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ABSTRACT

Measurements of the Doppler effect in U238 capture and U235 

fission have been made by means of the activation technique in three 

different neutron spectra in the fast critical assembly FRO. The 

experiments involved the irradiation of thin uranium metal foils 

or oxide disks, which were heated in a small oven located at the 

core centre. The measurements on U238 were extended to 1780 °K 

and on U235 to 1470 K. A core region surrounding the oven was 

homogenized in order to facilitate the interpretation of results. The 

reaction rates in the uranium samples were detected by gamma 

counting. .

The experimental method was checked with regard to systematic 

errors by irradiations in a thermal spectrum.

The data obtained for U238 capture were corrected for the effect 

of neutron collisions in the oven wall, and were extrapolated to zero 

sample thickness. In the softest spectrum (core 5) a Doppler effect 
(relative increase in capture rate) of 0.260 ± 0.01.8 was obtained on 

heating from 343 to 1780 K, and in the hardest spectrum (core 3) 

the corresponding value was 0.030 ± 0.003.

An appreciable Doppler effect in U235 fission was obtained only 

in the softest spectrum, in which the measured increase in fission 

rate on heating from 320 to 1470 °K was 0. 007 ± 0.003.

Printed and distributed in March 1968.
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1 . INTRODUCTION

Measurements of the Doppler effect in fast critical assemblies 

are usually made by means of a reactivity method, heating either a 

relatively small sample - pile oscillator method - or a large part of 

the core medium - Doppler loop experiment. A high precision has 

been obtained in several recent experiments of this kind, and par­

ticularly the pile oscillator method has been refined. The reactivity 

signal, however, will generally be affected by thermal expansion 

effects which tend to obscure the Doppler effect to some extent. Ex­

perience has shown that this problem can be serious with regard to 

measurements on fissile samples (U235, Pu239) in which the Doppler 

effect is very small. It is also believed that the effects of thermal 

expansion would be enhanced in a small system having a high neu­

tron leakage component such as the FRO critical assembly, because 

a scale-down of equipment would entail thermal insulation problems.

The activation Doppler experiment, in which the induced activi­

ties in a hot and a cold sample are compared after irradiation, re­

presents an alternative method. Here the mentioned kind of difficulty 

does not occur; furthermore, the experimental equipment involved 

is relatively inexpensive. These circumstances led us to adopt the 

activation method for Doppler studies in the FRO assembly. The theo­
retical background of the method was discussed by Storrer et al. [l 3 

in 1963 and was first applied in the MSCA facility by Pflasterer et al. in 

1964. A detailed paper has been given by Pflasterer in Ref. [2], It has 

later been applied in ZPR III by Davey and Amundson [3], in ZEBRA by 

M. j. Smith et al. [4] and in the blanket of the BR-1 reactor by Orlov 

et al. [5]. Activation Doppler measurements have also been made by 

Perkin et al. [6], using a Sb-Be photo neutron source, and by Seufert 

and Stegemann, who, by means of a si owing-down time spectrometer, 

obtained energy dependent Doppler effect data [?3.
It should be pointed out that the information gained from the acti­

vations is somewhat different from that obtained by reactivity measure­

ments. In the former case very small heated samples (foils) can be used.
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This is an experimental advantage, because the amount of spectrum 

distorting materials can be kept small. The spectrum in the hot 

sample is primarily determined by the cold reactor core material,

i. e. a resonance integral of the form •

I(T) *
Z

CT= M-qfr dE
t O

is involved. (T is the hot sample temperature and Tq is the cold 

reactor core temperature .) In the reactivity measurement, on the 

other hand, the sample is necessarily comparatively large and sets 

up its own spectrum, i. e. the Doppler effect is due mainly to the 

temperature dependence of a resonance integral of the form

2
I(T) = J ac (TdE

In the case of a fissile sample (U235, Pu239) another difference is 

that in the activation measurement only the Doppler effect on the 

fission cross section is measured (fission product gammas being 

detected), whereas in the reactivity measurement the signal gives 

the net effect of a positive fission and a negative capture component.

For these reasons it is thought that the two methods complement 

each other.

In the present work measurements were made on U238 and U235 

in FRO assemblies with different neutron spectra. The temperature 
range was extended to 1470 °K for U235 and 1780 °K for U238, thus 

bringing the measurements to temperatures characteristic of power 

reactor fuels. In this paper the experimental methods and results 

will be presented; a comparison with theoretical results will be given 

in a second paper. The experiments have previously been described, 

in part, at the I. A. E. A.. Symposium on Fast Reactor Physics and Re­

lated Safety Problems, Oct. 30 - Nov. 3, 1 967 [si. A description of 
the FRO reactor is given elsewhere [9].
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2. SCOPE OF PRESENT WORK

Measurements of the Doppler effect have been made in cores 

3, 5 and 8 of FRO, having core centre neutron spectra plotted in 

Figure 1 . The softest of these (core 5) is broadly similar to that 

of a steam cooled fast power reactor, and the hardest one (core 3) 

is not too different from that of a voided Na-cooled reactor. All 

three cores are fuelled with uranium metal, enriched to 20 % U235. 

They are diluted with graphite to 29. 2 % by volume. In addition 

cores 8 and 5 contain 1.9 and 7. 5 % of polythene, (CH^i respectively. 

The atomic compositions and critical masses are given in Table 1 .

All cores are surrounded by a thick copper reflector.

Table 1

Core
No.

22 3Atomic densities, 1 0 at/cm Crit. mass 
kg U235

U235 U238 Cl 2 HI SS* A1 27

3 0. 568 2. 234 2. 47 - 0. 55 - 111.1

5 0. 498 1.963 2. 77 0. 604 0. 55 - 78. 7

8 0. 498 1.963 2. 55 0. 1 51 0. 55 0. 34 1 1 2‘**

* Fe: 0.41 , Ni: 0.048, Cr: 0. 096x1 022 at/cm3

Uncorrected value

The measured quantities were the changes in the U238 capture 

and the U235 fission rates with temperature. A thin sample containing 

either of these materials was heated in a small oven located in a homo­

genized region at the core centre. A similar sample was located out­

side the oven for monitoring purposes. The reaction rates were mea­

sured by detecting the induced Y-activity using Nal crystals. The ir­

radiation arrangements, counting techniques and measurement errors 

are discussed in Sections 5, 6 and 7 respectively.
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Two different ovens were used, one for the heating of uranium 
metal foils to 900 °K and one for UO^ disks up to 1800 °K. The ovens 

are described in Section 3. In the case of U235 the temperature was 
limited to 1 500 °K, because of the problem of leakage of volatile fis­

sion products from the plate surface at higher temperatures. Since 

gross fission product "Y - ray counting was employed, leakage of fission 

products during irradiation would introduce a systematic error.

The method was checked by irradiations in a thermal spectrum, in 

which there is no Doppler effect. These experiments confirmed that 

no significant systematic errors were made. This is further dealt 

with in Section 7.2.

In the fast spectrum irradiations the effects of several short­

comings in the experimental set-up were investigated. The effects 

are represented by the following titles:

- Heterogeneity of core composition '

- Effect of collisions in the oven wall

- Finite sample thickness.

3. CONSTRUCTION OF OVENS

Figures 2 and 3 show the ovens used for heating to 900 °K and 

1 800 °K, respectively. The former is heated by a thermocoax re­

sistance wire, which is embedded in a steel structure. The dissipated 

heat is transferred by conduction to a foil holder made of aluminium.

The foil holder and heating element are surrounded by a thin heat shield. 

The oven wall is made of aluminium 0. 5 mm thick. The hot joints of 

chromel-alumel thermocouples are located in the foil holder on each 

side of the foil. This arrangement makes it possible to determine the 
foil temperature to ± 1 0 °K or better. A power of about 8 W is needed 

to heat the foil to 900 °K. The uranium metal foil is 13.5 or 15.0 mm 

in diameter and 0. 050 or 0. 062 mm thick. The foil has a central 2 mm 

diameter hole which facilitates an accurate alignment in the oven and 

in the sample holder for counting.
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The high temperature oven, shown in Figure 3, employs a tanta­

lum wire for heating. The wire is wound around pins of alumina which 

are supported by molybdenum wires passing through the alumina pins

and welded to a thin Mo structure. The samples consist of 0. 3 mm
2

thick U02 disks, 12x12 mm in area. The UO^ disk is located between 

the two sections of the heating wire and passes into grooves in the alumina 

pins. In this oven the heat is transferred to the sample by radiation. 

Molybdenum shields surround the wire and sample. Another two thin 

reflectors are inserted between the heater and the wall of the oven.

In initial measurements a steel casing was used, which had longitudi­

nal fins for cooling. After overall reliability had been established it 

was replaced by an aluminium casing in order to reduce wall effects. 

Thermocouples are located in the structure supporting the heating 

element. The temperature of the UO^ disk is calibrated out-of-pile 
and can be determined with an accuracy of ± 25 °K at a temperature 

of 1 800 °K. A power of about 70 W is needed to heat the sample to 

1 800 °K.

In both ovens the casing (diameter 2.9 cm, length 8. 0 cm) is 

pushed over a sealing rubber gasket onto the end wall flange. The 

heating element and supporting structure are fastened to the end wall 

which contains inlets for power, thermocouples and the evacuation 

tube. These feed lines and those used for cooling gas pass through 

the core and top reflector of the reactor and occupy a space 7. 1 x 1 4. 2 mm
_ 3

in section. The evacuation system provides a vacuum of £ 1 0 mm Hg. 

This is sufficient to prevent oxidation of the samples and loss of heat.

During irradiation in the reactor, a flow of nitrogen is main­

tained around the oven in order to limit the surface temperature to 
less than 370 °K in a run at 1 800 °K sample temperature. The nitro­

gen also provides an inert atmosphere, which should be advantageous 

in the case of a rupture of the oven.

Since the heating wire material, tantalum, has strong resonances, 

wires of less neutron absorbing materials (Mo, Zircalloy II) were 

tried. Only the tantalum wire, however, exhibits an acceptable life.

The other materials become extremely brittle due to grain growth.
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Therefore tantalum wires of different section areas (0. 03 and 0. 07 mm ) 

were used; no effect of interaction with this material was observed.

4. URANIUM METAL AND OXIDE SAMPLES

The uranium metal foils were punched from 0. 05 or 0. 062 mm 

sheets. The loose oxide layer (U^Qg) was removed by dipping the 

foils in nitric acid. The thin UO^ layer then formed was quite stable 

and deteriorated only very slowly.

The UOg disks were made from micronized UO^ powder with 
a carbon content less than 70 ppm. On sintering at 21 00 °K the result­

ing samples had densities of 9. 5-1 0. 5 g/cm which was sufficient for 

a practically complete retention of fission products at temperatures up 
to 1470 °K. The sintered disks were ground to the correct dimensions 

(l 2 x 1 2 x 0. 3 mm). In order to study variations in the Doppler effect 

with uranium thickness, some of the UO^ was mixed with alumina (50 % 

by weight) or molybdenum (75 % by weight). The mixtures were sintered 

in the same way as the pure UO„ disks. The UO -containing samplesO L, L
could be heated to 1 800 K in about 30 min. without any risk of frac­

ture.

The material used for U238 (n, y) measurements was depleted 

to 0. 2 or 0. 4 % U235, and that for U235 (n, f) was enriched to 93 %.

5. IRRADIATION ARRANGEMENTS

Figure 4 shows the positioning of the oven in the central fuel 

element. The surrounding uranium, graphite and polythene plates 

were arranged in a heterogeneous pattern. The typical uranium and 

graphite plate thickness was 3. 55 or 7. 1 0 mm. The heterogeneity 

of composition introduced a source of systematic uncertainty. After 

initial measurements in core 5 the core region around the oven was 

therefore made more homogeneous. The uranium and graphite plates 

in the homogenized zone were 0. 6 mm thick and the polythene plates 

0. 1 mm thick. The lattice average heterogeneity effect associated 

with a certain fuel plate thickness can be estimated by using a Dancoff 
corrected a^-value for the resonance absorber [l 0] , based on equi­

valence theory, as shown in Appendix I. The following values were 
obtained in a typical case (U238(n,Y), core 5)^:

1)
The potential scattering cross section of U238 is not included.
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a ^(homogeneous) * 1 9* 2 b

a^(£uel *s 0. 06 cm) * 1 8. 4 b 

a^(fuel s 0. 71 cm) * 1 5. 4 b

These estimates can be used in calculations to give the effect of 

heterogeneity, although local effects cannot be obtained, of course. 

The irradiation arrangement with the homogenized zone is shown 

in Figure 5. The zone had an average thickness of about 2. 8 cm, 

corresponding to 1.6-1 . 7 scattering mean free paths in the reso­

nance region. Most of the neutrons (~ 80 %) absorbed by the sample 

therefore made their last collision in the homogenized zone.

Each experiment included two irradiations, one hot and one 

cold. In the counting of gamma activities following each irradiation 

the activation ratio of the in-oven sample and the monitoring sample 

(located on the end wall of the oven, cf Figure 3) was determined. De­

noting this ratio by R, e. g. :

R * Specific U238(n,y)-activity in sample inside oven
Specific U2 3 8(n, Y) - activity in sample outside oven

one obtains for the Doppler effect, D

0)

As a check of reproducibility copper foils were fastened on the end 

wall and on the casing at the level of the uranium sample inside the
oven. In initial experiments at 870 °K copper foils were also placed

adjacent to the uranium sample inside the oven for flux monitoring.

But the activation rate in copper proved to be temperature-dependent, 

due to Doppler broadening. Later, in the case of U238, the U238(n, f) 

reaction in the Doppler samples was used as a complementary flux 

monitor. This could be done because the contribution from the U235(n,f) 

reaction is less than 1 0 %, and the Doppler effect for the latter re­
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action is very small (cf Section 8). It was not found, however, that 

normalization to the appropriate Cu(n, y) or U238(n,f) activities 

significantly improved the reproducibility of D (cf Section 8). Never­

theless, the copper foils were included in most measurements, be­

cause it was thought that a large error in positioning of the oven might 

be reflected in the copper activation ratio. Most of the irradiations 

were made at a reactor power of 40 Watts and lasted for 20 min.

6. GAMMA ACTIVITY COUNTING

A layout of the y-counting station is shown in Figure 6. It is

assembled from commercial units mainly. The detectors consist 

of two Nal crystals which are 3 in. in diameter and 1 in. thick. Most 

of the electronics is transistorized and very stable. The equipment 

is installed in a temperature-stabilized room. An automatic sample 

changer is included in the arrangement, its operation being controlled 

by the SAMSES unit, which, after each completed counting interval, 

causes the relevant information to be punched onto the output tape.

The data are processed by a code which performs all the necessary 

corrections and calculates the activation ratios together with a statis­

tical analysis of the data. The errors in determining the activation ratio 

of two samples by means of this equipment were examined. Since only 

relative measurements were involved, the electronics' drift could be 

effectively eliminated, and it was found that the lack of reproducibility 

in the count rate ratio not due to the statistics of radioactive decay 

was less than 0. 03 %. Furthermore, pairs of foils which were believed 

to be identical, except for an accurately determined small difference 

in weight, were compared. The corrected count rate ratios of such 

pairs (U235, U238 and Cu samples), excluding diluted UO^ samples 

(cf below), deviated in no case by more than 0.10% from the expected 

values. A detailed account of counting techniques is given elsewhere

In the case of the U238(n, y) reaction the 2. 3 days decay of 

Np239 was detected in a ~ 40 keV window around the main 1 06 keV 

peak. An activity contribution from fission products of 5 to 1 0 per cent



was present in this energy interval, however. The correction was 

obtained in complementary measurements by means of a y-Y co­

incidence detector station [l 2\ in which the fission product contri­

bution is suppressed to (l . 0±0. 5) % in the considered applications. 

This manner of counting was used only in a few runs on each core 

since the low coincidence count rate necessitates a very long counting 

period (2 days) to yield an accuracy of about 0. 3 %. Coincidence 

counting was also necessary for the UO^-Mo disks in which the Tc99 

deexcitation Y at 1 40 keV otherwise contaminates the Np239 activity.

In the case of the U235(n,f) and U238(n, f) reactions integral 

counting of fission product gamma was employed. The count rate 

N(t) was fitted to a function of the type

N(t) » or N(t) * A * t ^

over evaluation intervals during which N(t) did not change more 

than, say, a factor of two.

When using the U238(n,f) reaction for flux monitoring the 

strong Np239 activity must be prevented from disturbing the 

fission product counting. This was done by choosing a discrimina­

tion level corresponding to 660 keV, above which energy there is 

no Np239 Y-activity [l 2\ .

7. ANALYSIS OF ERRORS 

7. 1 Random errors

Estimates of random errors were obtained by repeating the 

measurements. The estimated standard error in a single measure­
ment of R(hot)/R(cold) is ± 0. 3 %. The errors in counting and ef­

fective sample weights correspond to an uncertainty of about 0. 1 5 %. 

This includes the small error due to differences in sample thickness 

giving different Y-ray self-absorption effects, which was corrected 

for using empirical absorption coefficients (deduced from irradiations 

in a thermal spectrum). A large part of the total random error must 

therefore be attributed to other sources.



Intercalibration of samples was obtained by means of irradiation 

on a rotating drum in a thermal spectrum, hence differences in re­

sonance self-shielding due to small variations in sample thickness 

could not be discovered. In the case of the UO^-Al^O^ and UO^-Mo 

disks segregation of the UO^ and diluent yields a similar effect. In 

fact, initial measurements using the latter type of sample yielded 

large discrepancies which were attributed to segregation. This diffi­

culty was overcome by using the same disks in the hot and cold runs, 

which had then to be separated in time by about 1 month for the Y-acti­

vity to decay. In complementary measurements the same procedure 

was also used with the n on - dilute d samples (U metal and pure UO^), 

but not to such an extent as to prove that a reduced standard error 

was achieved. It should be pointed out that, because of the strong re­

sonance shielding in the fast cores, the specific activation rate does 

not depend strongly on sample thickness. It is estimated from cal­

culations that a thickness difference of 1 %, which is typical of the 

samples used, yields an activation difference of less than 0. 1 %.

The major part of the random error, i. e. about 0. 2 %, is there­

fore attributed to a lack of reproducibility of the samples in the oven 

and on the casing and of the oven in the reactor. There may also be 

a contribution from slight variations in the positioning of the innermost 

heat reflector. It is believed that an improvement of reproducibility 

would be possible using a more rigid structure in and around the oven, 

but such an arrangement would be weighty and therefore accompanied 

by a distortion of the neutron spectrum, giving a much more serious 

systematic effect

When coincidence counting was employed the count rate ratios 

were generally determined with ± 0. 3 % accuracy. The corresponding 

estimated standard error in R(hot)/R(cold) is then increased to ± 0. 5 %.

7. 2 Systematic effects

Thermal irradiations

In order to discover systematic errors a series of irradiations 

was carried out in a thermal neutron spectrum in which there is no 

Doppler effect. In these measurements a possible effect due to the axial



-13-

thermal expansion or lateral movement of the sample holder inside 

the oven should be discovered. The particular effect looked for in 

the case of U235 was leakage ("boiloff') of fission products from 

the heated sample. Information about diffusion properties of fission 
products in uranium metal [l 3] and oxide [l 4] indicates that no ap­

preciable leakage would occur at the considered temperatures, but 

experimental proof was necessary.

Two identical ovens (one hot, one cold) were irradiated adjacent 

to one another in a horizontal channel of the thermal column of the R2-0 

research reactor. Thin foils of copper or tungsten were used for flux 

monitoring. The irradiation and analysing procedures were similar 

to those of the fast spectrum runs. The following results were obtained:

Irradiation R(hot) ,
R(cold)

U238 oxide, 1 370-1 670 °K -0.001 ± 0.002*

U235 metal, 870 °K

U235 metal, 1 070 ®K

U235 oxide, 1470 °K

-0. 001 0 ± 0. 001 4*

-0. 01 3 ±0. 003

-0.001 ± 0.003*

*
Errors based on observed variations in repeated measurements.

The measurements on U238 confirm, within a limit of error of 0. 2 % , 

that there is no effect of heating other than the Doppler effect.

In the case of U235 there is a very large flux depression inside the 

sample which depends on the uranium density and thus is affected by 

thermal expansion. The U235 metal foils were therefore interspaced 

with copper monitoring foils to make up a sandwich of two 0. 062 mm 

U-foils and three 0. 05 mm Cu-foils (plus fission product stopping 

foils). It was then possible to account for the change in flux depression. 

The UO,, disks (0. 3 mm) were too thick to allow a similar arrange­
ment in the 1 470° runs. The value of R(hot)/R(cold) - 1 actually mea­

sured in this case was 0. 008 ± 0. 003. According to a theoretical esti­
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mate, derived in Appendix II, the reduced flux depression in the heated 

sample yields a value of 0. 009. The result quoted in the preceding 

table, -0.001 ± 0. 003, is the difference of these two numbers. Conse­

quently, there is no significant systematic effect in the first and last 
U235 measurements. In the case of U-metal heated to 1 070 °K, on 

the other hand, there is a considerable reduction in activity on heating, 

which is attributed to the leakage of fission products.

Effect of self-absorption of gamma activity in the samples

As a result of resonance shielding in the thin samples the Np239 

(or fission product) activity is depressed at the centre of the sample. 

Doppler broadening of the resonances will make the depression some­

what weaker at high temperature. Now in the presence of Y~ray self­
absorption in the samples, as suggested by Pflasterer [2], this could 

lead to a relative underestimate of the activity from the hot sample and 

thus to a systematic underestimate of the Doppler effect. A simple 

calculation, however, indicates that the effect is entirely negligible 

for realistic values of the relevant parameters. Experimental con­

firmation was obtained from measurements with sandwiches consisting 

of four U238 metal foils. The Doppler effects derived from measure­

ments on the inner pair and the outer pair of foils were in good agree- , 

ment.

7. 3 Temperature measurements

The temperatures of the hot and cold samples were measured 

with thermocouples as briefly described in Section 3. These mea­

surements were straightforward and the uncertainties involved are 

less significant than those of the gamma activity measurements.

The location of the "cold" sample on the end wall of the oven 

was chosen because it could be accurately reproduced. The tempera­
ture in this position was in the range 308-345 °K in the various hot 

runs. This should be remembered when comparing the results with 
theory, since cross section data are usually given at 300 °K.

In the results to follow quoted temperature values below 900 °K 

have an estimated maximum uncertainty of ± 1 0 °K and above 900°K 

± 25 °K.
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7. 4 Homogeneity of environment

In the measurements reported by Davey and Amundson [3] 

the measured Doppler effect in U238 samples was found to be sen­

sitive to the orientation of the fuel and diluent plates in the core 

region. Although the region with thin plates around the oven in the 

present experiments should be almost homogeneous - as indicated 

by the -values given in Section 5 - experimental confirmation of 

this assumption was judged to be essential. Heterogeneity effects 

were studied in the softest spectrum - core 5 - by comparing re­

sults from the first set of measurements with 3. 55-7. 1 0 mm uranium 

plates (Figure 4) with those of the later runs with 0. 6 mm plates.

In the latter case an additional test was made by surrounding the oven 

on all sides with 0. 6 or 7. 1 mm uranium plates. In the normal ar­

rangement there is a uranium plate on one side of the oven and a 

graphite or polythene plate on the opposite side. The following re­

sults were obtained for the Doppler effect in U238:

Tempe rature 
range

Plate arrangement 
in core

D
(uncorrected)

308- 873 °K 0. 6 mm U plates
3. 55/7. 1 0 mm U plates

0. 11 8 ± 0. 003
0.1 06 ± 0. 005

343-1 780 °K Normal arrangement
0. 6 mm U plates all sides
7. 1 mm U plates all sides

0. 1 85 ± 0. 003
0.1 85 ± 0. 003
0. 1 58 ± 0. 003

These values show clearly that the effect of heterogeneity in the normal 

"homogeneous" arrangement is insignificant in the softest neutron spectrum. 

The same conclusion will hold in the harder spectra also, in which fine 

structure is less pronounced.

8, RESULTS AND DISCUSSION

The immediate experimental results are sets of values of the 

Doppler effect, D, given as a function of the wall thickness of the oven 

(Figure 7), sample thickness (Figure 8) or temperaure (Figures 9 and
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10). In order to obtain quantities which can be more easily compared 

with theoretical results, however, the extrapolation of the measured 

values to zero sample thickness and zero wall thickness of the oven 

will be considered.

8. 1 Extrapolation to zero wall thickness and zero sample thickness

Figure 7 illustrates the effect of variations in the wall thickness

of the casing of the oven. The effect was studied by inserting steel

plates between the oven and the surrounding core region. The abscissa

is the effective collision probability, P1ir, of the wall. Values of P
W w

were computed using the Wigner approximation

p a
W l+2St

(t = effective wall thickness; 2 * macroscopic cross section of wall 

material).
A more accurate expression, derived by Reynolds [l 6], yields 

slightly (~ 1 0 %) lower values of P in the'interval 0 < 22t <0.5 but 

the simpler formula, Eq. (2), was preferred in view of the uncertain­

ties involved. The estimated error in P is shown by the horizontal 

bars in Figure 7. It is composed of a constant part arising from the 

contribution to the reaction rate by neutrons passing through the end 

walls and supporting structure inside the oven and a variable part, 

taken as ± 0.1 *P^, which reflects the error in using Eq. (2) and which 

dominates at large values of P^..

In the first presentation of the results [8] values of D for zero 

wall thickness were estimated by linear extrapolation. This procedure, 

however, is not generally adequate, as shown by the following analysis.

The effective resonance capture integral of a U238 sample (or 

fission integral of a U235 sample) can be written as follows:

MT) = (pw + ^Pi} * VT) + " pw> * inM

110 (T) =KiM
1 + tZtl(T)

dE

(3)

(4)

V?) = j\iM—T "P3

1 + ^(T) Z^(TJ
dE (5)
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These formulae were obtained by simple rearrangement of 
the expressions due to Reynolds [l 6l The notation is:

PW *

t

a cl

2 . 
Pi

T

T =o

i = 1

i se 3

Probability that a neutron leaving the foil makes 

its next collision in the oven wall

mean chord length of sample

microscopic resonance cross section (capture, fission) 

of sample material

macroscopic scattering cross section in region i 

macroscopic total cross section in region i 

sample temperature '

reactor temperature (constant) 

denotes the sample

denotes the surrounding core region.

The first term on the right-hand side of Eq. (3) gives the con­

tribution from neutrons which suffered their last collision in the sample 

or in the oven wall. With P^y. k 1 this term equals the effective resonance 

integral of the sample in a purely moderating medium. The moderating 

medium is here the oven wall. It is therefore intuitively reasonable that 

the weight of this integral is reduced by a factor (P^. + j) / (1 + j).

The second term is the contribution from neutrons which made their last 

collision in the homogeneous fuel; the factor Z^ / Z^ in 1^ can be 

regarded as a Dancoff factor, giving the shielding effect of the resonance 

absorber present in the fuel.

Eq. (3) is now used to derive an expression for the measured 

quantity D in terms of the temperature dependence of I ^ and 1^. De­

note

I„(T>

IiptT)

IlO<To> 1 = Ds((Jb)



18 -

hiVJ = fK>

( z + s )

is the equivalent background cross section and is used instead of t 

in order to correlate measurements on uranium metal and oxide samples 

(including UO^-Al^O^ and UO^-Mo). Ny is the uranium atomic density 

and 2 is the total cross section of the other isotopes in the sample (Al, 

Mo, O). For simplicity the temperature dependence of and Dg is not 

shown explicitly in the above notation.

(P~\y ^pj)Iio(T) + (1 " PW)IU(T)

(PW + ^pl^lO^o^ + ^ " PW^Ill^To^

From Eq. (3) one now obtains

1 + D =
Rfhotj _ .I1(T) _

R(cold) MTo>

which can be rewritten as follows:

D = f,(PW + ^pl)‘ Ds + ^ ' PW>‘ Dx

f' (P W + ^pl^ + 1 ■ Pw

or
f * (PW + ^2pi) (D - D )

D = D + --------------------~-----------------—

(6)

(7)

The value of D obtained when P... -+ 0 and ct, -♦«>(<£,-♦ 0) is D (a, = »), whichW b x b '
will be denoted D . It is the Doppler increment of I., given by Eq. (5) with _ x 11
1 = 0:

In(f- = 0) = :1<T)
%p3

)
•dE (8)

This resonance integral is more tractable to calculation than the general 

expression for Iy at finite sample thickness. D” is therefore the quantity 

to be deduced from the experiments. The procedure adoped for this pur -
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pose was the following. First, values of at different cr^ were deter­

mined from the measured data by use of Eq. (7). Then D” was obtained 

by extrapolation.

As regards the first step it is noted that 1^ and I^(Tq) can be 

calculated by standard methods, the latter by partial fraction expansion 

of the integrand [17]. Hence the quantity f can be readily computed.

The same is true for Dg, the Doppler effect associated with neutrons 

which made their last collision in the oven wall or in the sample. The 

curves shown in Figure 7 are plots of D using Eq. (6), in which Dg and 

f were theoretical estimates and was obtained by least squares fits 

to the measured points. Eq. (7) indicates that, when the factor (P^. + IZ ) 

is small, only rough estimates of f and Dg are required to obtain an 

accurate value of D^. On the other hand, the correction increases on de­

creasing sample thickness. This is explained by the fact that f assumes 

large values for thin samples, particularly in soft neutron spectra, while 

Dg tends to zero in the limit £ = 0.

Table 2 gives the fitted values of for U238 in the different cores. 

The calculated values of Dg and f-1 (f ^ 1, cf Eq. (4) and (5)) were con­

servatively assumed to be uncertain to ± 50 %. The corresponding inac­

curacy in Dx was 2-6 % in the different cases. It is included in the error 

margins quoted in the table together with the uncertainties due to errors 

in Pw and the experimental D-values. A large part of the error is common 

to all values of in a given temperture range and core.

Table 2;

Core No. Temperature
range

a^, barns Dx(o^) for U238

750 0.226 ± 0.013
343 - 1780 °K 2000 0. 247 ± 0. 014

3200 0. 253 ± 0.017
D

308 - 873 °K 550 0.120 ± 0.007

2200 0. 143 ± 0. 009

8 345 - 1750 °K 750 0. 085 ± 0. 005 .

2000 0.093 ± 0.005

3 325 - 1780 °K 750 0.026 ± 0.002
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Next, the extrapolation of to zero sample thickness (ct^ = oo) 

will be dealt with. For the thin samples considered, resonance self­

shielding is very weak compared with the shielding caused by the uranium 

in the surrounding fuel region. The dependence of 1^ and on sample 

thickness is therefore assumed to be weak enough to permit a linear 

extrapolation to £ = 0 i. e. a linear extrapolation in • Investigations

of the dependence of D on a, were made on U238 in cores 5 and 8. In r x b
all cases the data could be fitted to the relation

W (1 105 ± 20 (9)

in the region er^ > 500 barns, ■

The values of D“ obtained by extrapolation are given in Table 3 below.

The results, which will be discussed further in the following paragraph, 

can be used for a comparison with theoretical calculations.

The measured data and the resulting values of D are plotted in
2 ^

Figure 8 as a function of sample thickness (g/cm ) and equivalent back­

ground cross section. The error margins on Dx are not shown in the 

figure. By inserting Eq. (9) with the estimated value of D” into Eq. (6) 

a formula for D as a function of t and P^. is obtained. The dashed 

curves drawn in conjunction with the measured points were constructed 

according to this formula. While a linear extrapolation to i, = 0 is reasonable 

when the oven wall is very thin (P^. « 1) it may yield false results for 

thicker oven walls, particularly in a soft neutron spectrum. The slope 

of the curves near zero sample thickness is due to the simultaneous de­

crease in D and increase in f. s
It is concluded that the extrapolations for oven wall and sample size 

must be made with caution in soft neutron spectra, in which the non- 

shielded resonance integral 1^ is large, but the shielded integral 1^ may 

be small. In this situation neutrons which have collided in the oven wall 

receive a large weighting factor (f) in the measured Doppler effect.

No correction to zero wall and sample thickness is warranted for 

the small Doppler effect in U235 fission for which the random errors 

dominate.
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Table 3: Activation Doppler effect in U238 capture

Core No. Temperature
range

Doppler effect
DxK =

5
343 - 1780 °K 0.260 ± 0.018
308 - 873 °K 0. 151 ±0.011

8 345 - 1750 °K 0.098 ± 0.006
3 ^ 325 - 1780 °K 0.030 ± 0.003

Table 4; Activation Doppler effect in U235 fission

Core No. Temperature
range

Doppler effect,
D

5
308- 873 °K 

320-1 470 °K
0. 004 ± 0. 002

0. 007 ±0. 003

8 325-1470 °K 0. 000 ± 0. 002

8. 2 Final results

The final results are given in Tables 3 and 4 and Figures 9-11. The 

errors quoted in the tables are the estimated standard deviations including 

random errors and uncertainties in extrapolations as discussed in the pre­

ceding paragraph.

Since the Doppler coefficient is expected to vary approximately as

T in fast reactor spectra, it is convenient to use the quantity log sr- as 
, , . ^ o

abscissa in a diagram of the Doppler effect versus temperature. A straight
line in the diagram then represents a T_1 behaviour of the Doppler coefficient;

a positive second derivative indicates a T 01 dependence with o' < 1, and a

negative second derivative corresponds to or > 1. The results are presented

in this manner in Figures 9 (U238 capture) and 10 (U235 fission). The

temperature dependence of the Doppler effect was studied only in the case

of U238 and in the softest spectrum. Figure 9 indicates that the o-value is

slightly smaller than 1; the value estimated by at least squares fit is

a = 0.80 ± 0. 13.
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The results for U235 are illustrated in Figure 10. The Doppler effect in 

in U235 fission is very small in comparison with that in U238 capture. In 

the harder spectrum of core 8 the U235 Doppler effect is equal to zero 

within the experimental uncertainty of 0.2 %. In the still harder spectrum 

of core 3 the measurements were therefore limited to U238. •

The dependence of the Doppler effect in U238 on the neutron spectrum 

is illustrated qualitatively in Figure 11, in which the Doppler effect is 

plotted versus the calculated number of U238 captures below 9. 1 keV in the 

three assemblies. The Doppler effect is roughly proportional to this number 

in the studied cores.
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APPENDIX I

Estimate of background cross section (o^) 

in resonance cross section calculations.

In a homogeneous medium the o^-value associated with re­

sonance shielding in an absorber R, is defined here as

ab(Homogen.) s —
R
I
LijsR

N. a.
1 1

The NXs are atomic densities of the isotopes of the medium, and c. 

is the total non-re sonant cross section of isotope i.

The CT^-concept can be extended to a heterogeneous medium 
by the use of equivalence theory. The expression obtained from Ref. [l 0] 

is:

'fuel'
1
NR

l

ifR

N. a. +i i
0)

NR
l 1 + (a-1 )C

It is assumed here that R is a constituent of a fuel pin or plate. The 

sum on the right side of this expression is to be taken over isotopes 

in the fuel only.

0) s fuel volume fraction 

£ * mean chord length of fuel lump

a s Bell factor 

C s Dancoff factor

In a regular slab lattice with fuel plate thickness t s ^ 1 and lattice con­
stant d « — one obtains C1 5H:

0)

C a 2E^(x)

x s d • ) N. a. s d ‘ N„ cLi ii R ex
i^ fuel



Appendix I

e3(x) = P ■ST3~ dt 
1 1

For small values of x E^(x) can be expanded in Taylor series:

1 2 3 3
E^(x) s 2" - x 2— ( ~2 ~ Y - lnx) + + . . .

(Y = Euler’s constant s 0. 57721 . . .)

In this case o^ can be approximated by:

<T, - o (Homogen.) - o * x [0.46l lnx - 2^a~--^ 3 + . . .
b bx 6 ' ex 2 a

The above formulae have been used to estimate a, -values for the caseb
of R = U238 in FRO core 5, using a s 1.35 and the following approxi­

mate data:

Isotope a., barns 
i

U238 -

U235 20

Cl 2 4

HI . 20

SS 8

obtains:

o^(Homogen.) * 1 9. 2 b

ob(t = 0.06, d = 0.13 cm) * 1 8.4 b

o^(t s 0.71, d = 1.16 cm) a 1 5. 4 b



APPENDIX II

Estimate of the change in flux depression

in a U235 disk due to thermal expansion.

The ratio of the mean value of the neutron flux in a thin foil and 

the flux at the foil surface is given by the formula (ANL-5800, 2:nd 

Ed. (1963), p. 669)

g(t)=7 [|-e3(t)]

T = Sat

E3 W

CO

1

dx

Ea = macroscopic absorption cross section of foil material 

t = foil thickness

Two U235 foils are compared, each of which is irradiated in a cavity 
(oven), one at room temperature (293 °K) and one at an elevated temp­

erature (1473 °K). One can assume that the flux at the foil surfaces 

is equal. The activation ratio R(hot)/R(cold) is then

RfHot) = G T t(1473°) 1 
R(c0ld) G[t(293°)]

or , for a small change 

Rfhot) AG(t)
5|coIdj - 1 ="GW 

AGW = d?--dT ' iT

where AT is the temperature change.

One obtains, since t is inversely proportional to the foil area, S:

AC(t) = " t • * ( §■ ff) * AT
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1 dS 
S dT = 2 a, a being the linear thermal expansion coefficient.

The following data are valid for our 0. 3 mm U235 oxide disks (93 % U235)

m = 0. 45 g (foil weight)

S = 1. 44 cm^

ct = 614 barns
a

t = 0.403

G = 0.610

(j"~) = -0.550
0.4

The linear expansion cyAT is given by the following formula, which was 

obtained for UO^ manufactured by a procedure similar to that of our 

samples (J. B. Conway et al.: The Thermal Expansion and Heat Capa­
city of UC>2 to 2200 °C, Trans. Am. Nucl. Soc. b, 153 (1963)):-

q-AT(%) = 1. 732x10"2+6. 797xl0~4T+2. 896x10~7T2

in the temperature range T = 1000° to 2000 °C. With T = 1200 °C the 

numerical value is tyAT = 0. 0125.

One then obtains

R(hot)
R(cold) 1 =0.0091

This value has been used to correct for the effect of thermal expansion 

in Section 7. 2.
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