
trometer system was not sensitive enough to detect Nb and Mo at these
concentration levels, For Zr a detection limit of 65 ppm was determined,
which may be compared with the detection limit of 2000 ppm Zr found when
a portable XFA instrument was tested, another sample series being used
(table 2). Generally speaking, we estimate that an X-ray spectrometer is
of one to two orders of magnitude more sensitive than a portable XFA instru-

ment.
4. CONCLUSION

Radioisotope X-ray fluorescence analysis lends itself well to the assess-
ment of ore grade at various stages in the exploration and exploitation of
metallic-ore deposits, Portable XFA equipment is very valuable for rapid,
non-destructive analysis of ore samples and outcrops or cut faces of ore-
bearing rock, as the obtainable detection limit is lower than the economic
cut-off grade of most metallic ores. Energy-dispersive X-ray spectrometers,
though somewhat complex to operate, are suitable for tracing small quantities
of ore metals in rock specimens. Instruments like theee may therefore prove
useful in prospecting for metallic ores.
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Abstract

The volume measured by subsurface neutron moisture gauges is of con-
siderable importance for the practical application of these gauges, both
with respect to the determination of the proper calibration drum size and to
an evalution of the resolution of the gauge with depth.

Results from two series of investigations are reported. The first of
these deals withthe effect of the drum size on the calibration curve obtained,
and is a combined experimental and theoretical investigation. It demon-
stratesthat unless the diameter and the height of the calibration drums are
around 80 to 100 cm or larger, important errors may be introduced.

The second series is an attempt to estimate the size of the sphere of
importance of a gauge in an inhomogeneous, infinite medium, and is based
oncalculations only. It indicates that the radius of the sphere of importance
of a typical Danish soil is 30 to 40 cm at 5 moisture volume per cent and
around 20 cm at 30 moisture volume per cent.
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1. INTRODUCTION

When a subsurface neutron moisture gauge is used to measure the
water content of soils or similar media, the probe of the gauge, which
contains a fast-neutron source and a slow-neutron detector, is lowered
into the medium through an access tube to the point of interest. Here the
count rate of the neutron is measured, and from this result the moisture
content can be determined by use of proper calibration curves. However,
it is inherent in the method that the result obtained is not the moisture con-
tent of a point of the medium, but some sort of average moisture content of
a certain volume around the probe. The reason is that the fast source-neu-
trons must undergo a number of collisions in the medium before they are
slowed down and can be detected by the neutron detector. During the slow-
ing-down process the neutrons will move around in a certain volume of the
medium which is roughly a sphere with the probe at the centre. The meas-
ured count rate is therefore dependent on the properties of the whole volume
of the sphere, primarily its water content. Consequently the measured
moisture content is some sort of an average value for the sphere.

This feature of the neutron moisture gauge has its advantage in that the
results obtained are not sensitive to small inhomogeneities of the medium,
e.g. stones. It does, on the other hand, also limit the resolution of the
gauge with depth, and this characteristic is important when stratified media
are considered. The resolution with depth is important not only because it
influences the accuracy of the moisture profile (moisture content versus
depth) measured, but also because it affects the optimum distance between
adjacent measuring points.

The fact that a neutron moisture gauge measures the moisture content
of a volume, not of a point, is also of importance for calibration measure-
ments in finite drums. If the results of such measurements are to be of
relevance for field measurements in large media, the volume of the drum
must be large enough to contain the volume measured by the gauge in an
infinite medium. If the drum is significantly smaller, important errors
will be introduced owing to neutron leakage from the drum and the corre-
spondingly lower count rate,

It is therefore of considerable interest to calculate the size of the vol-
ume measured by subsurface neutron moisture gauges. Several methods
for making such estimates have been proposed.

In 1956 van Bavel et al.!) introduced the concept of the sphere of influ-
ence, which was defined as the sphere around the source which contains
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95 per cent of all thermal neutrons, and a formula for calculating the radius
of this sphere was also given.

This concept and in particular the radius formula was criticized by
Plgaard 2), who introduced instead the sphere of importance, defined as the
sphere around the source which, if all medium material outside the sphere
is removed, will yield a neutron flux at the source that is 95 per cent of the
flux obtained if the medium is infinite. In 2) a formula for determining the
radius of the sphere of importance is also given.

However, Zuber and Cameron 3) raised some justified objections to
this definition, and in a panel convened by the JAEA a modified definition
was agreed upon: the sphere of importance for subsurface probes is the
sphere around the source which, if all material outside the sphere is re-
moved, will yield a count rate that is a stated fraction of the count rate ob-
tained in an infinite medium. Further a fraction value of at least 0. 99 was
recommended for investigations of calibration drum dimensions 4). The
reason for choosing the figure of 0. 99 is that the statistical uncertainty of
measured count rates is often about one per cent.

This definition is very useful in connection with the determination of
calibration drum dimensions. However, when it comes to probe resolution
with depth, it is of more dubious value, and other approaches have to be
considered.

In this paper the results of two series of investigations are reported.
The first series deals with the volume measured by the probe in relation to
calibration drum dimensions, the second with the volume measured in the
case of large media with varying composition and is thus relevant to the
resolution with depth.

2. INVESTIGATIONS OF THE VOLUME MEASURED BY A SUBSURFACE
GAUGE RELEVANT FOR CALIBRATION DRUM DIMENSIONS

Van Bavel et al. 5) have demonstrated experimentally that the size of
the calibration drum is of great importance for the calibration curves ob-
tained from measurements in such drums, Unfortunately no information
was given in 5) concerning the composition of the soil used. Since we in-
tended to perform both theoretical and experimental investigations and to
compare the results obtained from these two approaches, it was found
necessary to carry out new measurements with a soil of known composition,
i. e. a soil for which calculations could also be executed.
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2.1. Experimental Investigations

The measurements were made with a Nuclear Chicago subsurface probe
(model P-19) connected to a Danish-produced scaler, BASC.

The soil used was Risg subsurface soil, which is a sandy clay loam.

The chemical composition of this soil has been reported earlier 6).

Four calibration drums of different sizes were used during the investi-
gations (see fig.1). The drums were made of 2 mm iron plate. The individual
drum diameters were equal to the heights and were 90 cm (570 litres), 55
cm (129 litres), 40 cm (49 litres), and 30 cm (20 litres) respectively.

Fig. 1. The four calibration drums used in the measurements. The probe
shield containing the P-19 probe is situated on top of one of the access
tubes. At the bottom the BASC scaler is seen.

Before the soil was filled into the drums, its moisture content was ad-
justed to the desired value either by wetting or by drying and by subsequent
thorough mixing. A gravimetric determination was made of the water con-
centration of the soil material. The calibration drums were filled gradually
with 5-cm thick soil layers and packed to a dry-soil density of around 1.4
g/ cm®, The density and the calculated water volume per cent were checked
after the neutrun measurement by volumetric sampling at the centre of the
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drums. All moisture contents above 30 volume per cent were obtained by
supplying water to the s0il surface in the drums until free water drained out
through holes in the bottom. After the draining had stopped, the measure-
ments were made. This procedure resulted in a slight reduction of the soil
volume due to subsidence.

The gauge readings were taken with the neutron source at the centre of
the drums. To eliminate the influence of the sourroundings, the two smuller
drums were placed at a distance of at least 50 cm from the floor and the
walls. The paraffin probe shield was in all drums placed on top of a one-
metre long aluminium access tube. The outher diameter of the tube was
44.5 mm.

2.2. Theoretical Investigations

The theoretical investigations were performed by use of the computer
program MOPS-III 7), which has been developed from the MOPS-II-C pro-
grama). Both of the programs are based on three-group diffusion theory
and deal with point-source, line-detector geometry. However, MOPS-III
includes a number of features which are not found in MOPS-II-C, and of
these the following should be mentioned since they are used in these in-
vestigations.

While MOPS-1I-C can be used for subsurlace probes in infinite, ho-
mogeneous media only, MOPS-III can also treat a probe situated in a finite,
spherical, and homigeneous medium with the neutron source positioned at
the centre of the sphere.

The use of MOPS-II-C is limited to the calculation of calibration curves,
However, MOPS-1II can also perform a direct comparison between exper-
imental and theoretical count rates for a medium of a given, dry composition,
When the program operates in this mode, sets of experimentally determined
values of water volume per cent, dry-medium density, count rate and medium
radius are read into the computer which then calculates the corresponding
theoretical count rates and compares them with the experimental values.

In addition MOPS-III computes the sum for all experimental points of the
square of the difference between the theoretical and the corresponding
experimental count rate. This feature allows a least-square fit to be per-
formed rather easily.

Often the chemical composition of the medium of interest is not known
very accurately, This gives rise to uncertainty in the calculation of the
value of the macroscopic absorption cross section of the dry medium, za.
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However, since Ea is for practical purposes the only unknown, it can be
used as a fitting parameter “’/. Such a fitting can be performed with MOPS-
III by use of & a/p dry as the the parameter; pdry is the dry-medium density.

Since the calibration drums used in the measurements were all cylin-
drical, and since MOPS-III can only consider spherical media, a convention
had to be established to convert the dimensions of a cylinder into the radius
of the equivalent sphere. It is obvious that this radius must be larger than
that of the large:t sphere that, with the source at the drum centre, can be
inscribed in the soil medium. It is equ=lly obvious that the radius must be
smaller than that of the sphere that has the same volume as the soil cylin-
der. Rather arbitrarily we chose to calculate the equivalent radius as the
mean value of these two radii.

As pointed out in subsection 2.1., the soil used in the experimental
investigations is Ris¢ soil. However, the soil sample used in the present
investigations was not quite identical to that used in the investigations of 6).
Further the soil sample used in the present investigations had been stored
outdoors for fairly long period after excavation, and even though it was
covered with plastic foil during this storage period, it was probably exposed
to a certain amount of wash-out, whereby important neutron absorbers may
have been removed. Thus the Ea calculated from the composition given in 6)
is likely to be too high. Such a tendency is as a matter of fact already found
in fig. 4 of 6). Since the main purpose of the investigations was to determine
the effect of the medium size on the count rate obtained, it was found reason-
able to adjust theza/p dry-value used in all calculations in such a way that
the best possible agreement between the measured and the calculated count
rates was obtained for the drum with the 90 cm diameter. The adjusiment
was made by use of a least-square fit, and the necessary reduction in za/" dry
amounted to 24 per cent.

2,3, Comparison between Experimental and Theoretical Results

The results of the measurements of subsection 2.1. and the correspons-
ing calculations are given in fig. 2,

The experimental count rates far the drum with a diameter of 90 cm
agree well with the calculated count rates. This is hardly surprising since
by variation of g a/p dry the theoretical results for this drum have been fit-
ted, as discussed in subsection 2, 2., to the experimental ones so as to ob-
tain the best possible agreement, However, the experimental count rates
for the 55 cm diameter drum also agree quite well with the calculated values,
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Fig. 2. Comparison between measured and calculated count rates ob-
tained with different calibration drum sizes. The soil used is Rise sub-
surface sail with reduced T /e dry value. Note that the calculated count
rates for a given drum size do not lie on a smooth curve owing to vari-
ation® in dry-soll density.

For the smaller drum diameters (40 and 30 ¢m) there are significant
disagreements, and the measured values are consisiently lower than the
calculated ones. The smaller the drum, the larger the disagreement,

This disagreement may at least partially be explained by the following
effect. In the theory used it is assumed that the perturbation caused by the
insertion into the medium of the access tube and the probe is independent
of the medium composition and can consequently be corrected for by proper
norma]izationz). This assumption seems to be quite reasonable as long as
large media are considered. However, in small media or drums insertion
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of the access tube will cause a larger fractional reduction of the soil volume
than in large drums. This effect, which will cause increased neutron leak-
age and consequently lower count rates, has not been taken into account in
the theoretical calculations. The tendency of the discrepancy was conse-
quently to be expected.

0000 | Count Rate

(epm)

8000 |
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2000 ¢

... L. ..
0o 0 2 »

Fig. 3. Calculated calibration curves for spherical soil media with vary-

ing dlmetu;. Rise soll, no correction of £ _/p dry Dry-sall density equal
to 1.4 g/cm”. P-19 probe,

In fig. 3 the calculated calibration curves for spherical media with vary-
ing diameter and constant dry-medium density are shown. Since the theoreti-
cal model seems to give acceptable results for large media, the following
conclusions can be made based on fig. 3. A medium with a diameter of 100
cm should be equivalent to an infinite medium down to a water volume per
cent of around 10 (error in count rate less than 3 per cent), while a medium
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with a diameter of 60 cm gives count rates in the moisture range of 10 to
20 volume per cent, which is 18 to 6 per cent lower than those obtained in
an infinite medium.

In conclusion the following points should be made:

While it is understandable that many calibration measurements are per-
formed in rather small drums (e.g. with a diameter of 60 cm) in order to
limit the amocunt of scil which has tc be handled, the use of such drums in-
troduces significant errors in the calibration curves if these curves are used
in connection with measurements in large media. A reasonable compromise
for the drum dimension should be a diameter of 80 to 100 cm, somewhat de-
pendent on the moisture range of interest, and a height roughly equal to the
drum diameter.

While the MOPS-III-program can calculate calibration curves for infinite
and large media fairly accurately, the theory used in the program does not
seem to be satisfactory when the medium dimensions correspond to "diame-
ters" of around 49 to 50 cm and below.

3. INVESTIGATIONS OF THE VOLUME MEASURED BY
A SUBSURF ACE GAUGE RELEVANT FOR RESOLUTION WITH DEPTH

As discussed in the introduction it is of considerable practical import-
ance to assess the resolution of a subsurface probe with depth, partly to get
an idea of how accurately a moisture profile can be measured, partly to de-
termine the distance between adjacent méasuring points,

X Source

Fig. 4. Geometiries relevant to investigations of resolution with depth of
subsurface moisture probes.
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Since field investigations usually involve measurements in stratified
media, a program which can treat a case as outlined in fig. 4 A is desir-
able if the resolution with depth is to be investigated theoretically. The
thickness of the layers and their composition as well as the position and
type of the probe should be variables. Such a program is unfortunately not
avallable at present. However, another program, SOFIE-IIIIO)

vide some information on the problem, and this program was used in the

, can pro-

investigations discussed in this section.

SOFIE-III is based on the arrangement shown in fig. 4 B. For a fixed
composition of the outer zone (II) and a varying moisture content of the in-
ner (I), the program calculates the radius of the inner zbne, RI’ for which
the ratio between the count rate of the detector and the count rate that would
be obtained if the inner zone extended to infinity is equal to a given input
value. This value was in all cases considered equal to 0. 99. Also, in all
cases considered, the data of the probe were identical to these used in sec~
tion 2, and the dry composition of zones I and II was that of Rise soil (ref. 6,
no correction of £ ), while the dry-soil density was 1.40 g/ cm® in both
zones,

\

2
w, (voi% H,0)

0 10 2

Fig. 5. Radius of the sphere of importance as a function of water content
of the inner zone, . The water content of the outer zone, i is 0, 10,
20, 30, and 40 volume per cent respectively, Riss soil without T o COTrec-
tion in both zones, p 4. = 1.4 g/cm®. P-19 probe.
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Fig. 5 gives the resuilts of five SOFIE calculations in which the moisture
content of the outer zone, Wips Was 0, 10, 20, 30, and 40 volume per cent
respectively. The general trend of the curves is the following. At very low
values of mcisture content in the inner zone, WI’ the RI value is rather
large, but as the moisture content increases, the value of RI decreases
owving to better slowing~-down of the neutrons. As w

I
of Wipe RI approaches zero, since the difference between the two media

approaches the value

vanishes. As the moisture content of the inner zone exceeds that of the outer,
RI rises steeply and goes through a maximum. With further increase in W1,
the RI value decreases slowly owing to better neutron slowing-down.

It is important to note in fig. 5 that except for the regions where w, ~

the curves obtained for RI as a function of w_ are relatively insensi-

Wors
tige to the value of Wipe If we neglect the region wiere v ¥ W and RI is
consequently small, the curves will all lie inside the hatched area of fig. 6.

Thus the hatched area of fig. 6 gives roughly the radius of the sphere
of importance as a function of the moisture content of the zone around the
probe. This "curve' is valid only when the inner zone is surrounded not by
vacuum, but by a medium with properties not too different from those of the
inner medium,

The SOFIE-III program also allows the calculation cf the radius of the
sphere of importance as defined in 4). With a fraction value of 0. 99 the curve
given in fig, 6 is obtained. It is seen that the radius of the sphere of import-
ance in the case of vacuum outside the sphere is roughly twice as large as in
the case of a material medium outside the sphere.

The relation between R, and Wy given by the hatched area of fig, 6 will

of course depend on the cherInical composition and density of both the inner
and the outer media, but unless very large deviations exist between these
two media, the effect of composition and density is probably not very import-
ant. Further the idea behind a concept such as the sphere of importance is
only to give an estimate of the sphere of importance, not an exact value,

Hence it may be concluded that at a moisture volume per cent of 5 the
radius of the sphere of importance of a subsurface gauge well below the sur-
face is 33 - 40 cm, while at a volume per cent of 30 is 16 - 23 cm.

Another important conclusion which can be obtained from these investi-
gations is that it is better to surround the samples with a material not too
different from that of the sample than to have just air around the sample if
the calibration curve measurements have to be inade on too small sample
gizes, A similar approach has heen used by Couchat ”), and it is the same
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Fig. 6. Radius of the sphere of importance as a function of the water con-
tent of the spherical zone arocund the source. For the upper curve the me-
dium outside the sphere is vacuum, For the lower, hatched "curve" the
medium outeide has varying water content (0 to 40 vol. per cent). Rise
soll, b4 1.4 g/cm’. P-19 probe.

principle which is sometimes used in measurements near the soil surface,
if material is placed at the surface around the access tube. It is well known
that this procedure allows measurements closer to the g:irface than would
be possible if no material had been placed there,
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On the Relevance of Absorbed-Dose Standardizatior and International Dose

Intercomparisons with Respect to the Use of Pulsed Electron Accelerators*

by

Niels W. Holm

Accelerator Department

Abstract

The increasing use ofhigh-energy photon and electronsources in radi-
ation therapy and in radiation processing has caused the international and
national standards laboratories to devote much effort to providing for ab-
sorbed-dose standardization services for tuese sources. The purpose of
the present paper is to draw attention to the serious influence on the radi-
ation effect of a given absorbed dose ai the extreme dose rates obtained
from pulsed electron accelerators and to suggest alternative means of stan-

dardization.

* alio presented at the Joint IAEA/WHO Panel on National cud Irterna-
tional Radiation~-Dose Intercomparisons. Vienna, 13 -17 December 1971.
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1. INTRODUCTION

The need for national and international radiation-dose intercomparisons
is being justifieq partly by the growing use in medicine and industry of high-
energy photon and electron beams. While exposure standards are well
established in international and national laboratories (sce e.g. ICRU hand-
book 10 b), absorbed-dose standards are only at the introduction and testing
stages at these laboratories. As long as absorbed-dose calibration facilities
are not available, intercompérison services are being offered on the basis
of the Fricke dosimeter (IAEAI ), NBSZ), and NPL3)) and the TLD systems
1AEA®)).

While previous intercomparison activities centred primarily upon radio-
therapy sources, such as 60Co and X-ray equipment with a limited range of
radiation energies and absorbed-dose rates, the long-term objective of ab-
sorbed-dose standardization seems to be much wider in the sense that radi-
ation protection as well as radiation therapy and industrial irradiation are
being included in the planning of future activities in the standardization
fields). This implies that absorbed-dose ranges of perhaps 9 - 10 orders
of magnitude and absorbed-dose-rate ranges of perhaps 10 - 15 orders of
magnitude are to be covered.

The purpose of the present paper is to discuss the relevance and use-
fulness of pufsuing this ambitious objective. Factors influencing the effects
of a radiation treatment are discussed, and some experimental data are
used to illustrate the influence on the absorbed-dose-response function of a
particularly important parameter, the absorbed-dose rate. Some other

means of intercomparing radiation treatments are suggested.
2. FACTORS INFLUENCING THE EFFECTS OF A RADIATION TREATMENT

The ideal situation for a radiation user is one where he can base his
treatment on a firm correlation between a radiation effect and a radiation-
absorbed dose,

It is well known, however, that a number of factors may influence the
effect of a given radiation-absorbed dose. Environmental parameters, such
as temperature and the presence - or absence - of atmospheric air or other
gases, influence many radiolytic reactions significantly, If the subject to be
irradiated is a biological tissue or a microorganism, we know that e. g. the
metabolic state may influence the resulting effect. In the practical situation,
however, it is usually possible either to standardize the environmental con-
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ditions and the condition of the subject, or to establish appropriate weighting
factors to account for changes in response caused by changes in these par-
ameters. Also the characteristics of the radiation ficld enter the picture.
Radiation biologists have long ago recognized the need for applying RBE-
factors according to the effect of differences in radiation type and LET on
the biological response. While the use of such RBE-factors is essential 1n
the application of, e. g., neutrons, protons, alfa particles or mixed fields,
they may quite safely be dispensed with for electrons and photons at radi-
ation energies in the 1 - 10 MeV range, where the influence of the above-
mentioned parameters is insignificant, Small differences in effects are
noticeable, however, already when we go down in energy to 250 kV X-rays,
where, e.g., the radiolytic yield of the Fricke dosimeter is decreased by
a few per cent.

On this basis, it may be concluded that the absorbed dose does remain
a convenient and useful subject of standardization and intercomparison
measurements for photon and electron irradiation equipment of modest and
comparable output, i.e. 60Co and conventional X-ray therapy units and
low-power betatrons. The situation is, in the opinion of the author, quite
different, when we extend the absorbed-dose standardization and the activity
of international dose intercomparisons to include also modern pulsed irra-
diation sources, such as electron linear accelerators, field emission de-
vices, etc., at least when the electrons are being used without conversion
into X-rays. While such dose intercomparison activities may be of great
value for basic research work, they do not seem to be particularly useful
for practical radiation applications at the present stage. The main reason
is the dominating - and hitherto insufficiently investigated - influence on
the radiation effect of a given absorbed dose at the extreme dose rates
available from pulsed acceleraiors.

A number of examples are compiled in the following section in order
to substantiate this opinicn.

3. PRACTICAL EXAMPLES OF ABSORBED-DOSE-RATE EFFECTS

Most of the exampies given in this section have been selected from ex-
pe—iments carried out by various research groups at Risg, Irradiations
were performed at the sources operated by the Accelerator Department,
which means that the absorbed-dose dosimetry related to the various ex-
periments was carried out by the same staff, Any possible error in ab-
sorbed-dose measurements is therefore likely to be systematic and would
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tend to cancel out in comparative absorbed-dose-raie-effect determinations.

3.1. Absorbed-Dose-Rate Effects Observed at 60Co Sources

In polymerization reactions initiated with 60Co- gamma rays, it is well
established that the rate of polymerization is inversely proportional to the
square root of the absorbed-dose rate at rates less than approx. 104 rads/h
(see e.g., Chapiro6 )). Also other chain reactions show absorbed-dose-rate
dependence.

For living systems, such as microorganisms or biological tissues, no
gross effects have been observed at the absorbed-dose rates usually applied
for therapy or industrial processing.

An example may be given of a somewhat peculiar absorbed-dose-rate
effect in aqueous solutions of a simple organic compound, oxalic acid. The
use of oxalic acid for chemical dosimetry was suggested in 1955 by Draganié7).
Holm et al. 8) observed that the decomposition yield of oxalic acid decreased
continuously with inc. easing absorbed dose approximately following first-
order kinetis, and Draganic suggestedg) that the absorbed dose could be

conveniently calculated from the following equation

c
= 2.0 o _o
D=a <o log c

where D is the absorbed dose, a is a calibration constant, and <o and c
are the concentrations in molecules per ml of oxalic acid before and after
irradiation respectively. Based on data from this and other laboratories,
experimentally determined a-values were calculated and compared (see
table 1). The author was involved in the absorbed-dose calibrations at the
Natick 6OCo pla.ntl 0) and at the Risg 60Co facility1 ! ).

Calorimeters of quite similar design were used for absorbed-dose cali-
brations. The Natick plant was operated in a batch mode with a constant
dose rate, while the Risg facility operates in a continuous mode, so that the
absorbed-dose rate varies throughout the irradiation period,

As is apparent from table 1, the difference between the lowest (37. 0)
and the largest (49. 2) a-values obtained at Ris¢ and Natick respectively
amounts to more than 30%, this being far beyond the limits of experimental
error, This phenomenon may be explained on a radiation chemical basis,
when the mode of delivering the absorbed dose is taken into account (see fig.1).
The decomposition of oxalic acid proceeds over several stages. Among the
first products formed are dihydroxytartaric acid and glyoxylic acid' 2), which
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Table 1

(Data from Holm and Dragani¢, Atompraxis, 14, Heft 11/12, 1968)

Laboratory Oxalic-acid concentration (mM) a-value
Vinda (Yugoslavia) 50 to 600 41.5
Risg (Denmark) 50 37.0

100 38.2

200 39.1

Natick (USA) 50 49.2
100 44.1

NAEC (USA) 100 45.6
300 47.4

Dow Chem. Comp. (USA) 50 40.5
BNL (USA) 100 43.0
Rez (Czechoslovakia) 50 46.7
Zagreb (Yugoslavia) 100 43.0
' 250 42.8

react further in slow condensation reactions. When the irradiation time is

of the same order of magnitude - or less - than the "lifetime" of dihydroxy-
tartaric acid and glyoxylic acid in the solution, these products will react to
a greater extent with the primary radicals than with the oxalic acid, thus

decreasing the decomposition rate and increasing the a-value.

DOSE MATE (arbitrary whits)

\
L\

Fig. 1. Dose rate vs, irradiation time for delivering same total absorbed
dose at Natick and at Risg 8n(b plants.
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The absorbed-dose-rate effect reported here is probably far from being
unique; similar combinations of reaction-rate counstants are likely to be

found in many other aqueous organic or biological systems. That this ex-
ample seems to be the only one so far reported is probably because of the
fact that a system investigated for its dosimetric properties attracts very
close scrutiny and very accurate analysis when such unexpected discrep-

ancies crop up.

3.2. Absorbed-Dose-Rate Effects Observed by Comiparison of 6‘}Co
Irradiation and Pulsed Electron Linear Accelerator Irradiation

While absorbed-dose-rate effects in aqueous and biological systems
are only seldom reported withir. the absorbed-dose-rate ranges obtained at
60Co plants, there are many examples of such effects when we compare
60Co-gamma irradiation with electron linear accelerator irradiation. In
aqueous systems, radical-radical recombination reactions compete very
well with radical-solute reactions at high absorbed-dose rates and we ob-
serve in most systems a significant change in radiation yields. The G-value
for the Fricke dosimeter remains constant at 15. 6 from 60Co absorbed-dcse
rates up to (linear accelerator) about 103 rads per 1 us pulse (peak ab-
sorbed-dose rate ~1 09 rads/s) and decreases by 15% to approx. 13.2 at
10% rads per 1 us pulse (~1 o' 0 rads/s) and 45% to approx. 8.6 at 10° rads

per 1 ps pulse (~1 0” rads/s)"”'
Systematic differences in the responses of polymer systems at the two

types of sources are not fully investigated, but the practical experience
gained at Risg from radiation sterilization of disposable medical supplies
made from plastic shows that radiation degradable polymers tolerate two
to five times higher absorbed doses at the high absorbed-dose rates ob-
tained from a 10 MeV-5 kW electron linear accelerator than they do at the
low dose rates obtained in a 10, 000 Ci %0Co facility.

For biological systems an interesting example is available. The in-
fluence of the absorbed-dose rate was investigated on a vegetative bacterium,

Str. faecium, strain Azl, and on a sporeforming bacterium, B. sphaericus,

strain CIA. The two strains are used in the form of dried standard test

pieces produced at the Accelerator Dept., Risg, for comparing the micro-

biological efficiency of radiation sterilization plants in JAEA member coun-

triesM). Very careful investigations at the Risg sources disclosed that a

given inactivation factor for Str. faecium, strain A 1, requires a 15-20%
.6—4

lower absorbed dose at the 6 Co plant than at the electron linear acceler-
ator. In the case of the B. sphaericus, strain CIA' no differer.ces in acti-
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vating efficiency of the two sources could be detected under exactly iden-
tical irradiation conditions. No proven explanation is offered for this ob-
servation. It may be suggested that the higher water content of the vegeta-
tive organism leads to chemical recombination reactions éimilar to those
occurring in agqueous solutions at high absorbed-dose rates. The example
must be considered relevant also outside the world of microorganisms;

other biological systems are likely to behave in similar ways.

3.3. Absorbed-Dose-Rate Effects Observed by Comparison of a 400 keV
ICT Electron Accelerator and a 10 MeV Pulsed Electron Linear Accelerator

The absorbed-dose rate from an electron accelerator is determined by
the beam-current intensity, which can be varied in a number of ways, e.g.,
by changing the load current, or by focusing, defocusihg, scattering or
scanning the electron beam. Accurate measurements of the size and shape
of the beam spot, thke intensity distribution within the spot, scanning effects,
etc., are therefore necessary in order to determine the absorbed-dose rate
and absorbed-dose-rate distribution. Unfortunately, such measurements
are difficult or even impossible to execute with DC-machines, such as the
400 keV-50 mA ICT electron accelerator at Risg. For window protection,
the electron beam must be xy-scanned and single "pulses’ or single scan
sweeps cannot be provided for. The absorbed-dose rate must therefore be
estimated in an empirical and rather crude way.

For pulsed machines, such as electron linear accelerators and field
emission devices, other problems arise. How do we define the absorbed-
dose rate? According to ICRU (report 11, 1968) the absorbed-dose rate is
the quotient of AD by At, where AD is the increment in absorbed dose in
time At, and the special unit may be any quotient of the rad or its multiple
or submultiple by a suitable unit of time (rad/s, mrad/h, etc.). The fol-
lowing example based on a chemical polymerization process may indicate
that this definition alone is not very helpful for correlating data obtained
from different electron accelerators.

The Chemistry Department at Risg is presently involved in a research
programme concerning curing of surface coatings by means of electron-
beam irradiation. Pending the installation of a low-energy accelerator,
some experiments were made at the electron linear accelerator. The pre-
liminary results from these experiments as well as from later experiments
performed at the ICT accelerator are shown in fig. 2.

The special unit for absorbed-dose rate at the linear accelerator is
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Fig. 2. Radiation doses necessary for different degrees of conversion as
function of absorbed-dose rate at 10 MeV electron linear accelerator (7 s
pulses) and at 400 keV electron accelerator, Data from ref. 15.
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chosen to be Mrad/s, i.e. the absorbed dose delivered over a time period
of one second. The two sets of curves in fig. 2 are not very consistent
when considered together. The special unit for absorbed-dose rate at the
linear accelerator could also be chosen to be Mrad/ps. In that case the
absorbed-dose rate would be zero during most of the time of irradiation and
approx. 500 times higher than is the average absorbed-dose rate in Mrad/s,
whenever a 7 us pulse is delivered (pulse repetition rate was 300 pps). Re-
plotting the linear accelerator data according to such a "peak" absorbed-
dose rate evidently makes matters even worse. Not even a gross error in
the determination of the absorbed doses or the absorbed-dose rates pro-
vides a reasonable explanation. It seems that it is difficult to define and
interpret the absorbed-dose rate in terms of its impact on radiation cffects

from different types of accelerators.

3.4, Absorbed-Dose-Rate Effects at the '"Same' Absorbed-Dose Rate

Radiation chemists have already for some years found it necessary to
give their absorbed-dose-rate data in terms of rad/pulse, and more recent-
1y they have acknowledged that even the length of the pulse needs specifica-

tion in order to provide adequate means for comparing experimental data.

¥ v | | L L
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3 —
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11 p -

A b 2 4 4 2
1 2 3 & 5 6 7 peec

PULSE LENGTH
Fig. 3. G-value of the Fricke dosimeter as fnction of pulse length for
constant pulse current. Pulse repetition rate = 18. 75 pps. Total dose
approx. 20 krads. Data from ref. 16.

Fig. 3 illusirates this problem on the basis of the standard Fricke
dosimeter. The experiments were carried out by Sehested in 1 ?'65‘"6) at
the 10 MeV linear accelerator at Risg. According to the ICRU TA{D— defi-
nition, the absorbed-dose rates are the same for all the pulse lengths (the
current intensity being constant during the pulse), and yet an absorbed-dose-

rate effect of some 20% is observed.
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This absorbed-dose-rate effect for the "same'" absorbed-dose rate is
not unique as may be seen from fig. 4, which is based on recent paint curing
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PULSE LENGTH
Fig. 4. Gel % as function of pulse length for constant pulse current.

Pulse repetition rate = 300 pps. Same polymer systems as in fig. 2.
Data from ref, 17,

work by Batsberg Pedersen and Singer] 7). Irradiations were also in this
case carried out at the 10 MeV linear accelerator at Risg and more sophis-
ticated absorbed-dose-monitoring equipment was used than that available for
Sehested in 1965] 6). The message, however, is precisely the same. The
absorbed-dose-rate effect for the ""same" absc rbed-dose rate is of the same
order of magnitude, although it is obtained for an entirely different chemical

system and in a different experimental set-up.
4. CONCLUSIONS AND SUGGESTIONS

Based on the different examples given above, the author is convinced
that the absorbed-dose-rate effects observed are real and not artefacts.
Additional examples from the literature could easily have been included, but
it was felt important that most - if possible all - of the experiments pre-
sented were based on one and the same source of absorbed-dose calibration,
All irradiation facilities at Risg have been calibrated by calorimetry and all
secondary dosemeters used have been calibrated against a calorimeter under
the conditions of practical use.
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It has been demonstrated that substantial absorbed-dose-rate effects
take place 1) within the limited - and low - range of absorbed-dose rates
available at %%co plants; 2) from "GOCo absorbed-dose rates" to "linear
accelerator absorbed-dose rates"; 3) from one type of electron accelerator
to another; and 4) at the "same' absorbed-dose rate for pulsed electron
accelerators. In all cases, absorbed-dose-rate effects of some 20% or eve
more have been experienced.:

While such effects may be of minor significance for the practical vse of
60Co sources and X-ray equipment, they seem to be of general importance
for electron accelerators. For such machines, the use of absorbed-dose-
rate weighting factors seems to be necessary for predicting radiation effects
on the basis of radiation-absorbed dose, and for comparing radiation effects
at different machines. Such weighting factors will have to be determined
for each type of accelerator, possibly even for the individual accelerator
set-up and mode of operation. An absorbed-dose intercomparison alone
thus becomes somewhat meaningles's for the practical application. What is
the purpose of being able to deliver a given absorbed dose with an accuracy
of say T 2%, if the radiation effect cannot be predicted within 20% owing to
unknown absorbed-dose-rate iufluence?

It would seem to be much easier and perhaps more appropriate to stand-
ardize and intercompare the product of absorbed dose and the absorbed-
dose-rate weighting factor, or to go even a step further and standardize on
a relevant radiation effect. .

Such a philosophy has indeed been adopted in radiation sterilization of
medical products according to IAEA's Recommended Code of Practice,
"Effects'’ -dosimetry (or in other words control on the desired effect of the
integrated process) is a long-term tradition in hospital sterilization, where
autoclaves are tested by means of microbiological standard test pieces.

Once such an "effects' -standardization has taken place and the effect has
been correlated to the process parameters (in radiation sterilization, to

the machine parameters or to the absorbed-dose calibration), a physical or
chemical process monitor may be used in the daily routine (in radiation
sterilization, an appropriate secondary dosemeter). The Accelerator De-
partment at Risg has coordinated efficiency-intercomparison testings through
IAEA over the past few years, Fig., 5 (see next page) gives an example of
dose-response curves for B. sphaericus, strain CIA' test pieces irradiated
at two 60Co plants1 4).
included in the efficiency testings; As might be expected, no absorbed-dose-
rate effects are seen in this comparison testing. In other testings, where

Also test pieces of Str. faecium, strain A,1, are
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Fig. 5. Typical counting data from intercomparison test with B, lﬁgericul,
strain C;A, based on local dosimetry data'*), O data from Riss °'Co plant.

o data from foreign 6“Cc: plant.

the efficiency of an electron accelerator plant has been compared with that
ofa 60Co plant, differences of up to 20% have been found for test pieces of

Str, faecium, strain Azl.
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We therefore propose that the idea of standardizing and intercomparing
on the basis of an effect relevant to the purpose of the radiation treatment
rather than by means of absorbed dose be also considered for other types of
radiation treatments. i

Microbiological test pieces may not be considered very relevant with
regard to absorbed-dose range and with regard to the purpose of the treat-
ment in connection with radiation therapy. It seems possible, however, to
suggest systems also for such a ''process'. Berry and Andrews' 8) have
investigated the dose-response function of various mammalian cells. Fig. 6
shows the inactivating effect of X-ray irradiation on P-388 leukemia cells,
The absorbed-dose range as well as the type of tissue appear to be relevant

for the purpose of radiotherapy.

FRACTION
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Fig. 6. Dose-response curves for Leukemia-P-388 cells, 3 MeV X-rayo.
By courtesy of Berry and Andrews' 8)'

The implementation of the suggestions given hers would open the doors
of the standards laboratories for bacteriologists, radiobiologists, radiation
chemists, and possible specialists from other branches of science., How-
ever, this might be considered a positive development, since there is sure-
ly no reason why the facilities of standards laboratories should be reserved

"for physicists only".
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Use of a System for Repeated Blood Volume Determinations
Using HSA- "1 with Constant Uncertainty

by
M. Faber, J. Bojsen, J. Brgckner, H. Funch-Rosenberg, and Th, Mflller

The Finsen Laboratory and The Surgical Department
The Finsen Institute, Copenhagen, Denmark

Abstract

A system for repeated blood volume determinations without increasing
uncertainty is reported. It is based on single injection doses of HSA-'3]
prepared in a series of correctly spaced, increasing radioactivity together
with aninstrument with direct read-out, programmed to give both final re-
sults and standard deviation. The results from 26 duplicate volume deter-
minations on patients in a steady state are presented. The mean coefficient
of variation calculated from the duplicate determinations under these con-
ditions is not significantly different from the mean coefficient of variation

in a single determination,
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INTRODUCTION

Determination of the circulating blood volume by a radioisotope tech-
nique is commonly used in the pre- and post-operative contrcl in connection
with major surgery.

The value of the determination, however, depends upon the possibility
of detecting variations in blood volume within relatively short time intervals
and with an uncertainty in the differeace between two determinations smaller
than the smallest variation that calls for treatment.

Several semiautomatic instruments are available for this determina-
ﬁonz, 8,4,1 3).
before injection, full syringe, emptied syringe, and blood sample after in-
jection, but present only the final calculation of the blood volume in litres,
without correction for individual haematocrit.

The radioactive test solution can be bought in only two sizes, and further-
more the instruments offer no possibility of determining the residual amount

They measure the four necessary variables: Blood sample

of activity before injection.

The uncertainty on the single blood volume determnination will according
to classical isotope physics increase with any increase in residual radio-
activity in the blood from previous determinations. The semiautomatic
instruments offer no possibility of detecting or avoiding this increase in un-
certainty when nnknown test solutions are used.

The present paper will discuss the resulis of a series of studies on
phantoms and on patients in a steady state, with a system where these
drawbacks have been taken into consideration.

MATERIALS AND METHODS

The instrument used is described in detail elsewheres). The injectionss)
are delivered from tubules, which are prepared weekly at our if2tope lab-
oratoryI o). Five dose sizes of HSA-I 3'1 are prepared with an approximate
doubling from dose to dose, the lowest dose being 2.3 uCi and the highest
25 uCi according to a scheme where after a week of decay all doses will
correspond to the dose one number lower in the dose sequence. -

Human serum albumin labelled with '311 from The Radiochemical
Centre, Amersham, was used. They state that: " At least 95% (usually
above 98%) of the activity is protein bound"” and "less than 5% globulin and

no denatured albumin are present".
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Gel chromatography of the diluted preparation after one week's storage
in tubules showed that 91% of the 131 I-activity was situated at a place simi-
lar to that of monomer albumin, 7% was present at the place of the dimer
form, and the last 2% was found as tailing from the point of application to
that of the dimer albumin.

The radioactive tracer was injected through a catheter placed in a cen-
9 or, where this was not possible, into a peripheral vein; in both
cases the injection was followed by flushing with glucose water. The blood
samples were drawn from this catheter or cannula without, or with the
smallest possib:., stasis.

tral vein

The blood samples were collected in test tubes treated with saponine to
obtain haemolysis, in order to avoid changes in measuring geometry by the
settling of the red cells' 0). The steps in the determination are outlined in

fig. 1.

BLOOD YOLUME
BLONRAMME
GLOODSAMPLE AFPTER DU
ot - W OF 5088 ]  {
TUBULE BEFORE Wi BLOODSAWPLE BEFORE M1 BLOODSAMPLE AFTER W TUBULE AFTER W1 DATAPROCESSNNG
—s 5 ) % T

Fig. 1. Scheme for one blood volume determination.

After five subsequent blood volume determinations, the whole-body
radiation dose received by the patient is 0. 2 rads1 ! ), which is approximate-
ly twice the amount of radiation received from a single chest X-ray. The
radiation dose to the thyroid is calculated to be below 2.5 rads if the uptake

is blocked by 250 mg Nal given perorally prior to the studyI 1 ).

RESULTS

Theoretical Results

A theoretical experiment with calculated count rates in a computer

program showed that by using the same 131 I dose in five determinations

the coefficient of variation increases from 1. 3% on the first determination
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to 3.1% on the fifth, whereas a doubling of the amount of 131} HsA from
measurement to measurement would result in a decrease in the coefficient
of variation from 1. 3% on the first to about 1.0% on the fifth determinationI 0),

the decrease being caused by better counting statistics.

In vitro Results

The system was tested on three known water phantoms. It was found
that a doubling of the dose from one measurement to the next through five
determinations on each of three volumes resulted in a coefficient of varia-
tion between 1.3 and 1. 8% increasing with volume and decreasing with dose

size,

In vivo Results

The results from 26 duplicate blood volume determinations are 'ﬁre—
sented in table 1, The patients were in steady state as far as blood volume
is concerned, and furthermore the second measurement was performed
within 2-]2- hours after the firei one. Columns A and B show the volumes
and the uncertainties.

The coefficient of variation was calculated from the uncertainties on the
single determination with the following formula:

2 8(BV,)- 100
A+ B) %,

and is shown in column D, The coefficient of variation was calculated
from the duplicate determinations alone according to the following formula:

(|]A-B|) -2+ 100 %,
Y2 - (A+ B)

and is shown in column E,

The mean value of the "'technical" coefficient of variation containing
counting uncertainties and geometrical factors (column D) is 1.3% t 0.04%
(mean value t standard error of mean), while the mean coefficient of varia-
tion on the total measuring procedure (column E) is 1, 7% ¥ 0.2%. The
figures in the two columns, D and E, which are presumed to be normal
distributed, were tested by Student's t-test and were found not to be signif-
icantly different (0.1 { P (0. 2).



Table 1

The results tran 26 duplicate blood volume determinations

c. D, E.
Il:‘o'. st determination 3nd determination Time between The coefficient The coefficien
* + the two of variation of variation
BV, (litres) “2-a(BV Niitres) BV (litres) ~2° s(BV _)litres) dmmum (%) (%)
1 4.3 0.1 ¢.5 0.13 100 1.4 3.1
32 5.5 0.16 8.3 0,14 1 % 1.8 2.6
3 3.9 " 0.08 5.9 0.09 118 1.2 0
4 6.3 0.18 8.9 0,18 0 45 1.5 8.4
s 6.8 0.15 6.9 0,17 1 00 1.2 0.9
6 6.2 0.17 8.2 0.17 1 00 1.4 0
7 4.3 0.10 4.1 0.08 045 1.2 3.3
8 4.6 0.08 4.7 0.09 1 00 1.0 1.4
9 5.0 0.14 4.9 ©0.1% 1 00 1.4 1.4
10 4.4 0.07 ' ] 0.09 1% 1.0 1.5
n 5,17 0.18 5.6 0,13 1 00 1.4 1.2
1} ] s.6 0.09 5.3 0.10 1 00 0.9 3.8
13 s.1 ‘ 0.14 5.3 0.14 118 1.4 1.8
" 5.1 0.14 5.0 0.13 1 00 1.4 1.3
135 5.8 0.19 3.7 0.186 100 1.7 1.2
18 4.3 0.10 4.4 0.10 1 00 1.1 1.5
17 4.1 0.1 4.1 0.10 115 1.3 0
18 3.8 0.09 4.0 0.09 1 00 1.2 3.6
19 4.3 0.13 4.1 0.10 1 00 1.4 1.3
20 5.0 0.14 5.0 0.13 1 00 1.4 0
IR N ) 0.19 5.9 0.17 100 1.6 1.1
22 7.0 0.13 6.9 0.14 2 00 1.0 0.9
23 4.8 0.13 4.6 0,10 1% 1.3 - 2.9
24 4.0 0.18 5.0 0.1 1 1s 1.18 2.8
s 4.1 0.12 4.0 0.10 23 1.5 1.6
26 5.6 o.n 5.6 0.13 130 1.2 0

EEL
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DISCUSSION

The automatic calculation of physical uncertainty is important for the
clinical evaluation of the result, and as failures in the procedure will most-
ly result in an alteration of the ''normal' uncertainty, these failures may be
detected.

The good agreement within the duplicate determinations was primarily
a result of the use of increasing doses. The following points may, however,
also have been of influence: (1) the injection technique prevented retention
of the tracer at the point of injection, (2) the sample technique prevented
differences in haematocrit caused by stasis, (3) the HSA-I L I usedon a
patient was from the same batch, so that differences caused by different
amounts of unbound iodine were avoided. Degradated HSA-1 3'1 may cause
errors in the blood volume determination. This denaturation can be esti-
mated by gel chromatography. About 30% of the 7% dimer albumin present
in a preparation of HSA-l 31I can be regarded as being denatured] 2) and may
rapidly leave the blood. Freemans) has found 75% of heat-denatured albu-

min in perfused rat liver between 8 and 15 min after injection.

As the time between injection of the tracer and the withdrawal of the
sample was only 10 minutes, the passage of native albumin to the extra-
vascular compartment is probably negligible. Andersen' ) has found the 24-
hour passage to the extravascular compartment of HSA-1 311 to be 39%. He
has drawn attention to the fact that this elimination rate is determined after
the initial mixing period so that nothing is known about the passage during
this period. However, if it is assumed that the passage follows a single
exponential during the mixing period as is found to be the case after com-
plete mixing, the elimination in 15 minutes is approximately 0.5%. The 2%
free iodine can be regarded as having been completely cleared from the
blood during this period of time. Accordingly, the amount of injected radio-
activity remaining intravenously must be at least 96% (91, native serum al-
bumin + 70% of the 7% dimer serum albumin). The measured blood volume
will be too high, but not by more than 5%. Since the clinical interest is that
of the difference between two subsequent determinations, this maximum
error of 5%, which is the same in both dete~minations, is not important.

The system has proved to yield satisfactory results in clinical use.
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A Thermodynamic Flow Meter

by

N. E. Kaiser

Section for Experimental Technology

s

Abstract

A flowtransducer for use in extracorporealblood loops was developed.
The transducer works on the principle of a cooling fin, The flow is deter-
mined from measurement of two temperatures in the fin, The transducer
was tested with water, and the test results are in good agreement with cal-
culations. ‘
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A prototype flow transducer has been developed for use in extracorporeal
*lood loops such as artificial kidneys and blood irradiation units.

The transducer is very simple. In order not to harm the blood, the
wetted surface of the transducer has no corners or sharp edges. There are
no blind loops, no change in flow area, and no heating. The necessary elec-
tronic equipment is very small and fairly inexpensive.

The transducer works on the basic principle of a cooling fin between two
heat sources of the same temperature To above the surroundings (fig. 1).

AN

To To
’ T
T T
T )
+ e
0 L 2L
Fig.1.

In a straight cooling fin of length 2L, made of a material with thermal
conductivity k, with a constant cross section A, and cooled along the per-
imeter P with a heat transfer coefficient h, the temperature distribution
along the fin T, can be expressed as

Ty = Ty - (exp(m(2L - x)) + exp(m - £))/(1 + exp(m - 2L)),

where m = . - A).

In particular, we get the temperature in the middle (x = L)

| T, = TO/cosh(‘.‘(h- P)/(k- A) - L).

Note, that this equation does not contain the amount of heat transferred
from the fin to the enc’=nt,

With the dimensionless groups, Reynolds!, Prandtl's, and Nusselt's
numbers defined as Re = ¢+ d-pfu, Pr = 4 - CP/k, and Nu = h- d/k,
the heat transfer coefficient h can be determined from the equations

Nu = 3,65+ 0,0868(Re - Pr - d/L)/(1 + 0.045(Re - Pr . d/L)%/3)



and

3 _125)pe' /3. 1+ (q/L?/3)

Nu = 0.1 6(Re2/
valid in the laminar and turbulent flow regimes respectively.
Combining the above equations we get

T,/ Ty, = f(flow, geometry, fin material data, fluid data).

With a fixed geometry and known material and fluid data the tempera-
ture ratio is a function of flow alone,

In the transducer the fin is curved into the shape of a circular ring,
and the heat is transferred from the inner surface by the flow through the
ring. In order not to harm the blood, the ring is not heated, but cooled
(with air of room temperature). This gives the same heat transfer equa-
tions, but with temperatures of opposite sign.

The prototype transducer is shown in fig, 2. It contains two constantan
rings cast in araldite resin, making a smooth tube. The two rings are con-
nected with a small constantan wire. The left-hand ring is the real trans-
ducer and can be cooled through a small copper rod. The right-hand ring

Copper rod
Constantan ring

A w

NN wataite
Y

Constantan wire
Copper wire

7/

Fig.2.

is used as reference junction for the temperature measurements, Con-
stantan was chosen because of a suitable thermal conductivity and a high
thermoelectric force against copper so that it can be used directly as one
of the leads in a thermocouple.,
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With the data for the prototype transducer, the theoretical values of the
temperature ratios as functions of flow were calculated with water and human
blood as fluids,

The calculations were carried out with two models.

In the first the formula for the straight fin is used directly (one-dimen-
sional heat conduction) with a mean length of the ring and a "cooled" per-
imeter reduced to the mean length, but without taking into account the heat
conduction in the araldite resin.

In the other model a twe-dimensional model of the actual circular ge-
ometry is used, and heat conduction in the araldite is included. Two ver-
sions of this model were used, one without and one with heat loss to the
surroundings. The calculations on the two-dimensional model were made
with the B-6500 computer.

The results of the calculations are shown in the diagrams in figures 3,
4, and 5. Figure 3 shows the heat transfer coefficient h as a function of
the Reynolds number Re with blood and water as fluids, Figure 4 shows the
temperature ratio T /T, as a function of the heat transfer coefficient h.

In the actual range of h there is remarkably good agreement between the
very simple one-dimensional model and the most complicated (and thus the
most realistic) model. In figure 5, figures 3 and 4 are combined to give
the temperature ratio as a function of the flow represented by the Reynolds
number.

T 1V V1717

f""f'lx
4
=

™

™Trrrerrr
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Nomenclature:
A area P wetted perimeter
c velocity Pr Prandtl's number
Cp specific heat Re Reynolds' number
d diameter T temperature
h heat transfer coefficient x length coordinate
k thermal conductivity ] dynamic viscosity
L  length p dent y
Nu  Nusselt's number
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Simultaneous Determination of Arsenic, Manganese and Selenium

in Biclogical Materials by Neutron Activation Analysis

by

K. Heydorn and E, Damsgaard
Isotope Division

Abstract

A newmethod was developed for the simultaneous determination of ar-
senic, manganese, and selenium in biological material by thermal-neutron
activation analysis.

The use of Se-81m as indicator for selenium permitted a reduction of
activation time to 1 hour for a one-gram sample, and a possible loss of
volatile compounds during irradiation was avoided,

No pre-treatment of the sample is required, and the radiochemical
separation scheme is based on simple chemical operations, completed in
less than 3 hours,

A systematic experimental investigation of the performance charac-
teristics of the method was carried out, including studies of the accuracy
of the results,

The actual precigion achieved in routine application of the method in
the analytical laboratory was in guod agreement with the calculated pre-
cision, and the results are therefore well suited for statistical evaluation
of differences at the ppb level in samples of biological tissue.
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INTRODUCTION

The possible development of abnormal trace element concentrations in
uraemic patients undergoing regular peritoneal dialysis has been suggested
as a factor in the evolution of uraemic polyneuropathyl ).

The observation by Brune et al. 2) that uraemic patients show elevated
concentrations of arsenic in blood, focused attention on this element, and

3) made the

the unique metabolic antagonism between arsenic and selenium
simultaneous determination of both these elements desirable. Manganese
was included because the concentrations of manganese appear to be regu-
lated by a homeostatic mechanism which does not depend on excretion through
the kidneys4)

Reliable measurement of possible deviations from normal levels of
these elements in human tissue requires analytical techniques capable of
determining concentrations at the ppb-level with good precision and accu-
racy.

Manganese can be determined in small biological samples with sufficient
sensitivity by the catalytic oxidation of leucomalachite green with periodates),
while selenium can be determined by fluorometry of the 2, 3-diaminonaph-

6)

thalene complex ’. For arsenic colorimetric measurement of the reaction

7)

samples only, while small samples require the use of neutron activation

of arsine with silver diethyldithiocarbamate "’ is satisfactory for larger
a.nalysisa).

Either of the three elements can be determined by neutron activation
analysis, Selenium may be determined instrumentally after intense irra-
diation and several weeks' decay by the measurement of Se-75 with a Ge(Li)-
detectorg), or, in dialyzed samples, after a very short irradiation followed
by the measurement of Se-77m with a scintillation de'cectorI 0); comparable
sensitivity is achieved by p-counting of Se-81 after rapid radiochemical
separat:'lonI ! ), while the highest sensitivity and precision is reached by
combining radiochemical separation with the measurement of Se-75I 2).
Attempts to utilize Se-79mI 3)
for achieving a satisfactory limit of detection, Neither arsenic nor man-

or Se-81 ml4) have so far been unsuccessful

ganese have been determined in biological samples with satisfactory pre-
cision by purely instrumental analysis, but only relatively simple radio-

15) or

chemical separatione are needed before measurement of As-76
Mn-56'6),
A combired determination of all three elements is possible with the

automatic group separation system developed by Samsa.hl1 7), but it requires
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the use of special apparatus not available in most laboratories.

An analytical procedure employing standard laboratory equipment was
therefore developed for the simultaneous determination of arsenic, man-
ganese, and selenium in biological material by neutron activation analysis.

METHOD OF ANALYSIS

The absence of reagent blanks characteristic of activation analysis is
limited to the post-irradiation treatment of the sample, and operations be-
fore irradiation should be restricted to the bare minimum neceésary for
sampling; radiochemical separation thus becomes necessary for all three

elements.

Irradiation

Intense reactor irradiation of biological samples leads to radiolysis of
the sample material and is often accompanied by a temperature rise, both
of which may result in volatilization of elements such as arsenic and sel-
enium. Mild irradiation conditions are thus preferable together with irra-
diation times at the minimum needed for satisfactory sensitivity. '

The pneumatic tube system of the Danish reactor DR 2 offers a thermal

neutron flux of 7 x 1 0l 2

neutrons/ cm? /s, and the energy absorption in bio-
logical tissue from the accompanying fast neutrons and Y-irradiation is
about 5 Mrads/h, corresponding to a maximum decomposition loss of well
below 0. 5% per hour of irradiation.

18) show that, for an irra-

Experimental sensitivities reported by Yule
diation time of one hour, Se-81m is the most sensitive indicator for sel-
enium, apart from Se-77m which leaves no time for chemical separation,
Counting yields observed for As-76 and Mn-56 produce satisfactory sensi-
tivities for arsenic and manganese as compared with selenium,

It was found that satisfactory precision for all three elements in bio-
logical material could be achieved with a one-hour irradiation in the pneu-
matic tube system by choosing a sample size of about one gram. The sur-
face temperature of the sample during irradiation did not exceed 42°C, and
the total activity at the end of irradiation was less than 2 mCi, No special
precautions were therefore called for in the transfer and handling of the
irradiated sample,
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Radiochemical Separation

Incorporation of separation procedures for manganese and selenium
into an existing method for the separation of arsenic1 5) led to a simple
method for the combined separation of all three elements.

Selenium was precipitated with ascorbic acid immediately after decom-
position of the sample and before the cupferron scavenging. Manganese can
be determined after the precipitation of arsenic with thioacetamide by the

6)'

Further purification of selenium by dissolution and extraction into

9)

ganese was required - except for samples of blood serum.

removal of sodium with hydrated antimony pentoxide]
methyl isobutyl ke’tonel proved necessary, whereas no separation of man-

The separation procedure is shown schematically in fig. 1; it is com-
pleted within 3 hours after the end of irradiation.

Detection and Measurement

Satisfactory sensitivity required counting in well-type Nal(T1) scintilla-
tion detectors for up to 80 minutes, and for Se-81m an additional counting
period of the same length some hours later was needed to eliminate the in-
fluence of Se-75 and other long-lived activities. )

Counting times were small compared with the half-lives of Mn-56 and
As-76, but for Se-81m the counting time exceeded one half-life, and a cor-
rection was necessary for decay during the counting period.

Counting data from the multi-channe€l analyzers were produced on
punched paper tape and processed via a teletype terminal in a GE 265 time-
sharing computer systcm.

Peak areas were calculated from a smoothed spectrum generated by a
five-point polynomial convolution of the counting data with the technique

described by Savitzky and Golayzo) .

Peak boundaries for both sample and
comparator were decided by the method of Yulem ), except that the sign
changes of the first derivative were determined from a third degree poly-
nomial convolution of the smoothed sample spectrum.

All samples and comparators were counted in half-dram polyethylene
vials as 1.0 ml solutions, so as to eliminate differences in counting geom-

etry.

Chemical Yield

Determination of chemical yield by re-irradiation has several advantages
over other methods of yield determination. No transfer from the counting
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vial takes place, and when identical indicators are used for both analysis
and yield, differences in self-absorption between sample and comparator
are automatically compensated for.

In addition, positional differences in neutron flux during the simul-
taneous irradiation of sample and comparator may be neutralized, and the
influence of interfering elements may be reduced] 5). ’

The yield of selenium was determined by re-irradiation for 10 seconds
and counting under exactly the same conditions as in the analytical determi-
nation of Se-81m. The arsenic yield was measured after 10 minutes' re-
irradiation in a Y-ionization chamber for the determination of As-7622).

The manganese yield was determined as the recovery of Mn-54 tracer
added to the manganese carrier, by counting the sample after the decay of
Mn-56. The practically identical Y-energies at 0. 84 MeV give the same
compensation for differences in self-absorption as that achieved by re-ir-

radiation.

Procedure

Danish reactor DR 2 operating at 5 MW with pneumatic tube system
extending into a thermal neutron fluence of 7 x 1012 nf cm2/ s.

Nuclear Data multi-channel pulse height analyzers with Harshaw 3" x 3"
and 2" x 1 3/4" well-type Nal(T1) scintillation detectors.

Vibron Electrometer connected to Solartron Digital Voltmeter with
National Physical Laboratory ionization chamber.

Sulphuric acid 97-98%

Nitric acid 100%

Hydrochloric acid 37%

Methyl isobutyl ketone (MIBK)

Thioacetamide

Hydrated antimony pentoxide (HAP), Carlo Erba
Ascorbic acid

Ammonium sulphate solution 50% w/v
Ammonium sulphide solution 40%, Riedel-de Ha®n
Tartaric acid, 1% /v

Potassium iodide, 15% w/v

Cupferron, 6% w/v solution prepared weekly

Except where otherwise indicated, all reagents are Merck p. a.
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Carriers
Se-carrier, 10 mg/ml as Se(IV) in aqueous solution
As-carrier, 10 mg/ml as As(III) in 0.15 M ammoniacal solution
Mn-carrier, 10 mg/ml as Mn(II) in 4 M nitric acid, containing
2 uCi/ml of Mn-54
Cu-carrier, 10 mg/ml as Cu(ll) in aqueous solution
Sb-carrier, 10 mg/ml as Sb(lll) : ' 1 M citric acid and 0.25 M
oxalic acid solution

Carrier solutions are stable systems that can be stored in rubber-
stoppered glass bottles for long periods of time. Accurately prepared car-
rier solutions, whose concentrations have been verified by chemical analysis
are used for the preparation of comparator standards by dilution with re-
distilled water.

Se-comparator, 50 pg Se/ml
As-comparator, 0.5 pg As/ml
Mn-comparator, 0.2 ug Mn/ml

Comparator solutions are stored in screwcap polyethylene bottles, and
the changes in concentration were found to be about 1% per month for Mn
and significantly less for As and Se,

Irradiation

Samples of about 1 gram are weighed into half-dram polyvials * and
stored in a deep freezer until activation.

Comparator standards of about 1. 2 ml of Se, As, and Mn are trans-
ferred to half-dram polyvials.

All polyvials are heat-sealed and placed in a polyethylenebag which is
also heat-sealed, and subsequently transported in a p.lyethylene rabbit to
the irradiation position, where neutron activation takes place for 1 hour.

Decomposition

In a 50 ml beaker 2 ml of Cu-carrier, 0.1 ml of Sb-carrier, and 100 ul
of Mn-carrier are dried at 110°C, After cooling 500 pl of Se-carrier and
100 ul of As-carrier are added, followed by 2. 5 ml of sulphuric acid.

Identical volumes of Se-, As-, and Mn-carrier are transferred to sep-
arate half-dram polyvials, and diluted to 1, 0 ml; the vials are heat-sealed
and set aside for yield determination.

The irradiated sample is transferred to the beaker, taking care to
moisten all sample material with the sulphuric acid carrier mixture, The
beaker is placed on a hot plate at 130°C, and nitric acid is added dropwise
to prevent charring, while the plate temperature is slowly raised to 250°C.
After complete destruction of organic matter, heating is continued until
fumes of sulphuric acid evolve,

After cooling, the solution is poured slowly into a 40 ml centrifuge tube
containing 5 ml of tartaric acid solution, and 10 ml of water are added.

Selenium is now precipitated by addition of 0.5 g ascorbic acid, followed
by stirring for at least 3 minutes, After centrifugation the supernatant is
transferred to another centrifuge tube for subsequent separation of arsenic.

* Olympic Plastics Corporation,Los Angeles
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The selenium precipitate is washed twice with water and dissolved in
15 drops of nitric acid. Addition of 0.5 ml MIBK is followed by up to 10
drops of water to bring about the separation of two layers. After centrifu-
gation the MIBK layer is discarded, 2.0 ml of hydrochloric acid with 1.1 ml
of MIBK are added, and selenium is extracted by stirring for 1 minute.

After centrifugation the aqueous layer is discarded, and the MIBK phase
is washed 3 times by stirring with 3 x 2 ml of ammonium sulphate solution.

Finally, the MIBK is transferred to a half-dram polyvial which is then
heat-sealed and ready for counting.

A comparator standard is made by transferring 1000 pl of the irradiated
Se-comparator to a half-dram polyvial.

The selenium sample is counted for 80 minutes live time beginning 90
minutes after pile-out in a 2" x-1 3/4" well-type scintillation detector at a
gain of 3. 3 keV/channel. The comparator standard is then counted for 4
minutes under the same conditions.

Both sample and comparator are recounted under identical conditions
2 hours later.

Yield of Selenium

The separated selenium sample and the Se-carrier sample set aside for
yield determination are irradiated together in the reactor for 10 seconds.

About 3 hours after pile-out each sample is counted for 4 minutes under
the same conditions as above.

The chemical yields of selenium averaged 75%.

Calculation of Result

Seleniumn is determined from the 103 keV peak area of the difference
spectrum between the first and the second counting, correction being made
for deviations in decay and counting time between sample and comparator.

With decay corrections referring to the midpoint of the counting period,
a factor of 0. 96 must be applied to the results from the 80 minute countings,

The chemical yield is calculated in the same way from the direct spec-
tra of the re-irradiated sample and carrier.

The selenium content, corrected for chemical yield, is converted into
nanograms,

To the supernatant from the selenium precipitation are added 4.0 ml of
potassium iodide and 2, 5 ml of cupferron solution under vigorous stirring.
Stirring is continued for 3 minutes, and after at least 1 hour the slurry is
filtered through a dense filter®. About 100 mg of thioacetamide are added
to the filtrate, and arsenic is precipitated as the sulphide by gentle heating
on a water bath. After centrifugation the supernatant is transferred to
another centrifuge tube for subsequent separation of manganese.

The precipitate is washed 3 times with water, dissolved in 1.0 ml of
ammonium sulphide solution, and finally transferred to a half-dram poly-
vial which is then heat-sealed and ready for counting.

A comparator standard is made by transferring 1000 ul of the irradi-
ated As-comparator to a half-dram polyvial,

* Schleicher and Schtill, type 602 eh
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The arsenic sample is counted for 80 minutes live time 24 hours after
pile-out in a 3" x 3" well-type scintillation detector at a gain of 6.7 keV/
channel. The comparator standard is counted for 8 minutes under the same
conditions,

Yield of Arsenic

The separated arsenic sample and the As-carrier sample set aside for
yield determination are irradiated together in the reactor for 10 minutes.

About 24 hours after pile-out the samples are measured in the NPL
ionization chamber with a polarizing voltage of 90 V, the voltage drop across
a 100 GQ resistor being read 3 times with 20 seconds' interval for each
sample.

The chemical yields of arsenic averaged 85%.

Calculation of Result

Arsenic is determined from the 559 keV peak areas of sample and com-
parator corrected for differences in decay and counting time. The chemical
yield is determined directly as the ratio between the average ionization
chamber readings of the re-irradiated sample and carrier.

The arsenic content, corrected for chemical yield, is converted into
nanograms,

To the supernatant from the arsenic sulphide precipitation is added 0. 5
g of HAP, and the mixture is stirred for 5 minutes. After centrifugation
1.0 ml is transferred to a half-dram polyvial, which is then closed and
ready for counting.

P T I T TR LT

A comparator standard is made by transferring 1000 ul of the irradi-
ated Mn-comparator to a half-dram polyvial.

The manganese sample is counted for 40 minutes live time no later than
5 hours after pile-out with a 3" x 3" scintillation detector at a gain of 6.7
keV/channel. The comparator standard is counted for 4 minutes under the
same conditions,

The separated manganese sample and the Mn-54 carrier sample set
aside for yield determination are counted not earlier than 24 hours after
pile-out under the same conditions as above,

Calculation of Result .

Manganese is determined from the 847 keV peak area of the difference
spectrum between the first and the second counting of the sample corrected
for deviations from the comparator in decay and counting time,

The chemical yield is calculated in the same way from the 835 keV peak
of the sample and carrier and should always be close to 4%.

The manganese content, corrected for chemical yield, is converted into
nanograms,
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ANALYTICAL EVALUATION

While neutron activation analysis shares with other analytical methods
a number of possible errors such as interference from other elements, an
investigation of its performance-characteristic523) must include parameters
of its own, whereas others, such as range, may be excluded.

A sharp distinction between random and non-random errors is not al-
ways relevant, because a proper design of analytical procedure permits
cancellation of systematic errors so that their effect is randomized and may
influence the precision, but not the accuracy, of the analytical results,

In the presenf method re-irradiation yield determinations of arsenic
and selenium result in cancellation of errors from differences in self-ab-
sorption and irradiation position between sample and comparator, and may

15) even result in randomization of inter-

with optimum carrier composition
ference from other elements.
Besides on interference from other elements, the accuracy of the method
depends on complete exchange of activated nuclides with their respective car-
riers, and on the absence of a blank value.
The precision of the analytical results is affected by counting statistics

and by random variations in neutron fluence between sample and comparator.

Interference

Interference from other elements is expressed as the ratio between a
quantity of a particular element and the corresponding error of the analytical
result.

Interference in activation analyeis is therefore the product of a separa-
tion factor24) S and an effective value f of the interfering elemcnt irradi-
ated and counted as a sample and calculated by reference to a comparator
standard of the element to be determined.

The experimental determination of a separation factor is carried out in
two steps: measurement of a decontamination factor D, followed by deter-
mination of chemical yield y, where Dxy =1/S.

The decontamination factor was determined by adding 10-100 yCi of a
radioactive tracer of the highest possible specific activity of the interfering
element to an unirradiated sample which was then processed according to
the specified procedure. The ratio between the added activity and the activ-
ity of the separated sample is D,

The chemical yields of arsenic and selenium were determined by re-
irradiation, while a fixed yield of 4% was assumed for manganese,
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The effective value was determined by irradiating an aqueous sample of
the interfering element for 1 hour along with comparator standards. A known
quantity m of the irradiated interfering element was transferred to a half-
dram polyvial and diluted to 1.0 ml with water; this sample was counted
along with a comparator standard according to the specified counting proce-
dure, and calculations were made to produce the apparent quantity of the
element to be determined m*. The effective value f is the ratio m* /m,
and may be negative.

The interference can now be expressed as fx S ug of As, Mn, Se error
per ug of interfering element present, or its reciprocal D x y/f expressing
the concentration of interfering element not to be exceeded to keep the error
in the determination of As, Mn, and Se below 1 ppb.

The choice of interfering elements selected for investigation was made
on the basis of expected effective values ) 0. 01 or comparatively poor sep-
aration factors. Experimentally determined interferences for the elements

arsenic, selenium, and mang~nese, are listed in tables 1-3.

Carrier Exchanjg_o_a_

Complete isotopic exchange between activated nuclides and carrier is
usually brought about by quantitative oxidation or reduction to a common
ionic species. Thus all forms of As are oxidized to As(V) during the nitric-
sulphuric acid decomposition, and all Mn is reduced to Mn(II) by the addition
of ascorbic acid. However, Se({IV) is partly oxidized to Se(Vl) by nitric acid,
and Se(VI) is not reduced by ascorbic acid; the accuracy of the selenium
analysis therefore depends on the complete exchange between Se(IV) and
Se(VI).

This was checked by adding 0.5 pCi Se-75 as selenate(VI) to an unir-_
radiated sample, which was then processed according to the specified proce-
dure; the separated selenium sample was counted, and the chemical yield
determined by re-irradiation. The recovery of Se-75 and the chemical yield
agreed well within counting statistics, proving that complete exchange be-
tween Se(IV) and Se(VI) had taken place during sample decomposition,

Blank

The blank value was determined by analysis of redistilled water accord-
ing to the specified procedure; while no arsenic or selenium could be de-
tected, small quantities of Mn were invariably observed.

The polyethylene vials used for irradiation contain about 20 ppb of Mn,
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and it was found that up to l_O% could be released to the water during irradia-
tion, thereby giving rise to a manganese blank.

The limited contact between a tissue sample and the container wall makes
a tissue blank value lower than that of water, and it is assumed to be { 3 ppb.

PRECISION AND ACCURACY

Calculated Precision

Random variations in neutron fluence between samples and comparator
standards were determined by simultaneous irradiation of several compara-
tors, and the standard deviation of the neutron fluence was found to be 2. 5%.

The ratio between sample and comparator therefore has a standard de-
viation of 3. 5%, which represents the limiting precision for single deter-
minations of manganese. For arsenic and selenium, where a single deter-
mination requires 2 irradiations, the limiting precision corresponds to a
standard deviation of 5%.

The precision expected from counting statistics is calculated from count-
ing data on the assumption that the covariances between channels are zerozs),
and its contribution is included in the calculated total standard deviation of

a single determination,

Measured Precision

Experimental determination of precision was made by repeated analysis
of biological materials covering the range of interest. Observed and calcu-
lated weighted average standard deviations are given in table 4, and they
show satisfactory agreement.

The calculated standard deviation of a single determination is therefore
a reasonable estimate of the actual precision of the result.

Limit of Detection

The a priori detection limit according to Curriezs) with errors of the
first and the second kinds both equal to 5%, is 3. 29 times the standard de-
viation of a blank.

The detection limit is here based on the standard deviation from counting
statistics only, using the lowest results among the samples analysed. The
resulting limits are given in table 2, but the ultimate limit of detection may
be slightly lower,
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For manganese the limit of detection is determined by the concentration
of sodium in the sample, but the ultimate detection limit is estimated at 10 -
20 ppb.

Accuracy

With a manganese blank of less than 3 ppb, all three elements have blank
values well below the detection limii for actual samples, and no detectable
bias in the results can be expected.

Interferences from other elements at the levels expected in biological
tissue are below the detection limit for all the elements investigated, and
the significance of observed differences between analytical results can safe-
ly be tested on the basis of calculated standard deviations.

In the absence of suitable reference material of biological tissue, dried
plant material was chosen for analysis, and results for kale and orchard
leaves are presented in table 5.

The concentrations of arsenic and manganese far exceed those encoun-
tered in biological tissue, and reduction of sample weight yields poor pre-
cision of selenium results, The agreement with published values for kale
is entirely satisfactory, while the results for As in orchard leaves are not
consistent with the preliminary value given by National Bureau of Standards.

CONCLUSION

Simultaneous determination of arsenic, manganese, and selenium at the
Ppb level in biological tissue can be carried out by neutron activation fol-
lowed by radiochemical separation,

No treatment of the sample material before activation is required so
that contamination of the sample is avoided, and only moderate irradiation
is employed so the loss of volatile elements is negligible.

The radiochemical separation is based on simple chemical operations
and requires no precise control; its robustneses makes it a reliable routine
method in the analytical laboratory.

Conventional photo-peak integration was shown to yield accurate resulis
with satisfactory precision for biological tissue,

Good =greement between experimental and calculated precision makes
the results directly amenable to statistical evaluation,
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Table 1

Experimentally determined interferences in arsenic analysis

Interfering Radioactive Activity Mass Separation factor Effective value ppm of element
element tracer pCi nE S f ~* ppb of As

Cu Cu-64 300 * 2,3x107° 0. 29 150

Br Br-80m 100 3 1.1 xlO'3 0.09 10

Sb Sb-122 1 " 5.3 x 10'3 0.72 0.25

W W-187 20 0.1 7.2x10°°3 -0.29 0.5

*Irradiated carrier
Table 2

Experimentally determined interferences in manganese analysis-

Interfering | Radioactive Activity Mass Separation factor | Effective value |ppm of element
element tracer wCi g S 4 ~ ¥ ppb of Mn
Na Na-24 . 1.0x 1072 1.6 x10°% 600
K K-42 * 1 0.2 x 1079 500
Ga Ga-72 200 7 5.8 x10°3 5.8 x10™% 300
Br Br-80m 100 3 1.2x 10" 2.0 x 1073 4

* Irradiated sample

6G1



Table 3

Experimentally determined interferences in selenium analysis

Precision of analysis of biological samples

Interfering Radioactive Activity Mass Separation factor Effective value ppm of element
element tracer kCi hg ] £ ~* 1 ppb of Se
c1 C1 -38 . 2.0 x 107° -0. 0f 5000
Br Br -80m 100 3 5.6 x 10~% -0. 01 Y 40
Mo Mo-99 60 12 2.1 x 107 0. 05 800
Ba Ba-140 90 (0.1 0.9 x10°° 0.16 Y300
Dy Dy -165 5000 5 3.7 x 1077 1200 2
Au Au-198 0.7 0. 001 1,9 x 10" -0. 53 0. 01
Hg Hg-203 0.8 0.2 1.4 x 1072 0. 11 0.6
*
irradiated sample
Table 4

Element Number of Range Average standard deviation | Detection limit
determined results materials ppb experimental calculated ppb
. As 30 1 4-20 0.6 0.5 1
Mn 24 9 30-300 5 9 "
Se 27 9 70-500 9 10 20

* Determined by the sodium content of the sample

091



Table 5

Analytical results for plant reference material

) Number of | Weight This work Recommended values .
Material samples mg ppm As ppm Mn ppm Se ppm As|ppm Mn|ppm Se Reference
Kale 4 500 0.114%0.003| 14.6%0.3 0.132%0.008 | - 0.14 14,9 0.15 a
Orchard + + +

! Jeaves 4 500 8.720.2 |87.111.6 0.08870.007 14 100 0.08 b
f I—

a) H.J.M. Bowen, Standard Materials and Intercomparisons. Advan. Activ, Anal. 1 (1969) 101-113.

b) Provisional Certificate of Analysis.

In; National Bureau of Standards,

Reference Material 1571 (1971). .

191
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Direct Contamination of Barley with

7Be, 22Nq, ”5Cd, 1258b' 134 133

Cs, and Ba

by
A, Aarkrog

Health Physics Department

Radionuclides of Be, Na, Cd, Sb, Cs, and Ba were applied as a spray
to barley plants at six different stagee of development.

Initial retention (IR), distribution between grain, husks, and straw,
field loss (FL), and the normalized specific activity (NSA) of the different
nuclides were determined.

The percentage IR was approximately equal to the age of the plants in
days at the time of contamination. Sb, Na, and especially Cs were trans-
located to the grain from other parts of the plants. This was not the case
with Be, Ba, and Cd. FL followed a two-exponential decay for all nuclides
except Na. The field lpss coefficients were 0. 08 - 0. 21 dxa;ys'1 in the first
part of the growth period and 0.03 - 0. 04 days'1 in the second part. Cd
showed the lowest FL, Sb the highest. NSA varied from approx, 2 mz .
day - kg" (Be and Ba) to 7.4 (Cs). The direct contamination of barley
grain from Cd in precipitation was estimated. '
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INTRODUCTION

Contamination of the human food chain with radioactive as well as con-
ventional pollutants primarily takes place as direct contamination, i.e. ad-
sorption of the debris on the aerial parts of the crops, often followed by ab-
sorption.

We have earlier' »2) studied the uptake, translocation, and loss in
cereals, especially in barley, of radionuclides representing long- and me-
dium-lived fall-out nuclides (Sr, Cs, e, Mn) as well as corrosion prod-
ucts (Co, Cr, Fe, Zn) from nuclear reactors. Furthermore we have looked
at some conventional contaminants from the heavy-metal group (Pb and Hg).

The purpose of the present study was to obtain further information on
the behaviour in cereals of contaminants applied directly to the surface of
the crops during the growth period. The risk of contamination of our en-
vironment with conventional as well as radioactive pollutants justifies such
studies.

This time we selected three representatives of common fission and

133 lzssb' and 134

activation products (" "“Ba,
nuclides (7Be, zzNa), which also occur in nuclear weapon debris

finally cadmium (1 1 5Cd), which is a conventional pollutant of increasing

5)

importance™’.

Cs), two cosmic-ray-produced

3,4) .ng

Owing to the consumption of whole-grain products (rye bread), cereals
are main donors of radioisotopes and presumably also of some conventional
pollutants in the Danish diet. From our measurements of fall-out nuc]idess),
we know that, although differences exist between the levels found in the
various grain species, barley is a reasonable average representative of the
four species of grain found in Denmark. As barley is furthermore easy to
grow in small experimental plots where it gives satisfactory and homogene-

ous yields, we used this species in our recent experiments.
EXPERIMENTAL METHODS

The study was carried out in the same area and according to the same
principles as used previouslyl »2) . The experimental field was divided into
forty plots made up of ten rows and four columns. The plots were numbered
in succesesion, To minimize cross-contamination between experiments, they
were arranged systematically, as shown in table 1, according to increasing

degree of contamination,



Table 1

Experimental data

Plot Height of Dry-matter weight of
Experiment Nos. Spraying date plants in cm herbage in a plot: grammes Remarks
M 1 SE at spraying

I 1-6 25 May 17 6.8 0.6

I 8-13 6 June 41 24.2% 0.2

I 15-20 17 June 64 56.6 3.1

v 22-27 30 June 85 106.3 t 12,0 Start of ear emergence
v -28-33 14 July 9 148.8 T 0.6 The ears fully emerged
Vi 35-40 | 28July 87 183.5 T 19

The grain was seeded on 20 April 1971, it ger_:ninated on 6 May, and was harvested on 20 Aug. 1971. The average
weight of the mature plants in a plot was 154 - 2 g (1 SE). 48,.6% was grain, 6, 9% husks, and 44.5% straw on a dry-

weight basis, The numbar of plants in a plot was 46 ¥ (1 SE). The spraying solution contained on 1 May 1971: 0,2

mCi TBe, 2 uCi 22Na, 1.6 mci ''3cq, 6 uci '29sb, 2 uci '34cs, and 3 uci '33Ba per 10 ml solution with 25 ppm
carrier as the nitrate. The plots with even numbers were cut 24 hours after spraying and used for determination of
the initial retention of the crops. Plots Nos. 7, 14, 21, and 34 were sprayed with distilled water and used as back-
ground samples for the neighbouring experiments.

S9l
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As the rather small area of a plot (1/8 mz) introduces a risk of edge
effects, we placed the circular experimental plot in the middle of a larger,
square plot (1 x1 mz) where we also grew barley., Before the spraying we
placed a plastic ring around the experimental plot. The ring was kept in
the plot until harvest so we could identify the treated plants from the un-
treated.

Each circular plot was sprayed with 10 ml spraying solution and then
with 10 ml distilled water. Before the measurement the plant material was
dried at 80°C for 24 hours and divided into grain, husks, and straw in a
glove box, The radioactivity was determined on a 30 cm3 Ge(Li) detector
connected to a 1024-channel Hewlett Packard analyser and a H. P. -9100 B
calculator. We used the following photo peaks: 133Bz—;.:276 keV, 125Sb:427
keV, 'Be:477 keV, 13%Cs:796 kev, 119Cd:935 kev, and 22Na:1275 keV.

RESULTS AND DISCUSSION

Initial Retention: IR

IR is the ratio between the activity found in the herbage from a plot and
the amount of activity dosed. As there was no significant difference between
the IR's of the different nuclides, we used the mean and found

IR% = 55 g - cm”',

where g is the dry weight of the herbage in a plot and cm the average height
of the plants, i.e. g cm™ is an expression for the surface of the crops.
In1 9702) we found

IR% = 22g- cm”'.

The retention in 1971 was thus two or three times greater than in 1970
for the same ¢ - em™? value. However, if the age of the plants was con-
sidered, the IR for 1971 was for the same age only a little higher than that
found in 1970. We got for 1970 and 1971:

IR% = 1,C5 days,

where days is the period from germination to contamination (cf. fig. 1)
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IR=1.05 days
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Fig. 1. Initial retention (IR) as a function of time in days from germination
to contamination.

Thus we must conclude that the IR is not solely dependent on the g - cm"I
figure. The stage of development plays a more important role. This is
perhaps not surprising when we remember that the morphology of the barley
plants changes markedly during the growth period. When the crops are ap-
prox. two momnths old, the ears appear, which alters the shape of the surface
and with it the ability oi interception and retention of particles. Later, when
the crops ripen, the nature of the surface changes from fresh and soft to
withered and dry, and this might also influence the IR.



Table 2

(corrected for radioactive decay)

T ar cent of activity in the 10 ral spraying solution dosed on a plot and retained in mature, grain, husks, and straw

Plant Exp. Exp. Exp. Exp. Exp. Exp. Exp.
part Nuclide 1 n I v v VI 0
Ba | 0.001 0.004%0. 002 0.015%0.001 | o0.12%0.01 0.78%0.12 4.3%1.4 | 0. 0001
sb | o0.002%0.001 |o.09%0. 02 0.59%0. 04 1.0%0.2 5.2%0:7 7.5%2.1 | 0. 0002
Grain Be |0.0009. 0.0065%0.0005 | 0.042%0.004 | o0.13%0.01 0.55%0.10 2.7%.9 | -
cs |o.064%0.013 o.89%0.18 3.0%0.4 5.570.6 8.9%1.5 9.1%2.6 | 0.0008
| ca |0.025%0.007 |o.07%0. 01 0.3720.10 0.42%0,06 | 1.8%.2 3.8%1.2 | 0.0006%0. 0003
| Na |o0.17%0.02 0.18%0. 01 0.40%0. 03 1.8%.2 5.3%0.8 7.0%2.3 | 0.02%0.01
| Ba | 0.0004%0. 00002}0. 008%0. 004 0.038%0.007 | o.37%0.08 | 1.2%0.1 7.4%1.9 | 0.003
Sb - 0.06%0. 01 0.38%0, 06 o.m%0.15 | 1.1%0.2 7.1%1.6 | o0.0015%0. 001
Husks Be . 0.01%0. 007 0.06%0, 01 0.48%0.07 | 2.0%.5 9.7%2.3 | 0.003
cs |o.008%.002 o.10%0.03 0.4%0.1 0.80%0.14 | 1.2%0.2 3.7%0.9 | 0.002
| cd | o.003 0.01%0. 01 0.09%0. 02 0.41%0.06 | 1.9%0.3 8.4%1.8 | 0.003
Na | o.05%0. 01 0.045%0. 007 0.11%0. 02 0.48%.06 | 1.3%0.1 2.8%0.8 | 0.009%0. 003
Ba |o0.10%0.03 3.4%.5 8.6%1.0 16.4%1.6 10.2%1.1 a1t 0.007%0. 0006
sb  |o.050%0.006 |2.1%0.3 5.2%0.9 10.1%1.3 2.8%0.6 21.5%1.5 | 0.005%0. 001
Straw Be |o0.03%0.03 3.6%0.7 112 18%2 9.6%1.6 32¥2 0.003%0. 0004
Cs 0.11%0. 602 1.7%0.4 3.4%.9 ERE 4.5%1.0 18%3 0. 005%0. 003
cd |o.18%.04 3.5%0.6 nts 16.5%2 11.4%1.2 34t 0. 004
Na |3.4%0.3 3.4%.2 a.4%1.0 6.0%1.2 3.4%0.8 7.8%0.9 | 0.23%0.07

The error term is the SE of the mean of triplicates.
nearest background plot (cf. table 1).

Exp. I' was the regenerated plants in the even-numbered plots in exp. I.

All samples were corrected for the background activity found in the

The yields

in the regenerated plots were one order of magnitude lower than those of the other mature plants; we did not try to correct

for this.

891
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Distribution in Mature Crops

Table 2 shows the grain levels (as per cent of the activity dosed on a
plot, corrected for decay). Regression analysis of the single nuclides
yielded the equations:
0.11t

(1)

% Be = 0,0025 e
% Ba = 0.0015 e+ 125t (3)
%ed = 0.031 e 277 (3a) or % Cd = 0.0565t - 0.62 (3b)
%Na=0.12t-1.10  (4a) or % Na = 0.12 ¢2- 967t @y
%Sb = 0.13t-1.61  (5)
%Cs = 0.16t - 0.33  (6)

where t is the time in days since the first spraying (exp. I).

Be and Ba followed exponential equations, waile Sb and Cs were better
described by linear expressions. Cd and Na took up intermediate positions.
All equations showed significant (P ) 99%) or probably significant (P ) 95%)
linear regression, and the deviations from regression were in no cases sig-
nificant.

To examine the distribution of the six nuclides withiu the plant we further
analysed husks and straw (cf. table 2). To simplify the interpretation of the
data we used three ratios: Ba/Be, Sb/Cd, and Na/Cs and carried out analy-
sis of variance (anova) of the natural logarithms of the three ratios, Our
hypothesis was that there was no significant difference between the levels of
two nuclides in a ratio, and that they showed variation neither between plant
parts (grain, husks, and straw) nor between experiments (II, III---VI). We
omitted exp. I in the anovas because this experiment was atypical partly on
account of a significant root uptake of some of the nuclides (see below) and
partly because the levels were so low that the error on the measurement
was higher than in the other experiments.

The anovas showed that the interactions between plant parts and experi-
ments for the three ratios were highly significant (P ) 99,5%). Hence we
must reject the hypothesis and conclude that the two nuclides in a ratio did
not behave in a similar way in the plants. Fig. 2 shows how the ratios
varied,

Ba[Be. Ba migrated more easily to the grain than Be when the crops
were contaminated after emergence of the ears. Husks contained less Ba
than Be, In straw there was no significani difference between Ba and Be.
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Fig. 2. Ba/Be, Sb/Cd, and Na/Cs ratios in mature grain, husks, and straw
in the six experiments,

Sb/Cd. Compared with Cd, Sb is translocated to a greater extent to the
grain from other parts of the plant., Thus grain contained more, straw less,
Sb than Cd. In husks we found more Sb than Cd in the plots sprayed at an
early stage of the development (exp. II-IV), while the opposite was the case
for the last experiments (V and VI).

Na/Cs. Husks and especially grain contained significantly more Cs than
Na because Cs was translocated to a greater extent than Na to the grain
(and husks). In straw the Na/Cs ratio decreased with time. This was part-
ly due to the above-mentioned preferential translocation of Cs, partly to the
root uptake of Na from the soil, which played an important role especially
in the first experiment (cf. below).

Indirect Contamination

In experiment I the barley wa3 allowed to regenerate on the three plots
used for initial samples, The regenerated plants were harvested along with
the other samples,

The activity levels in these samples wer: used for an estimate of the
root (or stem bas) uptake of the plants in experiment I (cf. table 2). How-
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ever, the yields differed by one order of magnitude between the regenerated
plants and the other mature plants. It was therefore difficult to get an exact
sstimation of the soil uptake in the not-regenerated plants. From table 2
we estimate the soil uptake to be significant in exp. I for the Ba, Sb, Be,
and Na levels, while Cs and Cd primarily came from direct contamination.
In the other experiments the direct contamination was the dominating factor
for all nuclides.

Field Loss: FL

In 1970 we found that FL, i.e. the removal of radioactivity from the
plants by processes other than radioactive decay, could be described by two
exponential equations. This was also the case in the present study. In the
first part of the growth period the loss rate was rather fast, and in most
cases the half-life was less than a week. In the last part of the growth
period, where the growth rate of the plants is slower, the field loss rate
was also slower, corresponding to a half-life of approx, three weeks. This
difference in FL. was as discussed earlierz) attributed to differences in
growth rate and morphology at the spraying time.

As shown in 1 9702) FL could also be expressed by a linear equation.

In the calculation of the regression equations shown in fig. 3 we omitted
exp. V because eleven days after the fifth spraying there was a storm (24
mm of rain), which we suspected had removed a comparatively large part
of the freshly deposited activity. The equations in fig. 3 are only valid for
the period covered by the experiments.

In the mature total plants we found for all experiments more Cd than
Cs and Ba, and more Ba than Sb., As the IR was the same for all nuclides,
we concluded that FLg, ) FLg, )FLoy and FLo_ ) FLqg-

As regards Na it was not possible to ascertain a linear field loss equa-
tion. Fig., 3 shows that the FL for Na was approx, 90% in exp. II, III, and
1V, while it was only 70% in exp. 1 and approx, 80% in exp. VI. The rather
low FL% in exp. I was attributed to the root uptake of Na, which increased

.the Na levels in the mature plants from this exp., especially in straw, as
compared with the other nuclides (cf. also fig, 2).

Generally the field loss in this study was greater than in the 1970 ex-
periment, We ascribe this to the greater wash-off of activity from the
plants this year, where the amount of precipitation during the growth season
was 153 mm against 86 mm in 1970,
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Fig. 3. Field loss (FL) as a function of days of weather exposure, i.e, the
time from the day of spraying until harvest.

Contamination Model

The normalized specific activity: N.S.A. is, according to Chamber-
lain?), the ratio

Activity lfg'l dry weight of crop
Activity deposited day'1 m™% of ground

We have for barley grain for nuclide (i)

64
NSA(i) = U £(x;)dx + (q;q + 5)2" . 23]0.6 - 1072 .
-19



173

where f(xi) is per cent of activity in mature grain as given by equations (1)-
(6); %6t the activity level (in per cent) in the grain from exp. VI; 0.6: kg
gra‘n per m”; 19, 64, and 23: the intervals in days from germination to
exp. I, from exp. I to VI, and from exp. VI to harvest respectively; 5: the
mean level in grain for all nuclides, when the crops are sprayed just before

) harvestl »2)

. We calculated the following NSA values for barley grain:
Cs:7.4, Na:4.7, Sb:4.1, Cd:2.9, Ba:2.3, and Be:l.9.

" From fall-out measurements in Denmark®) in the period 1962-68 we
found the NSA for ]37Cs in barley grain to be equal to 7.5, which is in ac-
cordance with the experimentally found value given above for ]34Cs. We
will therefore consider the present experiment applicable to natural condi-

tions also as regards the other nuclides.

Cadmium in Grain

It might be of special interest to calculate the Cd level in grain from
the environmental contamination with this nuclide, We have no information
on precipitation levels of Cd in Denmark, but if we use American dataa)
from precipitation collected in New York in 1970, the daily mean fall-out
rateis 10 ug m°2 daLy'l . Hence the Cd concentration in barley grain be-
comes: 2.9 - 10 ug kg—l = 0.03 mg Cd kg'l_; this is close to the lower level
found in two barley samples from Germany analysed by Kropf et al. 9 in
1968, They found 0.04 and 0. 23 mg Cd lz:g'l . However, the levels a.:'g)hard-

have shown that Cd is also taken up by crops from superphosphate in soil,

ly exclusively due to direct contamination, as Schroeder and Balassa

For occupational exposure to Cd in air a maximum air concentration
value of 0.1 mg m'3 has been adopteds). From studies of wash-out ratios
for 90Sr and leada) we estimated the corresponding concentration in pre-
cipitation to be 50 mg Cd 1'l . For a mean precipitation rate of 2 mm per
day in the growth period, the fall-out rate becomes 100 mg Cd m™2 da.y'l
and the corresponding grain level 300 mg Cd kg'l , In the Japanese case of
endlergz)ic Cd poisoning near Toyama City the rice contained 0.4 - 3.4 mg Cd
kg™ .

An air concentration of 0.1 mg Cd m™3

is thus not safe when the con-
tamination of cereals is also considered.
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CONCLUSION

The initial retention (IR) in growing barley was related to the age rather
than to the surface figure: g c:tn'1 of the plants, The IR in % was nearly
equal to the age in days of the crops at spraying.

If the plants were contaminated throughout the growth season Ba, Be,
and Cd followed nearly the same pattern, and approx. 5% of the activity was
in the grain, 85% in the straw, and the remainder in the husks. Sb, Na, and
Cs were {ranslocated to the grain and showed 20, 30, and 40% respectively
in the grain and 65-50% in the straw.

The field loss rate for Be, Ba, and Cd corresponded to 3-6 days!' half-
life in the first part of the growth period and approx. 25 days in the last
part. Cs and Sb decayed with a half-life of 5-8 days in the first, but 18
days in the last part of the growth period; FLg ) FLp. )FLoy and FLg
)FLCd. Na was atypical owing to a significant root uptake in the first ex-
periments. As compared with last year's study the field loss rate this year

was nearly two times faster, undoubtedly because the amount of precipitation
(and thus the wash-off) this time was nearly a factor of two higher than last
year.

The study indicated that in the case of a fall-out rate of 10 kg Cd m~
! barley

2

day'l during the growth period, we would expect 0.03 mg Cd kg~
grain from direct contamination.
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Effects of Nitrogen Nutrition on the Uptake, Distribution, and Chemical
Binding of Strontium and Calcium in Oat Plants

by
Arna J. Andersen

Agricultural Research Department

Abstract

The uptake of added radioactive Sr and Ca increased almost linearly
with increasing supply of NH,NO, to the soil. The 85Sr/‘ﬁ-’Ca ratio varied
between plant parts, being lower in leaves, glumes, pales and grain than
in stems and flower stalks. This indicates that discrimination against 85Sr
relative to 45Ca occurs during transfer of the two ions from the conducting
system, The compounds of stronger chemical bindings contained more
85Sr than 4E’Ca.. This may explain some of the discrimination against 85Sr
during the transport of the two ions within the plants, but it cannot account
for the very low 85Sr/ 454 ratio obtained in grain with high N supply. An
active N-dependent discriminatory mechanism is assumed to regulate the
transfer of Sr and Ca to oat grain,
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INTRODUCTION

The occurrence and behaviour of Sr in the biosphere have acquired in-
creacsing interest since the advent of its long-lived radioactive isotopes
which are products of nuclear fission. Small quantities of native Sr are
widely distributed in soiis, plants and animals, where its abundance is usual-
ly compared to that of the homologous element Ca. The extent to whick Sr
can substitute for Ca in plant nutrition and the possibility of Sr toxicity to
plants have been the main purpose of the ""pre-atomic age" studies on the
behaviour of Sr in the soil-plant system.

Early investigations by Haselhoff (1893) indicated that Sr substitutes
for Ca in plants, and Scharrer and Schropp (1937) reported a slightly stimu-
lating effect by partly replacing Ca with Sr, while Walsh (1945) found that
Sr could largely replace Ca in the vegetative growth but net in the formation
of grain in cereals. Symptoms of Sr injury in wheat were described by
Hurd-Karrer (1937), who found that the toxicity depended ¢a the Sr/Ca ratio
in the rooting medium. The Sr/Ca ratio in plants was found by Collander
(1941) to be almost equal to that in the nutrient solution.

During the last two decades numerous experiments have been carried
out in order to evaluate various factors affecting the upiake and translocation
of radioactive Sr relative to that of Ca in plants. It is generaliy recognized
that accumulation of Sr and Ca by plants occurs through quite similar pro-
cesses, Nevertheless, some discrimination between the two ions may occur
both during uptake and translocation within the plants (Russel, 1963). Dis-
crimination against Sr relative to Ca in translocation has been shown to be
due to greater retention of Sr in roots and stems, and consequently the
Sr/Ca ratio in leaves and seeds may be less than in roots and the external
rooting medium,

Plant nutrient supply may change the relative availability of Sr and Ca
in soils and also the relative rate of translocation within the plants (Ander-
sen 1971). It was shown that increasing supply of nitrogen (N) decreased
the Sr/Ca ratio in grain relative to that in straw. The objectives of the
present study were to further elucidate the extent to which N affects the up-
take and distribution of Sr and Ca in different parts of oat plants and to
investigate a possible effect of N on the chemical bindings of Sr and Ca in
the vegetative part of the oat plants at flowering time, when translocation
to the grain is supposed to take place.
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EXPERIMENTAL METHODS

The growth conditions were essentially the same as previously described

‘(1Andersen 1971). Increasing amounts of NH,NO; and 5u Ci of 8%sr and
Ca per kg of soll were mixed into a sandy loam soil taken from the ex-
perimental field at Risg. The 1sotopes were added in a solution of Sr- CaCl
with a specific activity of 6 mCi Sr/mg Sr and 0.25 mCi 5Cat/mg Ca.

The soil contained about 2 micro-equivalent {#eq) Sr per milli-equivalent
(meq) Ca. Thirty-five seeds of cats (Avena sativa, variety "'Stdl"') were
sown per pot which were then placed in a randomized block design and daily
watered with deionized water to 70% of the waterholding capacity. After
germination the seedlings were thinned out to 28 plants per pot, and at
flowering time 3 plants per pot were harvested. The remé.i.m'.ng 25 plants
per pot were harvested at maturity. |

Samples of mature straw and grain were taken for the determination of
the 858r and 45Ca contents. Five main shoots from different N treatments
were used to investigate the 858r and 45Ca contents in different parts of the
plants. Straw (stem + leaves) from flowering plants was used to investigate
the chemical bindings of 3°Sr and 4°
plants.

The method used for investigating the chemical bindings of Sr and Ca
was the procedure described by Schilling (1960) but in a slightly modified
form. Onme gram of plant powder was successively extracted with water,

0.5 N NaNO3 and 1.0 N acetic acid. The chemical bindings of Sr aad Ca
extracted by this technique are assumed to be: free Sr and Ca in the water
soluble fraction; exchangeable ions in the NaNO3 extract; and phosphate
and carbonate complexes extracted by the acetic acid, while the residue
contained the insoluble oxalate and metabolically fixed Sr and Ca.

Radioactivity of plant samples and extracting solutions were determined
by use of standard procedures. The 85Sr was determined by Y-spectrometry
with a well-type scintillation crystal and the 45Ca was measured with an end-
window flowcounter, Appropriate corrections for self-absorption and activity

Ca in the vegetative part of the growing

decay were made,
RESULTS AND DISCUSSION

Yield and Uptake of 855r and 45Ca

The effects of increasing supply of NH4N03 on the yield and the uptake
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of 858r and 4SCa are presented in fig. 1. Maximum yield was obtained by
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Fig. 1. Relationships between nitrogen supply and yield of dry matter (A)
and total uptake of 35sr and 45ca (B).

adding 4 g N per pot; increase of the N supply to 5.5 g depressed the yield.
The uptake of 855r and 4503. increased almost linearly with the N supply,
whereas the shapes of the curves relating the N supply to the concentrations of

85Sr and #5¢a (fig. 2) consisted of a declining part followed by an increasing
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Fig. 2. Relationships between nitrogen supply and concentrations of 5gy
and 45Cn in grain (A) and straw (B). Note that the (A) ordinate is expanded
tenfold compared with the (B) ordinate.
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section. Small additions of N increased the yield of dry matter more than
the uptake of 855r and 45
two ions decreased. Large N supplies cause the reverse to happen. A

Ca, and as a consequence the concentration of the

comparison between fig. 1A and fig. 2B reveals that the decrease in the

85 45
Sr and

matter production. This is in accordance with the general observations of

Ca concentrations coincides with the very steep rise in dry

the relationship between yield and concentration of a plant nutrient present
in sufficient amount in the growth medium (Steenbjerg and Jacobsen, 1963).
However, the concentration of 85Sr in grain continued to decrease until the
maximum yield was obtained by the addition of 4 g N per pot.

The concentration of 8SSr in straw was slightly higher than that of 4503
(fig. 2B), whereas the opposite was found in grain (fig. 2A), which indicates
that discrimination against 85Sr occurred during the translocation of the two
ions from straw to grain. This discrimination against 858r was apparently
influenced by N since the 85Sr/45Cr=\ ratio decreased relatively more in
grain than it did in straw (fig. 3).
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Fig. 3. Relationships between nitrogen supply and the 858:-/“0- ratio in
grain and straw.

The N supply increased the uptake of 4sca more than that of 858r

(fig. 1B). Similar effects have been observed in water culture (Andersen,
1972), and this fact may indicate that N nutrition affects the ability of oat
roots to discriminate between Sr and Ca.
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Distribution of °Sr and %°Ca in Different Plant Parts

The concentration of 45Ca was 5 -10 times higher in straw than in
grain (fig. 2), and the difference between the concentrations of 8581‘ in straw
and grain became even greater because the concentration in grain continued
85 45

Sr and
centrations were measured in twelve separate plant parts sampled from each
of two N treatments. Samples of stems,leaves,flower stalks,glumes,pales and

to decrease with the N supply up to 4 g per pot. The Ca con-

grain were obtained by cutting the plants into fractions as indicated in table 1.
The concentrations of both ions varied considerably between different plant
parts. The highest concentrations were found in leaves, flower stalks, and
glumes. The older leaves contained more 855r and 45Ca than the younger
(top) leaves. This trend was opposite to that in stems, where the concen-
tration increased from the base to the top sections and flower stalks., In-
crease of the N supgplies caused the 858r and 45Ca concentrations in all
plant parts to rise except in the grain and pales.

Table 1

Effects of nitrogen nutritionon the concentrations of 858r and 45Ca

and on the 85Sr/%Ca ratios in different parts of oat plants. Radio-
activity expressed as nCi per g of dry plant material

Nitrogen supply, g N per pot
Plant parts :
156 3.0 1.5 3.0 1.5 3.0
Sr *ca 8sr/%°Ca
Grain 1.5 0.86 1.7 1.6 0.88 0.5
Pales 3.5 2.6 7.4 6.9 0.47 0.3
Glumes ~.8 22.0 33.0 45,6 0.54 0.4
Flower stalk 26.8 35.5 16,4 22,4 1.63 1.5
x) 1 Leaf 16,2 28.17 24,5 4.9 0. 66 0.64
2 Leaf 22,3 35.6 31.6 49,7 0.7 0. 72
3 Leaf 28.5 40.5 35.2 48,7 0.81 0. 83
4 Leaf 39,0 44,7 47,5 '55.6 0.82 0. 80
x) 1. Stem internode 18,3 18.2 7.1 8.6 2.6 2.1
2, Stem internode 12.1 16.6 4,8 8.6 2.5 1.9
3. Stem internode 7.3 11,4 3.4 7.0 2.1 1.6
4, Stem internode 5.3 9.1 2.9 4,0 1.8 2.3

x) Numbered from the top.
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The 85Sr/45(‘.a ratios (table 1) vary between plant parts being higher
than one in stem sections and flower stalks and lower than one in leaves,
glumes, pales, and grain. The ratio in stem sections increased from base
to top, which may be explained as a result of a continued preferential trans-
port of 45Ca to leaves. This will necessarily result in a relative increase
of 8581‘ in stems. The discrimination between 8551- and 45Ca during trans-
port from stems to leaves was apparently not influenced by the N nutriiion

8581_/45

since the Ca ratio did not change in leaves by the increase of the N

supply. During translocation of the two ions to glumes, pales, and grain

the N supply seems to increase the discrimination against 8SSr since the

85Sr/45Ca ratios decreased.

Chemical Bindigiof 858r and 45Ca

Increase of the N supplies increased all the chemical fractions of 858r
and 4503. determined in oat straw sampled at the flowering stage (fig. 4).
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Fig, 4. Chemical bindings of 855r and 45ca tn straw (stem + leaves) of
flowering oat plants grown in pot experiment with increasing supply of
nitrogen. Note the scale differences.
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Less 85Sr than 45C3 occurred in the water soluble form, while the oppo-

site was found in the acid soluble and in the undissolved residue, and almost
equal amounts of the two ions were found in the exchangeable fractions. The
85Sr content in acid soluble plus insoluble form varied between 11% and 15%
while the content of 45CaL in these fractions amounted to only 6% to 9% of the
total amount present in the straw.

The differential chemical bindings of 5Sr and 4 Ca can be evaluated

from the 85Sr/ *5ca ratios shown in table 2. The data demonstrate the pre-
85

8 5

ferential accumulation of ~“Sr in compounds of stronger chemical bindings.
This is in good agreement with the result obtained by Ringoet and de Zeeuw
(1968) for oats at the flowering stage. Since the ions translocated may be
assumed primarily to occur in water soluble form, the low 85Sr/450a ratios

85

in this fraction may explain some of the discrimination against ~“Sr relative

to 45
45

Ca, which occurs during transfer of the two ions to grain. The 85Sr/
Ca ratio of all the chemical fraciions decreased with increasing N supply,
which accords with the results obtained for mature plants (fig. 3). The ratio
in mature grain (fig. 3) decreased appreciably more by the N supply than
did the ratio in the water soluble fraction (table 2). This may indicate the
presence of an N-dependent discriminatory mechanism which selectively
transfers Ca in preference of Sr to the grain.

Table 2

Effects of nitrogen nutrition on the 85Sr/450a ratios in fractions of
different chemical bindings in straw of oats campled at flowering time

Added Water Exchangeable Acid Insoluble
g N/pot soluble soluble
0 0. 81 1.25 1.5 1.5
0.5 0. 82 1.05 2.0 1.4
1.0 0.76 0.96 1.4 1.1
2,0 0.69 0.83 1.2 1.2
3.0 0.72 0.83 1.6 1.2
4.0 - 0,69 0.80 1.1 0.9
5.5 0,74 0. 81 1. 0.9
S, E. 0. 04 0. 07 to.09 to.3
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SUMMARY AND CONCLUSION

Increasing supply of NH&NO3 to oats grown in a pot experiment in-
creased the uptake of added 5Sr and 4E-’Ca almost linearly. The uptake
of 450& was stimulated more by the N supply than was the uptake of BSSr,
and consequently the 85Sr/450a ratio in the plants decreased. The 85Sr/
450& ratio varied between plant parts being lower in leaves, glumes, pales
and grain than in stems and flower stalks. This indicates that discrimina-

5

tion against 858r relative to 4 Ca occurs during transfer of the twc ions

from the conducting system. Nitrogen supply increased this discrimination
against 59

more 450a than

Sr during the transfer of the two ions to the grain. Relatively
858r was present in a water soluble form and consequent-
ly the compounds of stronger chemical bindings contained more 8581‘ than
450a. This may cause some discriminsation against 858r during the trans-
port of the two ions within the plants, but it cannot explain the very low
85Sr/ 45¢, ratio obtained in grain with increasing N supply. An active,
N-dependent discriminatory mechanism apparently regulates the transfer

of Sr and Ca to the grain,
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Spectra of Turbulence in the Atmospheric Surface Layer

by
Niels E. Busch and Sgren E. Larsen

Physics Department

Abstra_ct

Measurements of velocity components and temperature were performed
at 5.66 metres over flat and uniformly rough terrain by means of hot-wire
and cold-wire techniques. Twenty-five one-hour long runs were analysed
in terms of power spectra and cross spectra.

Velocity spectra are presented in the frame work of Monin-Obuchov
similarity, Over the entire frequency interval, i.e. 90.001 - 200 cps, the
spectra are wellorganized according to hydrostatic stability. The most im-
portant scale length appears to be X\, the wave length at which nSw(n), the
logarithmic spectrum of vertical velocity, has iis peak. The wave length
Mo decreases monotonically as the hydrostatic stability increases. In in-
different density stratification Mg is 1,8 times the height of observation,

For wavelengths A such that A/\ m % 0. 055, the spectra behave accord-
ing to the concept of local isotropy.

Irrespective of density stratification the ratio Sw/ S, between the verti-
cal and the longitudinal velocity spectra is a function of n).m/ﬁ only. When
plotted against mm/ u, theratio Sv/ Su exhibits two branches with one branch
pertaining to stable and the other to unstable density stratification, This in-
dicates important differences between the flows in slightly stable and slight-
ly unstable atmospheres, the shift from the one flow structure to the other
being abrupt and not gradual.
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INTRODUCTION

Micrometeorological field experiments of a complexity that would have
been impossible a decade ago are now feasible thanks to recent technological
developments. Such prcgrammes are now producing increasingly precise
and reliable data of value to atmospheric science and to those concerned with
processes, activities, and structures in the atmospheric boundary layer.

Despite the advances in measurement and analysing techniques, the ex-
perimental and theoretical difficulties connected with investigations of tur-
bulent shear flows in density-stratified media are so formidable that it ap-
pears prudent to seek out the simplest possible, nontrivial class of such
flows. Therefore the concept of stationary, horizontally homogeneous tur-
bulence with steady, plane-parallel mean flow was developed.

This is obviously a type of flow which is impossible to realize in a strict
sense - especially on a rotating earth, Nevertheless, in limited heights
over terrain which is uniformly rough and flat, the idealized flows may be
closely approximated by the actual flows provided that the external pressure
field is weak, and that the effects of radiative and latent heat transfer can
be neglected.

In the summer of 1968 the meteorology group of the Danish AEC partici-
pated in a micrometeorological experiment conducted by the Air Force Cam-
bridge Research Laboratories (AFCRL) over the plains of southwestern
Kansas (Haugen et al., 1971). The aim of this experiment was to obtain
comprehensive sets of measurements of wind and temperature structure
over a flat, uniform terrain so that the hypotheses associated with the ideal-
ized concepts mentioned previously could be tested experimentally.

The purpose of this paper is to present some of the results derived from
an extensive analysis of twenty-five sets of measurements taken by the Risg
group. Each set consists of one-hour long runs during which all three vel-
ocity components and air temperatures were measured at a height of 5. 66 m
above the ground and recorded by FM methods. A fuller description of the
instrumentation, method of analysis, and results is soon to be published.

INSTRUMENTATION AND DATA REDUCTION

The sensor arrangement used by the Risg group in the 1968 Kansas ex-
periment consisted of three hot wires and one cold wire for measurements
of fluctuating wind velocities and temperatures respectively. All the wires
were 5 ym tungsten wires with an active length of 1,25 mm. The hot wires
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were operated in constznt temperature mode using DISA 55D05 anemometers
whose outputs were linearized before the signals were recorded. The cold-
wire temperature measurements were performed with a DISA 55D01 anem-
ometer coupled as a constant current anemometer with a very small probe
current.

Two of the hot wires were arranged in an X-configuration on a fast re-
sponding, slightly subcritically damped wind vane with a distance constant
of 1.4 m/cycle. If we assume that the vane turns the X-wires into the plane
of the instantaneous wind, the corresponding vertical and total horizontal
wind components may be determined from the linearized anemometer outputs.

The position of the vane was recorded by means of a precision potentiom-
eter attached to the shaft of the vane. This system allows determination of
all three velocity components, u, v, and w. The longitudinal component u
is the component in the direction of the horizontal mean vector- wind; v and
w are the lateral and vertical wind components respectively. A

The sluggish response of the vane to changes of wind direction affects,
to some extent, the accuracy with which rapid wind fluctuations can be meas-
ured. It can be shown that within the frequency range used in this study, the
u and w components are only insignificantly modified by the vane response,
whereas the v component suffers a severe frequency cut-off at frequencies
of the order of or greater than the natural frequency. Thus, wave lergths
of the order of, or smaller than, the distance constant are attenuated.

The third hot wire was stationary and aligned vertically. Hence it
provided an independent check of the total horizontal wind as measured by
means of the rotating X-wires. The cold wire was also stationary. Both
stationary wires were located a few centimetres in front of and below the
X-wires.

In this paper we shall discuss only results derived from the analysis of
the signals from the vane-X-wire system.

The entire analysis of the recorded signals was carried out on an EAJ
680 analogue computer. In principle the procedure had two stages. The
first was a coordinate transformation of the measured velocities and direc-
tione into a Cartesian coordinate system with the z-axis vertically upwards
and the x-axis in the direction of the mean wind, which was defined as the
horizontal mean vector-wind averaged over the hour-long duration of the
run, The second stage involved computation of covariances and cross-
covariances, power spectra, cospectra, and quadrature specira. The spec-
tral analyses were performed by means of active band-pass filters according
to the principles laid out by Larsen /% 871),
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Owing to its finite length a hot wire does not exhibit a perfect cosine
response, and thus it does not measure exacily the wind component in the
plane perpendicular to the wire. Particularly for wires which are slanted
with respect to the mean wind direction, the deviations from the cosine
response must be taken into account. In the present work we employed an
adaptation of the correction method suggested by Champagne et al. (1967),

SIMILARITY THEORIES

From considerations based on the Bonssinesq approximate equations of
motion and entropy, it follows that in stationary, horizontally homogeneous
turbulence of the type discussed in the introduction the vertical fluxes of
momentum and heat must be constant. In high Reynolds number turbulence, '
the molecular contributions to the fluxes can be neglected, so that the fric-
tion velocity u, =V -utw!, the temperature flux 8'w', and the buoyancy
parameter g/ To may be taken as characteristic scaling quantities. Primes
denote deviations from the mean, © is the potential temperature, g accelera-
tion due to gravity, and To is the dry-adiabatic temperature profile in °K.
Over-bars denote averaging.

The idea that certain properﬁes of the mean flow should depend only on
the height of observation and the three scaling parameters is due to Obuchov
(1946), who together with Monin presented the first experimental evidence in
1954. The 1968 Kansas experiment essentially confirmed these ideas (Hau-
gen et al., 1971, Businger et al,, 1971).

Extension of the Monin - Obuchov similarity reasoning to velocity spectra
leads to

%P (x) z
19—- = Hp("z. 'L); B=u,v,w, 1"

U,

% being the wave number, Pp(u) the spectral energy densities, and L, the
Monin - Obuchov stability length

uiT

L= - o . (2)
k g OTw '

The minus sign and the von Karman constant k have been introduced in ac-
cordance with common usage.
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Eq. 1 should be valid only over a restricted wave number region. At
large wave numbers where the main part of the viscous dissipation takes
place, the spectra must show an explicit dependence on viscosity. Unavaid-
able effects from nonstationarity and large-scale inhomogeneities set a lower
wave number limit below which Monin - Obuchov similarity cannot be ex-
pected.

Busch and Panofsky (1968) and Busch et al. (1968) found that the vertical
velocity spectra obey the Monin - Obuchev similarity theory up to a height of
about 50 m, whereas considerable uncertainty exists concerning to what ex-
tent the longitudinal and lateral velocity spectra follow similarity laws (see
also Fichtl and McVehil, 1970). Recent analyses based on experimental
data from the 1968 Kansas experiment (Kaimal et al., 1971) show that such
laws are indeed applicable over a wide wave number range, if the terrain is
sufficiently homogeneous.

In any case, it is obvious that if an inertial subrange exists, and the
vertical velocity spectrum obeys similarity laws, then the two remaining
energy spectra must comply with the same scaling at least in this region.

On the basis of the concept of local isotropy and the assumption of in-
compressible flow, in conjunction with the assumption that the shape of the
energy spectra is uniquely determined by the viscosity v and the rate of
kinetic energy dissipation &, it may be shown that the one-dimensional en-
¢ 'gy spectra must have the form (see e.g. Batchelor, 1953)

pon) = P9/t npv3re) /4], ®
where Eﬂ represents universal functions related by

and

OE (y)
B, = 5 [E) -y —— 1. (5)

In the inertial subrange the spectra are not explicitly controlled by
viscosity, which by dimensional arguments leads to

2/3 ,-5/3

Po() = ag ¢ (6)

or by application of the Monin - Obuchov scaling to
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nP.(n) a
——%— = 1:293 982/3 (nz) /3, (7)
Uy

By virtue of the similarity assumption the nondimensional rate of dis-
sipation

os 2y ®)
u,
is « function of the stability parameter z/L only.
By means of Taylor's hypothesis in the form

9

S
]
eils

where n is the frequency in cycles per unit time (x in cycles/unit length),
and u is the mean wind speed, the wave number spectra may be converted
into frequency spectra such that

uPp(u) = n Sﬂ(n). (10)

The reduced frequency becomes

f=uz =2, (1)
u

All velocity spectra are defined such that

2 |
{Sp(n)dn = ’p' (12)

cg being the velocity variances.

DISCUSSION OF RESULTS

On the basis of the discussion above we suggest that the velocity spectra
may be written

n 8.(n)
—E- o Ko130 2% g1, 3) oD 13)

pEu,v,w
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where
K‘3 are universal constants

K2 is a scaling factor which is a function of z/L only and equal to
unity in neutral stratification (i. e, z/L = 0)

F‘3 integrate logarithmically to unity and give the shapes of the
spectra in neutral stratification

g‘3 are equal to unity in neutral stratification and for reduced
frequencies bigger than some critical value.

Once the functions F‘3 have been determined, the values of Kp can be
obtained easily. The values obtained for the longitudinal and vertical
spectra were (see Appendix for details)

Ku=5.11 and Kw= 1.51 . (14)
With the regions of the w-spectra over which gw(f, z/L) is supposed
to be unity and with an analytical expression for Fw’ machine computations
provided least-square fitted values of K2 and ¢, W for each spectrum. When
the Kz—values were used on the u-spectra, a similar procedure involving an
analytical expression for Fu readily gave values for Peu
In figs. 1 and 2

n Sp(n) :
—— > * gp(f' %) Fp(Kzf); B=uw (15)
Kp(K2 "ﬁ) Uy .

are plotted against x = Kzf. The twenty-five runs were divided into the five
stability categories displayed in table L.

Table 1
No. of runs /L) 0 | /D), ax
Strongly unstable 5 -0.53 \ -0.24
Moderately unstable 5 -0.16 -0.11
Near neutrai 7 -0.1 0,032
Moderately stable 5 0,040 0.13

Strongly stable 3 0.20 0.82
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For 0.1 £x= Kzf €120 the standard deviations around Fw and F  are
6 and 8 per cent respectively. For x ( 0.1 the points are systematically
stratified according to thermal stability. Obviously Ew and g  are not
significantly different from unity for x ) 0.1.

Since the peak of the logarithmic w-spectrum nSw(n) is at x ) 0.1, one
may interpret K, = mNI fn» where f .. is the location of the peak in hydro-
statically neutral atmosphere, and fm is the actual location.

Fig. 3 displays the scaling factor K, versus z/L. o __
plotted against z/L in fig. 4. The empirical variation of ¢_ with stability
suggested by Wyngaard and Coté (1971) is also shown.

and Peu 3TE
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Fig. 3. The scaling factor K, plotied againat z/L.
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Fig. 4. o, and o plotied against 2/L and compared with the analytical
expression proposed by AFCRL.

Vertical Velocity Spectra in Neutral Air

The neutral spectrum of the vertical velocity is described quite well by

S 1.95 £/
e LU P 60 (16)
u’ (0 + 2,08 81/ w

with me"-' 0.55 and a corresponding maximum value of 0. 33. The function
Gw(f) was introduced in order to eliminate a slight but systematic deviation
from the simpler expression. Gw is always equal to or bigger than unity.
Its maximum value nccurs for £~ 1.35 and is equal to 1.16. Gw contributes
approximately 5 per ceat of the total energy and may be neglected for practi-
cal purposes, If it is neglected, the peak frequency is reduced to me ~0.4,
and the expression for the vertical spectrum reads

n S (o) 1.44 £ff .
o - 17
w (1+1.5 f/me)w

in agreement with the spectrum proposed by Busch et al. (1968) for spectra

measured at Brookhaven National Laboratory. However, they report ftn”~

0.3. Note that KW = (cwlu,,‘)2 for neutral stratification. Busch et al, (1970)
found (ow/u, )2 = 1.48 in agreement with the value 1,51 suggested here.
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The spectra compiled by Kaimal et al. (1971) and measured by means
of sonic anemometers at three heights (5.66, 11.3, and 22.6) agree well
with eq. 16 except for very low frequencies, where they are about 40 per
cent lnwer. The discrepancy is probably not significant.

In the inertial subrange the spectrum has the form given by eq. 7. For
f-+0 the suggcsted form is

n Sw(n)
-— = Bf. (18)
Uy
Table II summarizes characteristics of some vertical velocity spectra.
All the results are based upon direct measurements of spectra and friction

velocities.
Table II
w a ; 2/3 B ; nS_(n)
u, Ke/3’e mN |72
* max
1. Kaimal et al,, 1971 1,51 0 391 2.1 0,56 0.38

2. Busch and Panofsky | 1.67 0. 388 3.4 0.32 0.43
1968 ‘

3. Busch et al,, 1968 1.48 | = 0,345 ®5.0 =0.3 = 0,32

4, Present study 1.51 ] 0.39%4 3.5 0.55 0.33

Average Tmax, deviation| 1.54| 0,380 3.5 0.43 0.37

to0.13| Yo.035 |[T1.5 *o.13] Yo.06

For lines 2 and 3 in table II the low values for me are almost certainly
due to contamination from unstable cases used in the averaging procedure,
Although some of the differences displayed in table II may be real, we be-
lieve that to a large extent they reflect experimental difficulties and differ-
ences in data reduction procedures.
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Longitudinal Velocity Spectra in Neutral Air

The neutral spectrum of the longitudinal velocity is approximated well

by

RS s [+— (1 + 2.0¢ of )]-'/30. ) 9)
= 0. + 2. » (;
w TN TN u

*

where me = 0,55 is the reduced frequency at which the vertical velocity
spectrum has its peak. Eg. 19 has its peak at fmu = 0,047 with a maximum
value of 0. 97 (see Appendix for details),

For £f=20.1 G u(f) may be neglected for all practical purposes. In this
region it is always greater than or equal to unity and smaller than 1.11, the
maximum value occurring at £~ 1.35,

Table III compares characteristics of the longitudinal spectra in neutral
air summarized by Kaimal et al. (1971) with those reported here. The
agreement is indeed very good. For f = 0,005 the analytical expression
for the neutral u-spectrum given by Kaimal et al, differs at the most by 10
per cent from eq. 19. The major difference between the two expressions is
that eq. 19 implies

n Su(n) 1/2 . ’
— —» 8.49 ¢ as f—0, (20)

Uy

whereas Kaimal et al. find

n Su(n)
—g— —»105f as {—0, (21)
u*
Table III
( 3)2 oozs| [R5
u, K2l3 e mu al
) * max

Kaimal et al., 1971 4.72 0. 305 0. 086 1.01
Present study 5.11 0.295 0,047 0. 97
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The two asymptotes yield curves that cross at £~ 0.0066. Thus both
in the w- and the u-spectra our measurements yield more energy at low
frequenci2s than those performed by AFCRL.

Ratios of Spectra and Isotropy

Egs. 4, 5, and 6 imply that if local isotropy is reached at the small-
scale end of the spectra, and if an inertial subrange exists, then in the
inertial subrange the ratios of the spectra should attain the values

S,M)/8,(n) = 4/3 and S /5 =1, (22)

From eq. 13 and the Appendix it follows that the ratio between the w-
and the u-spectra may be written

4/3 4
s s, -4 (2. 04 £/£_) g,(63) G,(0.55 f/fm). 23
W a+2.04 1/5 )17 g @1, ) G,00. 55 171 ]

where fm is the reduced frequency at which the logarithmic w-spectrum
has its peak.

In neutral stratification gy = 8

= 1, and hence

(2.04 f/f )4/3 G_(0.55 £/f )
4 m w m
S, (n)/8,(n) = T OSITT 24
)/Syn 3 (1+2,04 t/£ )4/3 ut m (24)

For all stratifications and for K, f% 0.1, i.e. f/fmz 0.18, we may
neglect G_/G,. Furthermore g w/ & =1, 80

4/3
Sy, (2.0881) / 25
S T 5204 1.’/fm)47""r |

In figs. 5a and b the measured ratios Sw(n)/ S,(n) are plotted versus
x = K,1=0,55 t/ fn- The curve in the figures is the one given by e/q. 24,
To the left in figure 5a is also shown the values of (4/3) (qc w/ ';u)z 3, i.e.
the values of Sw/ Su obtained for f -e when the individual spectra are
smoothed by least-square fits to the analytical expressions given in the Ap-
pendix,
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Fig. 6 displays the ratio Sw(n)/Sv(n) plotted against K,f, and in fig. 7
the uw - cospectra are shown normalized by the variance of the vertical
velocity component.

The approximate lower limit for a 4/3 ratio between Sw(n) and Su(n)
appears to be Kzf = 10. The ratio S'/Sv behaves in such a way that a
value equal to unity is to be expected for Kzf =10. At Kzf =10 the logarith-
mic cospectra are going steeply towards zero and have values about two
orders of magnitude smaller than their peak values. Hence we conclude that
isotropy is reached for Kzf > 10, and that an inertial subrange exists in
which the spectra behave according to eqs. 4, 5, and 6.

If we assume that the upper limit for an inertizl + “range is

xq = Kf, = =— , (26)
a = K=K P
where n = (v3/c)'/ 4 is the Kolmogorov scale (see e.g. Pond et al., 1966),

then we may write
3/4
zu,
x, ¥ 0.02K, q"/"‘(T) . (27)

By means of éq. 27 it was found that x, was approximately 330 in the
most unstable case, 240 in a typical near-neutral case, and 30 in the most
stable case. The y, -values vary from 8 to 52 cm/s. Hence we should
expect only a decade or so of inertial subrange., Over very smooth terrair
or over water, in which cases u, is small, an inertial subrange may not
exist at all. This of course does not exclude the possible existence of local
isotropy at high wave numbers, but it leads to difficulties concerning the
proper choice of scaling parameters.

Inspection of fig. 5 reveals that the ratios Sw(n)/ S,(n) are closely ap-
proximated with eq. 24 for all stabilities, There is no apparent stratifica-
tion of the points according to z/L. The standard deviation of the relative
deviations i8 19 per cent. This result implies that the functions gw(f, i)
and gu(f, i) must be equal throughout the frequency domain considered,
and that for a fixed (f/f ) the energy ratio is independent of z/L.

S'(n)/su(n) =1 for K,f=1, and hence f= 1 /K2 is the reduced fre-
quency at which the u-spectrum crosses through the w-spectrum.

The behaviour of S'(n)/ S,(n) as displayed in fig. 6 is somewhat dif-
ferent. For K,f > 0.1 the points agree fairly well. For Kyt~ 0.4 we
find Sw/sv = 1, which means that the w-spectra and the v-spectra cross
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each other at £ ~ 0.4/ I«'.z with the v-spectra approaching the w-spectra
from below at higher wave numbers.

For Kzf { 0.1 the points branch out with the upper branch pertaining
to stable and the lower to unstable situations. This indicates a distinct dif-
ference between the flow regimes in stable and unstable stratification with
an abrupt change from one to the other which is primarily observed through
the behaviour of the v-spectrum.

CONCLUSIONS

Within the accuracy of measurement, the one-dimensional velocity
spectra in the surface boundary layer seem to conform with the Monin -
Obuchov similarity hypothesis over a wide wave number range. The most
important scaling parameter appears to be )‘m' the wave length at which
the logarithmic spectrum of vertical velocity has its peak. The ratio K2 =
xm/ me between xm and its value under hydrostatically neutral conditions
is a monotonically decreasing function of the stability parameter z/L.

For reduced frequencies f = 22 such that K2f = 0.1, the normalized

velocity spectra can be described %y

n S_(n)
— B = KKy 0 2P F KD Beuvw, (28)

Uy

wheie the KI-” are ''universal" constants, and the Fp(y) are "universal'
functions describing the shapes of the spectra in neutral stratification.

For Kzf > 10 local isotropy is reached. The spectra follow -5/3-laws,
as they should according to Kolmogorov's hypotheses leading to the concept
of an inertial subrange, and the spectral ratios have their proper values,

For K2f ( 0.1 the shapes of the spectra show a marked dependence on
hydrostatic stability. It is suggested that the transition from stable to un-
stable stratification causes an abrupt change of the low-frequency part of
the flow field. In both the regimes the spectral ratios Sw(n)/ Su(n) and
Sw(n)/Sv(n) are functions of K,f only.
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APPENDIX

The shapes of the neutral u- and w-spectra were determined as follows.
The normalized, near-neutral spectra were plotted against the reduced
frequency in doubly logarithmic plots. Smooth curves were drawn to that
they either separated the stable spectra from the unstable ones or were
mean curves where no separation of the points according to thermal stabili-

ty was obvious.
Then analytical expressions were constructed which resembled the

curves as closely as possible. Hence the expressions given below fit the
high-frequency part of the near-neutral spectra, separate stable from un-
stable spectra in the low-frequency end, and integrate logarithmically to

unity.

For the vertical velocity spectrum we found

F(x) = 238 G (), (A1)

w (1+ 3,74x)

where

1 for x £ xt =0,2

G_(x) =
v 2x 2x .
exp {0.11 In e exp {-0.274 In" 5,}} for x > x' = 0.2.

Fw(x) has its maximum at x = 0.55 with meax =0.22. For x- «
we obtain

- -2/3 1 =
Fw(x) wa with Aw 0. 26, (A2)

For the longitudinal velocity spectrum we found

-1/3

F,(x) = 0. 0894 [x(1 + 3.74 x)] G,,(x) (A3)

where

eﬂ_)S/B exp {l -(-;1,)5/6} for x sx''=0.1

Ch(x)= 1 for 0.1 x £0.2

exp{0.0763 I’ % exp {-0.274 > 5 }} for x »x'=0.2
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Fu(x) has its maximum at x = 0.047 with Fumax =0.19. For x—» «

we obtain

- -2/3 . _
Fu(x) Aux with Au = 0. 058, (A4)
From eqs. 7, 13, A2, and A4 it follows that

a
. - u - = w =
K\l = ——k27-3 = 5,11 and KW = -'A—T{m = 1.51 (A5)

where we have used the value for the von Karman constant k = 0. 35 found
in Kansas (Businger et al., 1971). For the Kolmogorov constants we have
inserted a = g-aw = 0,146 corresponding to a value a = 0.5 for the
longitudinal Kolmogorov constant when wave numbers are in radians per

unit length (Kaimal et al,, 1971).
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Investigation of the NH, Radical Produced by Pulse Radiolysis
of Ammonia in Aqueous Solution

by

Palle B. Pagskerg

Abstract

Hydroxyl radicals react with ammonia to form NH, radicals with a rate
constantk = 1.0 x 108 M's™., The ammonium ion is inert toward hydroxyl
radicals. The NH2 radical has a very weak absorption band atA530 nm with
a band width of 200 nm and an extinction coefficient of 81 M 'cm™'. The
spectral properties of the visible absorption band and the ultraviolet bands
occurring simultaneously indicate that NH2 radicals form charge transfer
complexes with solvent and solute molecules. Hydrazine is formed with a
maximum yield G = 2 7 by dimerization of NI-I2 radicals, the rate constant
being 2k = 4,4 x 10 M lg- . Hydroxylamine is formed with a yield which
goes through a maximum and a minimum with increasing ammonia concen-
tration. The moreimportantreaction at low ammonia concentrauons is NH2
+ OH - NH,OH with the rate constantk = 9.5x10° M™'s™!. At high am-
monia concentrations G(N2H4) = 2,7 and G(NH20H) 0.7, indicating that
hydrogen peroxide is the precursor of the excess oxidation yield, It seems
possible that the stoichiometric reaction H,0, + NHg ~ NH,OH + Hzo may
proceed by a chain reaction with the radical NHOH a& a chain carrier. The
reactivity of NH, radicals toward H,0,, O,, N,H,, and NH,OH was inves-
tigated. The decay of NH2 changed into pseudo first-order luneucs in the
presence of Hzo2 and 02, correspondmgto k(NI-I2 + H202) =9x 10 M s
and k(NH2 + 02) =3x108 M5 ', whereas the decay remained unchanged

in the presence of N2H4 and NH20H.
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INTRODUCTION

There is a pronounced difference between pulse radiolysis and steady-
state radiolysis of ammonia in aqueous solution as far as the observable
stable products are concerned. In their work on the action of X-rays on
ammonia in aqueous solution Rigg, Scholes, and Weiss” reported the ab-
sence of oxidation products in evacuated solutions, whereas nitrite was
formed in the presence of oxygen. In the present pulse radiolysis work
high yields of hydrazine and hydroxylamine were found, and the kinetics of
the NH,, radical and the OH radical were studied spectrophotometrically to
ob'ain the absolute rate constants of the reactions involved.

EXPERIMENTAL

The experimental work was started at Risg, but a major part of the
pulse radiolytic investigations were performed during the author's stay at
the Argonne National Laboratory. The pulse radiolysis instrumentations
used at the two laboratories have been described previouslyz’ 3) . The dose
rates applied in the present work were 1 - 10 krads/us, and the duration of
the electron pulses 0.4 - 2 us. An optical path length of 8 cm gave optical
densities of the NH, band of the order of 0,03, detectable with a signal to
noise ratio of about 100. The total rise time of the detection system was
80 ns. The ferrocyanide system which has been investigated by Rabani and
Mathgson4) was used as a convenient instant dosimeter, The dose was cal-
culated from the absorbance of the ferricyanide band observed at the end of
the electron pulse, The extinction coefficient of ferricyanide is 1000 M'1
em™! at 420 nm, and it was assumed that G(Fe(CN)s') = Ge-a + Goy for
a dosimeter consisting of | mM K4Fe(CN)6, 25 mM N,O, and about 0.1 mM

02. In this system NZO converts e, into OH which in turn oxidizes fer-

rocyanide. The oxygen is added to rae?nove H atoms which would otherwise
react with the ferricyanide formed. The determination of the yields of
hydrazine and hydroxylamine was carried out by colorimetric standard
methods®’ 6). The methods were tested on mixtures of N,H, and NH,OH
which gave results identical with those of the pure standards. It was also
found that the presence of 50 mM H,0, did not interfere with the analysis,
The analysis of NH,OH was found to be less reliable when ammonia was
added in concentrations above 10 mM. The formation of indooxine was

slower, and the absorbance reading was observed to incrzase very slowly,
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RESULTS

The fate of N'.[-I2 radicals produced by pulse radiolysis of ammonia in
aqueous solution was deduced from the radiolytic yields combined with the
information obtained by kinetic spectroscopy. The reactions taking place
in nitrous-oxide-saturated solutions are

€q <+ N0 - OH + OH (1
OH + OH - H,0, (2)
OH + NH; - NH, + H,0 (3)
OH + NH, - NH,OH (4)
NH, + NH, - NyH, (5)
H,0, + NH, - NHOH + H,O (6)
NHOH + NH; - NH,OH+ NH, (7
NHOH + C -~ P (8)

The chain reaction can be terminated by reaction (8). The competitor, C,
may be a radical or a molecular species. Hydrogen atoms may participate
in the reactions

H + NHy - NH, + H, (9)

H + R - Q (10).

R may be any of the radicals present in the solution, including H. The yield
of hydrogen atoms is about ten per cent of the total radical yield. However,
in the present investigation the effect of hydrogen atoms on the yields and
the kinetics seemed to be of minor importance, Since the standard heat of
reaction (9) is close to zero, this reaction may be very slow compared with
the radical reactions (10). In addition it appears that the combination of
hydrogen atoms must be much faster than any of the other reactions H + R.
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Spectiral Properties of the NH2 Radical

The visible spectrum of NH, is shown in fig, 1. The assignment of
this transient absorption to the NH, radical is supported by the following
observations:

(a) The initial absorbance at 530 nm increases with increasing
ammonia concentration and decreases with increasing con-
centration of ferrocyanide acting as an OH scavenger. This
demonstrates that the precursor is the hydroxyl radical
which reacts with ammonia.

(b) The absorbance decays by second-order kinétice, and the
yield of hydrazine, which depends on the ammonia concen-
tration, is proportionhl to the time integral of the square
of the absorbance, G(N2H4) a / Azdt. This implies that
the species absorbing at 530 nm is the precursor of the
hydrazine yleld,
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Furthermore the 2A1 <—ZB' transition of NH2 in the gas phase occurs
in the same spectral region7' 8).
The ultraviolet part of the spectrum is shown in fig. 2.

Fig. 2, Ultraviolet absorption bands at the end of the electron pulse after
correction for contribution from OH radicals, 4 25 mM N!l,, -ndozsomnrm,.

The absorption band observed at low ammonia concentrations has a
maximum at 215 nm. The band is gradually shifted toward shorter wave
lengthe with increasing ammonia concentration. The decay of the visible
band changed into first-order kinetics in the presence of hydrogen peroxide,
and the same effect was observed in the ultraviolet region. This indicates
that the two absorption banus originate from the same species, viz. NH2.

KINETICS

Determination of k3 and ‘(NH2L

The hydroxyl radical has a weak absorption band at 230 nmg' '0). The
replacement of OH by NH, via reaction (3) could therefore be studied by
kinetic spectroscopy of both cf the radical species., The evaluation of k3
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and s(NHz) was accomglished by three different methods.
(I) The effect of aminonia concentration on the initial yield of NHZ.

Integration of the rate equation shows that the fraction of OH radicals
being converted into NH2 rad1ca]s during the electron pulse can be ex-
pressed by G/G max - —(l -exp(-x)), where Ghax~“Gog ¥ Ge-» x°
kq [NH3 ]tp, and t_ is the pulse duration. Combination of NH, ra&%als

could be neglectedpwhen the applied dose rate was 5 krads/us and tp 1 us.

The maximum absorbance of NHz was derived from the asymptotic ex-
pression, A/% G/G ~ {1 - —) when x> 4,

Hence % was obtained from a plot of absorbance versus reciprocal
ammonia concentration, and the extinction coefficient could be calculated,
s(NH,) = ¢, x A /A, where ¢ = 1000 M 'em™! is the extinction coef-
ficient of the ferricyanide dosimeter, and A.D is the absorbance of the
dosimeter. The rate constant was calculated from a plot of x versus am-

monia concentration, k, = ] dx
3~ % d[NHg]
(II) Kinetics of the hydroxyl radical.

The rate constant was derived from the pseudo first-order decay k3 =
-(1/[NH,4 J}din[OH }/dt. Method (I) was also applied to the hydroxyl radical.

(1) Competition between ammonia and ferrocyanide,

Only the ratio kalk(OH + Fe(CN)6 ) could be determined by this method.
k was calculated using the value reported by Rabani and Matheson?)

k(OH+ Fe(CNf) = (1.07 Z0.10)m™'s7).

The methods (I), (II), and (III}) gave almost identical results

8 -1 s-l

kg = a.0to1)x10®m

¢(NH,) = 81 YoM lem™! .

Method (I1) was applied to series of different pH. The same value of
k3 was found at pH = 8.5 and at pH=10.0. Thm shows that the hydroxyl

radicals react only with NH5, whereas NH4 is inert.

Determination of k4 = k{OH + NHZ)

The amount of hydroxylamine formed via reaction (4) is

NH,OH = k4f [on][rmz]dt.
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k4 could be calculated from this expression since both the yield and the
value of the integral were available from the experimental data. Fig. 3
shows that the integral and the yield have their maxima at the same ammonia

| 1
) §
]
[ A 4 A
] 0 . k] &0

mb N,
Fig. 3. Effect of ammonia concentration on the relative yield of hydroxyiamine,
The circels represent (10’ 2,0‘) /: [oH ] [N1, ]dt and the triangles represent
100 G(Nn,m)l (G.- + Gm). C‘ is the sum of hydrated electrons and hy-
droxyl radicals prodhced during the electron pulse.

concentration. The integral vanishes at high ammonia concentrations,
whereas the yield goes through a minimum and approaches the value
G(NH,OH) = GH202 at these concentrations. k, was evaluated from the
maximum of the two curves

ky = 9.5x109 M'ls".

Dimerization of NH2 Radicals

Fig. 4 shows the kinetics of NH, radicals at three different ammonia
concentrations. The time derivative, d(1/A)/dt, approaches a minimum
value at high ammonia concentrations, and this value was identified with
k5/¢L, where L is the optical path length

ks * 2k(NH,) = 4.4 x 10° M s,
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monitored at 530 nm. © 2.3 mN NHy, 4 5.3 mM NH,, onsmunn,.

The yield of hydrazine increases steadily to a maximum value of
G(N2H4) = '12'(GOH + G e; ) at high ammonia concentrations. '
The same value of k5 was obtained from the expression

ke/(sL)? = [N,H,]// A%t

The right-hand side of this equation remained constant irraspective of
the ammonia concentration.

The Fate of Hydrogen Peroxide

The yield of hydroxylamine produced via reaction (4) vanishes at high
ammonia concentrations because the half-life of reaction (3) becomes ex-
tremely short, The yield of hydroxylamine was observed to pass through a
minimum and increase to a maximum value of G(N’H20H) = GH20 with
increasing ammonia concentration., Thus it appears that hydrogen peroxide
is the precursor of the excess yield of hydroxylamine, and the effect of con-
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centration indicates that a reaction involving ammonia competes with other
reactions. Aqueous solutions of ammonia and hydrogen perioxide are quite
stable although the reaction H202 + NH3 -~ NH,OH + H20 is exothermic
by about 23 kcal/mole. A chain reaction could possibly be initiated by the
reaction between NH, radicals and hydrogen peroxide. This reaction was
investigated by kinetic spectroscopy, and the decay of NH, remained first
order in H202 corresponding to the rate constant

1 -1
K(NH, + H,0,) = 9x10° M's™.

The following reactions were considered

N'.[-I2 + H202 - NH,O0H + OH (6a)
NH, + H202 - NH3 + HO2 (6b)
NH, + H202 - HZO + NHOH (6c)

On the basis of an estimate of AH/(NHOH) = 44 kcal/mole and the re-
ported values of AH, of the other species” ), reactions (6a), (6b), and (6c¢)
were found to be exothermic by 2.7 keal/mole, 12.5 kcal/mole, and 23.6
kcal/mole respectively, ‘

A very efficient chain reaction could be established by reactions (3) and
(6a). However, the steady state of NH2'radicals anticipated by this mech-
anism was not observed, and G(-H202) was small at high concentrations of
H202, contrary to expectation. Reaction (6a) must therefore be rejected.
Reactions (6b) and (6c) may be distinguished by the spectral properties of
HO, and NHOH. The spectra of HO, and O, have been investigated in
great detail' 2). Several overlapping ultraviolet absorption bands were ob-
served in the system NH, + H202, but no definite assignment has been pos-
sible as yet, However, reactions (6), (7), and (8) can account for the ex-
perimental observations. It has been proposed that reaction (7) can proceed
in the opposite directionw). Since the estimated heat of reaction is close
to zero, it seems plausible that the reaction may be reversible. The low
value of G(-HZOZ) observed at high concentrations of H,O, may be ex-
plained by assuming that H202 can terminate the chain reaction via reac-
tion (8). Further information about the radical NHOH is being obtained in
a current investigation of the reaction between hydroxyl radicals and hy-

droxylamine.
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Reaction with Oxygen

N‘H2 radicals disappear by a rapid first-order reaction in oxygen-
saturated solution,

K(NH, + 0,) = 3x108 M7Ts”!

and nitrite is formed with a yield of about one. The observation of consecu-
tive ultraviolet absorption bands shows that the mechanism is complex. The
primary product may well be the adduct, N11202, as proposed by Rigg et al.]),
but it seems necessary to carry out a more detailed analysis of the radio-

lytic products in order to establish a definite mechanism.
DISCUSSION

Protolysis has a remarkable effect on the stability of ammeonia. Pro-
ionation of the lone pair enhances the s - p promotion character on the
nitrogen atom, and the result is a large increase in bond energies, which
makes the ammonium ion inert toward hydroxyl radicals, D(H - N'H;) =
130 keal/mole' 3), D(H - OH) = 116. 8 keal/mole, and D(H - NH,) = 105.4

kcal/ mole'!),
14)

A similar effect has been observed in pulse radiclysis of
hydrazine

The spectral properties of NH, radicals in aqueous solution indicate
a strong interaction with solvent and solute moiecules. The visible band is
shifted toward shorter wave lengths relative to the gas phase transition.
The ultraviolet bands are tentatively assigned to charge transfer complexes,
(NH2, HﬁO) and (NHZ' N'H3). The NH, radical has an electron affinity of
1.21 eV "/, and the complex formed by the reaction NI-I2 + NHq - N2H5
may be comparable with the halogen molecular ions which can be formed
by the reactions X 1 XX, and X, + e, a” X,. A recent investigation
of the reaction N,Hg + e;q has confirmed the existence of N,H, as an
intermediate speciesu). However, it is still an open question whether the
ground state of this species is repulsive or not.

The disproportionation reaction, 2 I\IH2 - NH + NH3, reported to take
place in the gas phase' 5) was not observed in aqueous solution, However,
as NH has been reported to react very fast with water to form N'HZOH] 6),
this might be the reason for the absence of any detectable NH absorbance
at 340 nm. The application of ethylene as a possible scavenger for NH gave

an indication of formation of small amounts of aziridine, These experiments
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were, however, not sufficiently conclusive to establish the presence of NH.
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Abstract

The magnetic field dependence of the magnon energies in Tb has been
studied by inelastic neutron scattering. From the results at q = 0, it was
confirmed that the frozen-lattice model is applicable, and the single-ion
anisotropy parameters and their temperature dependences were deduced.
Measurements inthe c-direction atfinite g revealed that the two-ion coup-
ling between the moments is highly anisotropic,
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1. INTRODUCTION

The study of the magnons in rare earth metals by inelastic neutron
scattering has proved to be a rich source of information on the magnetic
interactions in these ma.terialrsI ). The early studies on Tb were princi-
pally concerned with the exchange interactions between the magnetic ions,
and the mechanisms through which these contributed to the stability of the
different magnetic phasesz). It was tacitly assumed that the magnetic ani-
sotropy was due to the crystal fields in .he unstrained lattice and could be
written in a simple single-ion form. Later experiments on the temperature

3)

magnon energies showed, however, that this assumption is not strictly valid,

dependence”’, and particularly the magnetic field dependence4), of the
Measurements on a Th-10% Ho single crysta14) showed unambiguously that
magnetoelastic effects, due to the distortion of the lattice on magnetization,
contribute to the single-ion anisotropy and actually dominate the hexagonal
component. Furthermore, it was shown that the lattice strain is unable to
follow the rapid precession of the moment when a magnon is excited, so that
the 'frozen-lattice' model is valid.

In this paper, we present a detailed study of the dependence of the mag-
non energies in Th on magnetic field. The results obtained at zero wave-
vector allow us to draw some further qualitative and quantitative conclusions
concerning the mechanisms and magnitudes of the single-ion anisotropy. We
have also extended our measurements to finite q-values in the c-direction
and these give completely new, and rather unexpected, information on the
anisotropic coupling between the magnetic ions. The significance of these
conclusions for our present understanding of the magnetic interactions in
Tb will be briefly discussed.

2, THE HAMILTONIAN

The various contributions to the spin wave Hamiltonian comprise an
exchange coupling between the moments, which we allow to be anisotropic,
single-ion anisotropy terms arising from crystal fields and magnetoelastic
effects respectively, and a two-ion magnetoelastie coupling. In addition,
we include a Zeeman term due to an external magnetic field. The total
Hamiltonian then takes the form

HeH +H +H +H! -g8)J -H. m

X cf me me ‘_{ S5 =
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We use a set of Cartesian axes such that { is along the hexagonal axis and
£ is the easy direction of magnetization in the plane. The various contribu-
tions to the Hamiltonian in the ferromagnetic phase are then:

HX

U Ot Tl * Iy (2)

5

zp 3% - §Pe [y + 13, ) + (3 - 13;,) ]3 (3)

o
"
)

= cC 2, =Y -Y
HL = - Li-’f{ [(J AR R
1
4)
cA 1,4 2 .2 4., -Y -Y
+ E [I(Jiz - 6Ji£Jin + Jin) ey - 25 1n(Jla )cz ]%
gl = _ V3Dnn[JJ - 3]
me i [ 14 3'
1%
(5)
- D [‘Jﬂ. JET m ]f) ‘ + (JLF.Jm"' JmJJ E) é ]E

The notation used in these expressions is explained in refs. 1 and 4. The
first term of (5) has the same form as the anisotropic exchange (2), and we
shall therefore include it by an appropriate redefinition of the parameters
J ij’ Similarly the average value of the second term in (5) can be included
by redefining the parameter C in (4), while a higher-order magnetoelastic
term results in a similar renormalization of A in (4). For simplicity, we

8)

have neglected certain other magnetoelastic terms ™/ whose effect we will

briefly mention in the next section.
3. THE MAGNON DISPERSION RELATIONS

When the field is applied in the hard (n) direction, the magnetization
rotates so that it makes an angle & with the field, given by

gBH = 12 cos®(2 cosd @ + 1) (- PSJz + Le AC). (6)

Above the critical field
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gpH_ = 36(- PoJ, + §cAC) (7)
the magnetization lies in the field direction and ¢ is zero. The Hamiltonian

(1) may be diagonalized by the standard techniques to give the spin wave
energies '

52(3) = (A°+ B, + A_q+ Bg) (Ao -B, +

Ag~ Bg). (8)

Since we are interested principally in the dispersion relations in the c-di-

rection, we will use the double-zone represen’cation1 ) for the hcp stiructure
throughout. For H ( H_ in the hard direction, we find

(A, + By) = -2JP_+ c(2C? + A%) + FgpH (1 + 2cos2 8+ 2c0549)-aMcos6®
(9)
(A, - B,) = 8cAC + 4c(C?+ A%)+ zgBH (1+ 2c0828 + 2c084% - 5co862)
(10)
A +B =J JCC - JCC
( q 51) [3%0) (@] (11)
A -B_ = J[K*®() - K*¥(q) ]
g~ Bq = ¥ [K*%0) @] . (12)
where we have defined
JP_ = J, P, + 1°(0) - 7%%(0) (13)
K**(0) - K*¥(g) = 1%%(0) - 7*%(g) - C [D(o) - D(g) ] (14)
and 73%(g), J®°(g) and D(q) are the Fourier transforms of J fja, ijc, and
Diyj respectively.

The parameter AM arises from higher-order magnetoelastic effects

and is defined in terms of the parameter BT of the ¢rystal ﬁelds) as

- L4 2 2
aM = 22CBgJ. - A(l 8BgJg - 7B4J4). (15)

When the applied field in the hard direction exceeds Hc, the magnon
energies are given by the same expressions with ¢ = 0 and with the addition
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of a term gp(H-Hc) to both (9) and (10). Similarly, if the field is applied in
the easy direction, ® = /2 and (9) and (10) are both agumented by a term

gp H.
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Fig. 1. The dependence of the square of the magnon energy gap oa internal
magnetic fisld in Tb. Open symbols represent results for the field in the
hard direction, and closed the easy directior. The full lines are least-
squarses fits of the theorstical expressions given in the text to the experi-
mental results,
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4. THE SINGLE-ION ANISOTROPY

The magnon energies were measured as a function of temperature and
applied magnetic field, by inelastic neutron scattering at the DR 3 reactor
at Risg. The sample was a monocrystalline disc of Tb with a diameter of
about 14 mm and a thickness of about 5 mm, and with the c-axis normal to
the faces. An external field of up to 48 kG could be applied by means of a
superconducting solenoid. A selection of the resulis for the magnon energy
gap at q = 0 is shown in fig. 1. They are qualitatively similar to earlier

100 Y 1000
- 2 Pe J 21
d
4100
> -
£ x
— o
- 10
0.0t . L -~
10 095 090 085 080

Relative Magnetisation O

Fig. 2. The single-ion anisotropy parameters in Tb, as a function of
magnetization, deduced from the results of fig. 1 and similar measure-
maents at different temperatures.
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measurements4) on Tbh-10% Ho, but they are made with considerably greater
precision, and the decreased hexagonal anisotropy in Tb results in signif-
icant quantitative changes.

The single-ion anisotropy parameters shown in fig. 2 were deduced
from a least-squares fitting of the experimental results to equation (8),
evaluated at q = 0. The necessity for including the high-drder magneto-
elastic parameter AM may be seen directly in the measurements of fig, 1,
since it is responsible for the difference between the slopes of the straight
lines obtained for fields applied in the easy and hard directions. it is also
impossible to obtain a satisfactory fit to the experimental points for H ( H c
in the hard direction unless this term is included. Unfortunately, the addi-
tion of this extra parameter makes it very difficult to determine the hexa-
gonal crystal field anisotropy 36PgJ 5 which we can only characterize as
small compared with 18cAC. The dependences of the anisotropy parameters
on the relative magnetization ¢ follow quite closely the theoretical prediction
of Callen and Callen5 ), despite the limitations of their theory discussed by
Brooks7). There is general agreement between the magnitudes of the ani-
sotropy parameters deduced from our results and from macroscopic meas-
urementsa), although there are quantitative discrepancies, especially in
the magnetostriction coefficients, which deserve further study.

5. ANISOTROPIC COUPLING BETWEEN IONS

As may readily be seen from equations (8) - (12), a study of the field-
dependence of the magnon en« rgies for different q-values gives explicit in-
formation about the anisotropic coupling between moments on different sites.
Differentiating (8), we find, for a field applied in the easy direction

aé(g)

°g = g T 2eB(Ag 4 AS) . (16)

As may be seen from (11) and (12), if the two-ion anisotropy vanishes, so

does B q in which case, from (8)

°q /2

1
i 2[:2(5)+ Bg] (17)
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Fig. 3. A comparison between the functions Fig. 4. The Fourier transforms of the
nslgp and 2 [cz(a) + B: ]'/ 2 effective two-10n coupling between
for the c-direction of Tb at 4.2 K. moments, for the c-direction of Tb at 4.2 K.

The difference between them is a result
of anisotropy in the two-ion coupling,

The two sides of this equation are compared in fig. 3, and from their dif-
ference we can immediately deduce that the two-ion anisotropy is finite.
Including Bﬂ' we obtain from (8)

~.a 2 1/2
=/ 39 2
B, By~ [{7g5) - <"@] . (18)

and from (16) and (18) find

J [1%%0) - 1%%q) ] - Aﬂ+ 15'.-q

a 1/2 a .

- L
= L(\’léﬁ) . ‘2(9)_i + zgﬁ - (A, *+ B,) (19}
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and

J [k*(0) -K ¥g) 1= Ag - By

o a2 12
“wmc ) CC@] -ag-R). 0

We note that the values of the single-ion anisotropy parameters enter these
expressions only through A and B, which are directly deduced from the
experiments at q = 0, and do not vary with q.

The values of the Fourier transformed two-ion coupling parameters
deduced from our measurements in the c-direction of Tb at 4.2 K, with a
magnetic field along the easy direction, are shown in fig. 4. It is immedi-
ately obvious from this figure that thc coupling between the moments is high-
ly anisotropic, but whether this anisotropy arises primarily from anisotropic
exchange or from two-ion magnetoelastic effects is not yet clear. Further
experiments on the temperature dependence of the coupling between the mo-
ments should help to elucidate this question, while measurements with a
field along the hard direction will allow the anisotropy in the plane to be
studied.

6. CONCLUSION

These measurements have clearly demonstrated the efficacy of inelastic
neutron scattering as a means for studying the mechanisms of anisotropy in
magnetic materials, We have shown that magnetoelastic effects are of great
importance in determining the anisotropy of Tb, and that the frozen-lattice
model must be used in describing the dynamic magnon properties. The
magnitudes of the single-ion anisotropy parameters and their temperature
dependences have been deduced from the experimental results. A striking
feature of this study is the revelation that the coupling between the moments
on different ions, which has previously been tacitly assumed to be isotropic,
is actually highly anisotropic. The detailad understanding of this phenomenon
will require a substaniial extension in the theory of the magnetic properties
of the rare earth metals,
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