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Summary.

Using pile oscillator technique, the total absorption
cross section for zircaloy 2 plates has been determined in the
neutron spectrum of the reactor Ri. The plate thickness was
varied in six steps from 0.2 mm to 6.4 mm. The thermal cross
section for the alloy was calculated from cross section data and
the known composition of the alloy. By subtracting this value from

the measured cross sections and dividing by the factor

2 T . . .
¥ = g T ‘ T the effective resonance integrals were obtained.

After subtractfon of a constant amount for resonance contributions
from hafnium, tin etc., effective resonance integrals for zirco-
nium could be evaluated. An extrapolated value of 0,85 to. 15 b
was obtained for the infinitely dilute integral (1/v part excluded).
The ratio of the resonance integral at plate thicknesses 0.2 and

6.4 mm came out as 1. 65 t 0.25.

Printed in June 1964.

(The paper is submitted to Arkiv fé6r Fysik)
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Studies of the effective total and resonance absorption

cross sections for zircaloy 2 and zirconium.

E. Hellstrand, G. IL.indahl, G. l.undgren

1. Introduction.

Zirconium and zircaloy, i.e. zirconium alloys containing
small amounts of other metals (Sn, Fe, Cr etc.), have found wide
applications in reactor technology. With a few per cent zirconium
added to the uranium metal in fuel elements the stability of the
elements is much improved. Higher burn up of the fuel may be
attained in such a way. In addition, thin layers of zirconium may
be used as bonding material between the fuel and the canning to im-
prove the heat transfer. 7ircaloy on the other hand is widely used
as canning material, especially in reactors fuelled with natural ox
slightly enriched uranium, because of its high resistance against
corrosion and low neutron absorption cross section etc. On account
of its good mechanical properties, zircaloy is alsc used for pressure
tubes in reactors usiny such tubes around the {fuel and cooling me-
dium. .

The thickness of the zirconium or zircaloy for these different
applications varies from a few tenths of a millimeter in bonds ’;0
5-40 mm in pressure tubes. ¥or reactor calculations it is there-
fore desirable to know effective neutron absorption cross sections
for the range of thicknesses mentioned above. The thermal neutron
cross section for these materials is low (0.18 - 0.21 b). No appre-
ciable thermal neutron flux depression will therefore occur even
for the largest thicknesses. The resonance absorption, on the other
hand, may be expected to vary with the thickness of the material.
Due to the lack of detailed knowledge of the zirconium resonances,
calculations of the effective resonance integrals cannot be performed.
A series of experiments have therefore been undertaken to study
the dependence of the zirconium resonance integral on the thickness
of the material. Harlier measurements will be discussed at the end

of the paper.



2. Method of measurement.

Of the five zirconium isotopes, ngi has the largest reso-
nance absorption. However, neutron captiure in ngi feads to the
stable Zr92 isotope. It is therefore not possible to measure the re-
sonance integral of natural zirconium by an activation technique.
The pile oscillator method was chosen for the measurement.

The oscillations were made in t'.e central chann:1 of the
heavy water - natural uraniuwm reactor Ri. The experimental
arrangements are illustrated in Figs. 1a and b. The samples were
oscillated between the center of the reactor and a point about 80 cm
above the DZO level. To minimize the effect of the neutrons scatte -
red out of the channel a large piece of graphite was placed below
the sample "in'' position. Above the center, the effective width of
the channel (diam. 455 mm) was reduced with the aid of a graphite
tube having an inner diameter of 60 mm.

The time function for the oscillation was an approximate
square wave with a 40 sec period. The time for the samples to move
from the "in'' position to the 'out' position or vice versa was about
1.8 sec.

The measurements could in principle be made in two ways,
By performing the oscillations completely inside a long cadmium
cylinder the epithermal neutron absorption could be studied apart
from the thermal absorption. The great advantage of this method
ig that one is independent of the thermal cross section of the samples
and does not require to know the ratio of the epithermal {lux to the
thermal flux at the "in'' position. On the other hand there are seve-
ral severe disadvanta‘gés with performing the oscillations inside a
cadmium tube. The large amount of cadmium may seriously dizturb
the neutron spectrum. The absorption signal becomes guite small.
Corrections for slowing down of neutrons by the samples below the
cadmium cut-~off are important and difficult to evaluate. The use of
a 1/v absorber (boron) as a cross section standard is unsatisfactory
because of the uncertainty of the true cadmium cut-off energy. A
resonance absorber {gold) may of course be used as a standard.
However, to obtain large enough signals, "infinitely' thin samples
cannot be used. The effective resonance integral for the sample

used must therefore be determined by a special measurement.
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Because of the disadvantages connected with the use of cad-
mium we chose to measure the absorption cross section of our
samples in the total reactor spectrum. The resonance integrals
were then determined by subtracting the thermal absorption cross
section from the measured cross section. Boron was used as the

cross section standard.

3. Apparatus.

The block diagram of the electronic parts of the pile oscilla-
tor equipment is shown in Fig. 2. The current {rom the ionization
chamber consists of a d-¢ component, io » corresponding to the
mean reactor power and a small alternating current, i, caused by
the oscillations. The current passes through a resistance, X, in
series with a backing off voltage. This latter voltage is adjusted to
cancel the d-c voltage Rio . Thus only the a-c¢ component is ampli-
fied in the succeeding amplifier and fed to 2 sine-cosine poteantio-
meter. The output from the potentiometer gives the product of the
amplified voltage F(t) and sin wt or cos wt. This product is then
integrated in the velodyne integrator. By an appropriate mechanical
system the periods of the oscillations and of the registance variation
of the potentiometer are made identical. Integration over a whole
number of periods therefcre vields the cc :fficients for th- fundamen-
tal mode in a Fourier expansion of F(t}. For small perturbations
these coefficients are proportional to the effective absorption cross
section of the samples and may serve as 2 relative measure of this
quantity.

The principle of the measuring system “was first used at the
critical facility Zeep in Canada {1) and at the graphite reactor
Gleep at Harwell (2). Although our system is closely similar to the
English unit it has been described in some detail to facilitate the de-
scription of some special studies discussed later on.

For an investigation of the present kind goo i linearity of the
equipment is required. The linearity was tested with the aid of a
square wave generator as well as with signals from an RC circuit,
both types of signals being synchronized with the frequency of the
sine -cosine potentiometer. When plotted against the test signal
amplitude, the integrated signals for moa:rate and large input

signals fell on a straight line. But extrapolated towards zero input
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signal the line did not pass through the origin. The deficiency of the
apparatus for small signals may arise frorm friction in the velodyne
motor. It is believed that most of the consequences of the lack of
linearity were avoided by following a particular procedure of measure-
ment. A thorough additional test of.the whole equipment is described

under 5e.

4. Experimental procedure.

No zirconium with well enough known purity was available and
therefore all measurements were performed with zircaloy~2. The
samples were in the form of plates, 200 mm long and 40 mm wide.
The following plate thicknesses were used 0.2, 0.4, 0.8, 1.6, 3.2
and 6.4 mm. Originally measurements were also made on plates 0.1
mm thick, but the signals obtained were too small to give reasonable
limits of error. The plates were fixed to the sample holder in the way
shown in Fig. 1 b,

Boron was used as the cross section standard. A water solu-
tion of boric acid was pipetted on to a filter paper of about the same
length as the zircaloy plates and with a width of about 22 mm. The
borated filter paper was wrapped in a thin aluminium foil. An identi-
cal dummy element containing no boron was also made.

The concentration of boron in the solution was determined in
two ways. Firstly the solution was prepared by dissolving a weighed
amount of boric acid in water to a known volume. Secondly; the con-
centration of the solution was checked by titration with sodium hydroc-
xide in the presence of mannitol and with bromothymcl blue as indi~
cator.

The boric acid was taken from a stock of known BiO content.
The absorption cross section for this boron was 758 Tayp (3). The
amount of boron in each standard was 3.33 © 0.02 mg or about 0. 08
mg/cmz. For a homogeneous distribution this corresponds to a macro-

scopic cross section of 0.003 cmz/cmZ . To check twat the boron was

‘not lumped together in certain spots the filter paper was closely

examined with the aid of a microscope. Despite the use of a magnifi-
cation of 100 times, no boric acid crystals could be seen. The inhomo-
geneous structure of the filter paper apparently impedes the growth of
crystals.

The distribution of boron along the paper was checked by

cutting a sample into eight equal pieces. The boron content of each



was determined by titration. The maximum deviation from the mean
value was 20 %. Considering the small variation of the neutron {lux
along the samples {compare below) such a variation of the boron di-
stribution was tolerable.

A correction factor for self screening in the samples was
obtained from Bothe s formula for monoenergetic neutrons (4) {com-
pare also (5)), which, in an approximate form, was weighted over a
maxwellian spectrum. The factor used was 0.993 tg. 005,

The sample holder was at first made as light as possible to
minimize the signal from the empty holder. Because of the lack of
linearity of the apparatus for small s’ignals, the holder was later
loaded with a small piece of iron to increase the signal from the
holder. The sample signals were thereby obtained as the difference
between two reasonably large signals. This procedure made the re-
sulting sample signals slightly more uncertain but systematic errors
due to lack of linearity were decreased.

The pile power during oscillations was 1 kW. To decrease
the effect of power drifts the signal from the amplifier was multiplied
by weighting factors in the way described by Schmid {6) and Persson
(7). The number of periods for the integration was three, and thus

drifts up to the fourth power in t (f = time) were eliminated.

5. Special studies.

5a. Neutron flux distribution.

The neutron flux distribution at the sample position was stu-
died by activating bare and cadmium covered gold foils. The result
of the activations is given in Fig. 3. As may be seen, the epithermal
and thermal fluxes are proportional and vary only slightly along the

length of the samples.

Scattering events in the samples influence the oscillator signal
in two ways. Firstly, despite the fact that the "in'' position is at zero
flux gradient, some neutrons are lost through scattering out of the
channel. This effect concerns neutrons of all energies although the
largest contributions comes from scattered thermal neutrons. Second-

ly, epithermal neutrons scattered in the samples lose energy. The
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resonance escape for these neutrons is enhanced and the effect acts
as a negative absorption.

The magnitude of the two effects was studied with the aid of
several materials with low absorption cross sections. As can easily
be verified, the oscillator signal may be written in the following way

(the non 1/v correction factor g {(8) for the sample is assumed to be

equal to 1)
4 ks km
=~ S=0—0+QRI+TWS,€*'§-‘*§0‘SE-O-N,............- (1)
a a a
S is the oscillator signal per atom of sample.
Ei— is a proportionality factor transforming the oscillator signal
a .
into barns.
o, is the 2200 m/s absorption cross section.
@ is a measure of the ratic of the epithermal to total neutron

densities. With Wesicoit”s nomenclature it is equal to

T
T T }-—w (8).
\J T \4’ Ts
R1 is the effective resonance integral {1 /v part excluded).

k k
E—% and —EZE are proportionality constants transforming L and
a !

.
[\N]

a ] . . .
£ Tse into effective absorption cross sections.

£ is the average logarithmic energy decrement per scattering
collision.
Tt and T 2re the scattering cross section for thermal and epi-
thermal neutrons respectively.
TN is a fictitious cross section per sample atom, representing
the effect of nitrogen-displacement by the samples.
1/ka was determined from the boron runs for which Eq.1
may with good accuracy be written I;i—— 5 = To off * To off is the
2

2200 m /s absorption cross section corrected for self screening. Thus

ks km

e and T could be obtained by oscillating samples with known ab -
a

sorption and scattering properties and, preferably, with large diffe-

rences in the £-values.
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Lead, bismuth, heavy. water and graphite were chosen for
this investigation. The lead and bismuth samples were of ''guaran-

teed reagent'' quality. The D, O was of reactor grade quality con-

2
taining 99.5 weight per cent of DZO”. The graphite came from a
stock intended for use as reflector material for the RO reactor., The

diffusion length for this graphite had earlier been determined as
52.8 ¢m (C. Wikdahl, private communication). A separate boron

1)

An effective value of the 2200 m/s graphite absorption cross section

analysis ™’ of an oscillated sample showed a boron content of 1.5 ppm.

of 4.5 t 0.5 mb was derived from these quantities., Cross section
data for lead and bismuth were obtained from (9} and (410). The follow-

ing values of ks/ka and km/ka were obtained
ks/ka = (0.50

kmﬁas(ao

i~

0.17)10'3

1+

0.8) x 1077

Applied to zirconium, the net effect of scattering and moderation is
a slight increase of 3.3 p 1.5 mb in the absorption cross section. It
is true that the effect varies somewhat with plate thickness owing to
multiple scattering, but in view of the large uncertainty and the
small size of the total effect the same correction has been applied
for all sample thicknesses.

The effect of the displacement of nitrogen by the samples
(U-N in £q. 1) has been cavli'culate:id using a macroscopic absorption
cross section of 7.5 410 7 cm for nitrogen (9) {air temperature

25°C and pressure 760 mm Hg).

5¢c. Determination of o.

‘Lhe evaluation of the effective resonance integrals requires
a knowledge of the factor @ in Eq.1. @ has been determined from
the cadmium ratio, RCd » of gold, assuming the thermal and reso-
nance absorption cross sections for gold to be known. The following

relation is valid

o = ~m'_\g cansees (2)
4 E
o RI
g R re— +(R —1}—**’—
Cd ECd Cd ey

1) The authors are indebted to C. Evertson for help with the DZO

analysis and to G. Tydén for the determination of the content

of boron and other impurities.
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g is the non 1/v correction factor (8).
Eo is the energy corresponding to a neutron velocity of 2200 m/s.
E cd is:the cadmium cut-off energy.

R was determined from a lead-gold alloy containing about

Cd
100 pg of gold per cmz. Measurements were made with two different

foil diameters, 25 mm and 40 mm, with a minimum of cadmium
around the foils for the cadmium runs. Sadmium thickness was 0.5
mm. The R cd values obtained with the two foil sizes agreed within
the limits of error (less than 1 %). It was therefore concluded that
the disturbance of the epithermal flux by the cadmium was negligibly
small.

The cadmium ratio was determined as 2. 290 E 0. 020, With
a cadmium cut-off energy of 0,45 1 0.05 eV and the following con-
stants for gold g =1.005 (8), ¢_ = 98.8 T 0.3 b (9) and RI = 1480 T 35 b

35 b {11,42) and a

t

(obtained from a dilute integral value of 1500

self screening correction of 20 b) one obtains

o = 0.0492 T 0, 015.

During the transition from the "in'' position to the "'out"

' position or vice versa tha samples pass through a region of neutron
flux distribution with non zero gradient. Neutron scattering in the
samples therefore causes a positive reactivity signal for each transi-
tion. This signal has a frequency twice that of the oscillator signal.
Under ideal conditions it should therefore not contribute to the out-
put signal from the pile oscillator. However, the output from the
sine -~cosine potentiometer may contain a small {irst harmonic be~
sides the fundamental. The integral of the product of this first har-
monic and the scattering signal would not be zero. In addition, although
the time for the transition of the samples in the two directions is the
same, their speed is not exactly the same close to a rest position,
Thus the reactivity effect may be slightly different for samples mo=-
ving out of the reactor and for samples moving into the reactor.

To get an idea of the magnitude of these possible effects the
following studies were made., A boron and a zircaloy sample were
both oscillated at two different periods, 40 sec and 60 sec, but with
the same fransition time for all runs. For beron the absorption cross

section is much larger than the scattering <ross section, for zircaloy
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the opposite is true., Thus if the scattering effect during the sample

movemer{t causes an effect outside the estimated limits of error, the

ratio of the boron signals for the two periods would differ from the

same ratio for the zircaloy sample. This was not the case.

As an additional check, the phase angle between the mechani-
cal oscillations and the reactor response as seen at the amplifier
output was determined by alternatively inte~srating the product F(t)
sin wt and F(t) cos wt and taking the ratio between the two inte-
grals. This was done for several samples with different values of

o"s/g'a . No significant difference in phase angle was noted.

P R L ™ e L e X gty b ey e et -

The preliminary results of the zircaloy measurements showed
a considerably smaller variation of the resonance integral with plate
thickness than had earlier been estimated by approximate calculations.
(R.M. Pearce, private communication. ) A need for a thorough test
of the measuring equipment was therefore felt. Such a test was made
by comparing the effective resonance integrals for gold foils mea~
sured with two different methods in the following way.

Firstly, gold foils of four different thicknesses, about 0,005,
0.009, 0.027 and 0.40 mm, were oscillated in the reactor and their
effective absorption cross sections were determined relative to boron,
All foils were of the same size and so chosen that the signal from the
thinnest foil was of the same order as the smallest signal during the
zircaloy measurements.

For the used foil thicknesses, self screening effects for ther-
mal neutrons were not negligible. The necessary correction factors
were obtained in the same way as for the boron samples. With the aid
of these correction factors and the known g factor and 2200 m/s
absorption cross section for gold, the effective resonance integrals
for the four thicknesses could be evaluated from Eq.1.

Secondly, the cadmium ratios for the four thicknesses were
determined at the oscillator sample "in'' position in the reactor. Be-
fore counting, the foils were dissolved in nitromuriatic acid. The
reason for this step was twofold. The thinnest sample consisted of
several small pieces, which were used both for the oscillations and
the succeeding activation. The pieces did nct have a uniform size and

could not easily be counted with the same counter efficiency. For the
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thickest foils, the different distribution of the induced activity in the
bare and cadmium covered foils could have caused a small systema-
tic error if the measurements had been made directly on the foils, By
dissolving them, this problem was avoided. The intensity of the 411
keV vy line was measured ina vy spectrometer.

From the measured cadmium ratios, R ca’ the effective

resonance integrals were determined from the expression

sz

o :
o eff ‘ o) ] .
Ry (2)

o
RI .. = g2 ..o
off Reg ! La lg,rfJCd

where Ty off is the thermal cross section corrected for self scree-
e
ning. The other constants are defined in connection with £gs. 1 and 2,
The result of the measurement is summarized in Table I and in

Fig. 4. Table 1.

Comparison between results from pile oscillator and

cadmium ratio measurements on gold.

Approximate e l?{gﬁ .

tickness, mm 1 Pile osc. Cd-ratio
0.005 900 T 45 915 ¥ 40
0.009 L 820 T 45 790 t 35
0.027 £ 540t 40 510 ¥ 20
0. 10 310 ¥ 40 295 ¥ 12

The values of the resonance integral from the oscillator measurement
are, especially for the thick foils, very sensitive to the correction fac-
tors applied to the thermal cross section. As these factors are not too
accurately knbwn the errors in RI become large.

To facilitate a comparison between the two results, each of the
two sets of points in Fig. 4 have been joined with a curve. As may be
seen from the figure, the agreement between the resonance integrals
determined in the two ways is good. Especially, it is unlikely that any
large systematic difference exists between the way in which the two
sets of resonance integrals vary with foil thickness. Thus, the result
of the test raises our confidence in the zircaloy results., However, it
should be pointed out that i0or zircaloy the large ratio of scattering to

absorption (about 30 compared to about 0.1 for gold) may cause un-
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known complications making the gold test less significant.

According to the measurements by E. Johanssoun et al (413 and
private communication) the epithermal neutron flux follows the 1/E
distribution rather well to at least 10 keV. It is true that resonance
capture in the uranium fuel causes a small gradual decrease in the
neutron flux per unit letnargy with decreasing energy., However, as
the reactor response to a perturbation is proportional to the product
of the real and adjoint fluxes and thesc deviate from 41/E in opposite
directions, the effect of the small deviation from 1/E is negligible.

Above 10 keV no experimental information exists about the
spectrum. Approximate age‘theory calculations show that there should

be no serious deviations from 1 /£ below at leasf 100 keV.

6. Results and discussion.

6a. Evaluation.

With the aid of the results from the boron runs and with due
consideration to the effects discussed in section 5, Fq. 1 has been
used to obtain the effective cross:'sections, Togs = T, + @RI, for the
different zircaloy 2 plates. From these cross sections, the resonance
integrals may be obtained, if T, is known. This guantity was calcula-
ted from the known composition of the zircaloy saniples. For the melt
from which our plates had been made, the manuwfacturer of the zircaloy
(Imperical Chemical Industries, Lid, England) (urnished the analysis

given in Tabel II.



Table II.

Chemical composition of the zircaloy 2.

Ele- Weight Ele-~
2) 1) 2
ment percent A% ment Ppm A ppm
Zr Al 60
Sn 1.42 10,03 cd < 0.2
Fe 0. 14 T 0. 005 G 100
+ +

Cr 0.09 £ o.005 Hf 65 s
Ni 0.04 to.002 Pb < 20

Mn < 15

N, 70

Si < 25

Ti 35

B 0.3 T o.05

Co < 10

Cu 60

B, 80

Mg < 10

Mo < 30

o, 1700

W < 20

v < 30

1) Parts per million (weight)

2) Uncertainty as given by the manufacturer
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The predominant contribution to the resulting thermal cross
section comes from zirconium. Unfortunately, there is some uncer-
tainty about what value to use for this mateyrial. The old value of
180 Ty mb given in BNL-325 Sec.ed. has iin Supplement No. 1 been
raised to 185 t 4 mb (9). The new reference is to pile oscillator work
at Harwell yielding a value of T, = 191 b 4 mb (14). However, this
value may be somewhat “igh for two rea<ons. Firstly. scattering
effects have been neglected, although measurements on graphite re-
ported in the relevant paper indicate that the effect is not quite negli-
gible. Secondly, the hafniwm content was not known to better than
"less than 100 ppm''. 100 ppm of hafnium corresponds to a cross
section of about 5 m b and the result could therefore be too high by
that amount. Instead of the value 185 t 4 mb recommended in the
BNL-325 Supplement we have therefore chosen a value of 183 T4mop
for the Zr 2200 m/s absorption cross section. The resulting cross
section for zircaloy 2 thereby becowmes 209 1 5 mb. This cross section
has been used for plate thicknesses less than 0.8 mm. For thicker
samples a minor correction for self screening must be applied. The
correction factor, n , was measured with the aid of very thin cepper
foils for the 6.4 mm thick plate {actually 8 plates 0. 8 mm thick) and
found to be 0.993, i.e. the effective 2200 m/s cross section was for
this thickness reduced to 0. 993 L

As m was close to unity even for the thickest sample, the
correction for other thicknesses was obtained by assuming a linear
variation of 41-n with thickness.

The results of the measurements are summarized in Table I
To obtain the values of the zirconium resonance integrals a correc-
tion for resonance absorption in hafnium, tin etc. must be performed.
With the aid of the chemical analysis of the alloy and cross sectional
data from (10) and (11) a value of 0.4165 b has been estimated for the
non-zirconium contribution to the measured resonance integrals,

The effective corss section in the reactor spectrum has been
prlotted as a function of plate thickness, 4, in Fig. 5, Fig. 6 gives
the zirconium resonance integral as a function of effective plate thick-
ness, deff . deff is the thickness of an infinite plate giving the same
surface to mass value, S/M, as the finite plates. This representation

is preferred when comparing the measured values with calculations.
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Table III.

e e wa

Effective cross section for zircaloy-2 and
resonance integrals for zirconium for

different plate thicknesses.

Plate Effective

thick - thickness Teff? mb RIb

nesses

mm
0.2 0.2 256 T 3.5 0.78 Y 0.42
0.4 0. 4 254 3.5 0.67 ¥ 0.12
0.8 0.8 250 T 3.5 0.67 Y 0.12
1.6 1.5 247 13 0.64 £ o.142
3.2 2.9 240 T 3 0.55 Y 0.12
6.4 5.3 239 1 3 0.47 Y 0.142

I R et Pt Sa i )

The standard deviation of the effective cross sections for the
different thicknesses is a combination of uncertainties in the mean
value of the pile oscillator signal (0.5 - 4 %) and in the conversion of
the oscillator signal into barns via the boron standard (about t 1 %).

The resonance integral values are obtained from the effec-
tive absorption cross section by first subtracting the thermal cross
section and contributions from scattering, moderation and nitrogen as
described above and then dividing by the factor «. The combined error
of the subtracted cross sections is about 5 mb., @ is known to within
T 3 %. Gombining all estimated errors results in a standard deviation

of about £ 0.12 b for the zirconium resonance integrals. The absolute

limits of error become almost equal for all dimensions,

P I I V=R Sy G peri Wil iy egy i mtgoligy e geipringiihg

A comparison between measured and calculated values is
greatly hindered by the lack of knowledge of detailed data of the zirco-

nium resonances. The only one, that has been at least partially re-
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91

solved is the 296 eV resonance in Zr’ . For this resonance the
values I = 4.2eV and I"Y = 0,25 eV are givern in (9). However, a
recent m=asurement by P.P. Singh at Chalk River (private communi-
cation through J. Harvey) has yielded the values Fn ~ (0,8 eV and

I" = 0,6 eV, The total width of the resonance therefore seems to be
about 1.4 eV but the division into I;l and FY is uncertiain.

The effective resonance integral for the 296 eV resonance has
been calculated by the method used for the cal-uvlation of elfective re-
sonance integrals for uranium and thorium rods. For either set of I
values the practical width of the resonance is about the same as the
maximum energy loss of a neutron scattered by the absorber atom
at resonance energy. The practical width is the energy interval in
which the resonance cross section is larger than the potential scatte-
ring cross section. Thus, neither the narrow resonance (NR) approxi-
mation nor the infinite mass (IM)} approximation (for the definition
and meaning of these expression , compare for instarce {15))can be
expected to be a good approximation for the present case. One may,
however, assume that calculations with the two different approxima-
tions will yield exireme values covering the true value. In Fig. 6, the
results of the calculations for the 296 ¢V resonance are given together
with the experimental points. The IM curves contain only the so
called surface term, i.e. the absorption of neutrons which enter the
plates with resonance energy. In reality, a small aniount should be
added for the contribution from neutrons slowed down into the reso-
nance through scattering with zirconium atoms. It has been omitted
because it is small. It may still be remarked that its inclusion in the
calculations would flatten the IM curves somexwhat 25 it ig ~elatively
more important for thick plates than for thin ones.

The effect of interference between resonance and potential
scattering has been omitted in the calculations. For the IM approxi-
mation this is unimportant. For the NR approximatione on the other
hand, the interference will increase the absorption and somewhat de-
crease the variation of RI as a function of d. No effect has been made
to estimate the magnitude of this latter effect as inclusion of interfe-
rence in the calculations leads to quite complicated exprassions.

Finally, it is evident from Fig. 6 that the 296 eV resonance
alone cannot be responsilie for the total 1esonance absovpiion in

zirconium. A contribution from resonances at higher encergies has to
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be added to the calculated curves. As generally self screening effects
become smaller with increasing energy, the high energy contribution
is less sensitive to the plate thickness d ., With these different effects
taken into account the apparent large difference in the relative varia-
tion of RI with d between, at least, the curves c and e and the ex-
perimental curve becomes smaller. The latter curve has been drawn
by eye through the experimental points. As most of the indicated limits
of error arises from uncertainties whici. affect all points in the same
way, the relative variation of RI with d is better known than what
could be assumed from the given errors. The ratio of RI for the
thinnest and thickest plates (0.2 and 6.4 mm) is 1.65 © 0. 25.

From the form of the calculated curves for small d values
a crude extrapolation of the experimental curve forwards zero plate
thickness may be attempted. A value of 0.85 T 0.45 b is in this way

obtained for the infinitely dilute zirconium resonance integral.

Table IV contains a summary of earlier measurements, which

are known to the authors.

Table IV,

Results from earlier measurements,

| i :

Zr

Reference Method . Sample i RI
1. Macklin & Fomerance (11), ? ‘ ? 3
2. Klimentov et al (16) | Pile period ? To.s
3, Dobrynin et al (17) | Beam expe- Disc, 22 2.3%0.5
¢ riment mm diam,
thickness
: ) 10 mm
4, Tattersall et al (10) . Pile oscil- ' Plate 1.8 0.60 ¥ 0.09
. lator ., mm thick
5. Feiner (18) ‘Pile oscil~ : 4 g Zr 0, > 0.5
;
glator ! enriched ,
! to 88 % in |
i 91

{
!
:
|
i
{
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In addition to the results in the table an unpublished measure-
ment at Chalk River has yielded a value of 0.59 b for a tube, outer
diam. 83 mim, thickness 4 mm (R.M. Pearce, private communication).
Our results agree well with this value and that of Tattersall et al.sbut
disagree far outside the limits of error with the first three in the
table. The source of the value quoted by Macklin and Pomerance is
not known and the value is probably quite inaccurate, The Russian
measurements, numbers 2 and 3 in the tehle, are well described in
the articles referred to and there are nc obvious reason to question
the results. A minor decrease from 3.6 to 3.3 b may be obtained for
number 2 by using the more up-to-date value of 2800 b for the hafnium
resonance integral instead of 1560 b used by Klimentov et al., However,
for such a low absorbing material as zirconium it is much easier to
construct an explanation for too high a value than for one too low,
Many impurities (I, Cd, Hf etc.), even in small concentrations, raise
the absorption appreciably, and if unknown cause crrancous integral
values, Too low values may be obtained if moderaiion efliects are un-
derestimated, but for a lattice with a reasonably high resonance
escape probability and low fast leakage factor such an error can never

be large.
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