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The temperature coefficient of the

resonance integral for uranium metal and oxide

P. Blomberg, R Hellstrand and S. Hörner

Summary:

The temperature coefficient of the resonance integral in uranium

metal and oxide has been measured over a wide temperature range for

rods with three different diameters. The results for metal agree with

most earlier results from activation measurements but differ as much

as a factor of two from results obtained with reactivity methods. For

oxide only one measurement has been reported recently. Our value is

considerably lower than the result of that measurement.

The experiments will continue in order to find the reason for

the large discrepancy mentioned above.
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The temperature coefficient of the resonance integral

for uranium metal and oxide.

P. Blomberg, E. Hellstrand, S. Homer

1. Introduction.

It is well known that the Doppler broadening of the resonances
O o Q

in U increases the effective resonance absorption in uranium lumps.

This effect acts as a prompt negative temperature coefficient in a reac-

tor fuelled with natural or slightly enriched uranium and its contribution

to the stability of a reactor is at least for some reactor types of great

importance.

Several measurements of the temperature coefficient of the

resonance integral have been performed in the past. The well known
1)

measurements on resonance absorption by Creutz et al. included stu-

dies of the temperature dependence in uranium oxide (UO?). Contrary

to most of the later measurements samples with different surface to mass

ratios were used. The result indicated an increase in the volume absorption

and a decrease in the surface absorption with temperature. The accuracy

of the measurement was for several reasons not very high.

More recent measurements have been performed by Egiazarov,

Dikarev and Madeev (2), Adyasevich, Frank, Kozinets, Shapiro, Shtranik

and Tolstov (3), Panasyuk (quoted in (3) ), Rodeback (4), Davis (5), Pearce

and Walker (6), Pearce (7), Small (8) and by Engesser (9). The measure-

ments described in Ref. (2)-(8) were made on uranium metal and that in

Ref. (9) on a cluster of 19 rods of uranium oxide. Egiazarov et al. (2),

Rodeback (4) and Pearce (7) have used the activation technique, the

others various kinds of reactivity methods. In (2) and (8) the measure-

ments were made on samples of different surface to mass ratios but in

the other cases only one dimension was used. In Pearce 's experiment

not only the mean temperature coefficient was measured but also the

radial dependence of the Doppler effect.

The results from the measurements have been expressed in

different forms. In some cases the whole temperature effect has been

attributed to the volume absorption part of the resonance integral, in



others the temperature coefficient has been given as the relative change

of the total resonance absorption per unit temperature. In the latter case

the l/v-part of the absorption may or may not be included.

The temperature coefficient has in these cases been considered

independent of temperature and it is thus a mean value over the tempera-

ture range used. The results given in (2), on the other hand, have been

put into the form of a semiempirical formula foj* In p, giving this quan-

tity as a function of UT (T in °K). The temperature coefficient derived
-l/2

from this formula varies with temperature approximately as T .

Besides the experimentally obtained values of the temperature

coefficient, recent developments in the theory of resonance absorptioh

in lumps allow the effective resonance integral and its temperature de-

pendence to be calculated theoretically. The most important work is

that of Dresner (10), (11) and of Adler, Hinman and Nordheim (jL_2)- In

the latter publication the change in resonance absorption over the tem-

perature range 300 K - 600 K is given for uranium metal rods of diffe-

rent sizes. In addition, formulas and tables are given, allowing for in-

stance the temperature effects in uranium oxide to be calculated. Such

calculations have been made at AB Atomenergi by J. Rosén and the re-

sult will be discussed later on. A numerical calculation of the tempera-

ture effect, based mostly on Dresner's work, has also been made by

Brimberg and Dahlström (13). This calculation is, however, more

approximate than the work by Adler et al.

The present investigation was initiated because of the lack of

data on uranium oxide, and in addition it was considered worth-while to

repeat a study of the surface-to-mass dependence of the temperature

coefficient. Measurements have thus been made on uranium metal as

well as oxide and on rods of three different diameters.

2. Experimental procedure.

2.1 Method.

The experimental method is similar to that used for the mea-

surement of the effective resonance integral (14). Rods of uranium

metal or uranium oxide were placed in a cadmium covered oven and

irradiated in the Swedish heavy water reactor Rl. The epithermal flux



239
was monitored with the aid of gold foils. The induced Np activity in

suitable samples was measured for different temperatures of the oven,

and, normalized to unit gold foil activity, these activities represent a
238

comparable measure of the epithermal capture of neutrons in U

2.2 Samples.

The samples of uranium metal and oxide (UO-,) were cylindrical.

They were mounted between end pieces of the same material forming a

rod of uniform diameter about 90 mm long. The diameters used were

8, 12.5 and 28 mm both in the metal and oxide cases. The metal samples

were about 4 mm thick, the 8 and 12.5 mm oxide samples (density 10. 3

g/cm ) were 10 mm thick and the 28 mm oxide samples ( density 9.7

g/cm ) 7. 4 mm thick. The oxide samples were in the form of sintered

pellets, carefully ground with a diameter tolerance of - 0.01 mm and a

length tolerance of - 0. 1 mm.

2.3 In-pile apparatus.

Originally a set of measurements was made with the oven placed

in the reflector of the reactor. However, since the epithermal flux gra-

dient there is large and since the energy dependence might deviate from

l/E, it was considered worth-while to repeat some of the measurements

with the oven placed in the central channel of the reactor. To minimize

the necessary amount of cadmium the oven was made somewhat shorter

than in the reflector case, but except for this the apparatus were identi-

cal in the two sets of measurement. The position of the oven in the two

cases is shown in Fig. 1.

The apparatus (Fig. 2) consisted of three parts, the cadmium

covered holder which was fixed in the channel used, the oven unit, and

the gold monitor unit. The latter two were removable for reloading.

The oven consisted of a ceramic tube wound with resistance

wire. A thin layer of aluminium oxide served as an outer insulation

medium. The metal and oxide rods were mounted in thin-walled iron

tubes and placed against a stop in the ceramic tube, thus securing a

well defined position relative to the ceramic tube. The tube was fastened

to a steel rim, the position of which was checked with a long quartz rod,

using a dial indicator placed on the outer end of the gold monitor holder.



The holder was water cooled and its length therefore independent of the

temperature of the oven. Thus only the change in position of the sample

caused by the difference in thermal expansion between the ceramic tube

and the rods had to be corrected for. This fairly elaborate method of

checking the position of the samples had to be used because of the large

gradient in the epithermal neutron flux.

The temperature was measured with a thermocouple in one of

the end pieces. The difference between the thermocouple reading and the

temperature of the sample was determined by a separate calibration.

2.4 Exposure procedure and counting methods.

The samples were heated in the reactor to the required tem-

perature and then irradiated for 40 minutes. The power of the reactor

was 40 kW for the reflector runs and 4 kW for the central channel runs.

The irradiated samples were dissolved in nitric acid giving

solutions of known concentration and uniform activity. Samples for

measurements were prepared by pipetting a well determined amount of

the solution into a cylindrical teflon container. The Y-activity of the

samples was measured in a narrow energy band around the 106 keV-peak
239

in Np „ After corrections for the fission product activity, the natural

disintegration of uranium, and background, these activities are propor-
238tional to the U neutron capture-

The 0-activity of the gold monitors was measured with two

GM -counters.

3» Results.

With the aid of the tables given in (12) the resonance integrals

for metal and oxide have been calculated for different temperatures and

different surface to mass ratios. It is found that a plot of the theore-

tical values as a function of \/T (T in K) is very well fitted with a

straight line. We therefore assume that the y T-dependence of the re-

sonance integral is theoretically more correct than the fit linear in

t (t in C). Unfortunately, the uncertainty in the experimental points

and the lack of data in the low temperature range (100 - 300 C) have

* The authors are very much indebted to J. Rosen, who has made the

result of these calculations available before publication.



made it impossible to verify this experimentally. We have plotted our

points both as a function of UT and of t , the latter for allowing a com-

parison with earlier values of the temperature coefficient.

As the thermal expansion of the rods increases the resonance

integral,our specific activities were first corrected for this effect. Mean

values of the thermal expansion coefficients in the different crystal

directions were used, assuming no texture in the rods. This assumption

is questionable, but as the effect of the thermal expansion is small it

may be permissible.

If the corrected activities are called A(T) or A(t) (T in °K and

t in C) we have fitted our results to the following two expressions:

A(T) . A(TO) • A(To) "» a ( fi - fe) ti]
1/1 /

RI
A(t) = A(to) + A(to) — - 2 ^ ( t - t o ) [2]

o l/v

A(T ) or A(t ) is the activity at room temperature.

A(T) or A(t) is the activity at the temperature T°K or t °C.

Cw is the epicadmium l /v cross section.

RI is the effective resonance integral at room temperature.

a and /3 are the temperature coefficients.

As the l/v-part of the epithermal absorption is independent

of temperature, the a- and ^-values in Eqs 1 and 2 have been defined to

mean the relative change in the resonance integral only, per unit

(^T - \ ' T O ) and (t - tQ) respectively.

The RI values for the different surface-to-mass ratios wereo
determined from the expressions in (14). cr , was put equal to 1.1b,

which corresponds to a cadmium cut off of about 0.6 eV for the 1 mm

thick cadmium cover used in the experiments.



Table I.

Metal

Oxide

Diam.
mm

8

12.5

28

8

12.5

28

, n 2 / O t . l /2a x 10 / K '

0.63 t 0.03

0.65 - 0.06

0.40 t 0.04

0,69 - 0.03

0,66 - 0.03

0.45 - 0.03

0 x 104/°C

1.37 t 0.08

1.41 t 0.12

0.83 t 0.08

1.39 - 0.07

1.34 t 0.07

0.86 t 0.07

The experimental points were fitted to the expressions [1] and [2]

by the method of least squares. The a- and j3-values obtained are given

in Table I. The dependence of the coefficient on the surface to mass

ratios is clearly demonstrated. The fact that the coefficient for the

12. 5 mm diam. metal rod is slightly larger than that for the 8 mm

diam. rod is believed to be accidental and dependent on the large un-

certainties in the former value.

In Figs. 3 - 8 the ratios

RI
SET

- A(TQ) "l/v
o ' RTO 1 / for the different rods a r e given as

R I

R I

A<To>
o l/v

functions of y T - \|T . Fig. 9 gives an example the fit linear in t.

From Fig. s 3, 5 and 6 it may be seen that there is good agreement

between the results from the central channel and reflector runs.

Figures 3 - 8 also contain the results of the theoretical cal-

culations. In the metal case the agreement is reasonable except for

the 2 8 mm rods but for the oxide the experimental values are consider-

ably lower than the theoretical ones.

In Figs 10 and 11 the experimental and theoretical a-values

for metal and oxide have been plotted as functions of S/M. NO analyti-



cal expression has been fitted to the experimental points, as only three

points are available. Besides these groups of »-values the results ob-

tained by Egiazarov et al. (2) for uranium metal are also shown in Fig. 10.

To obtain values of a from (2)we have rewritten the given expression

In - 5« 8 7 x 0- 7 ? 5 (1 + 17. 5 10"3 V T) P 3 ' 2 + 3 . 02 P 2

2 ffP2

a - _ .

P is the diam, of the rods

2
a - —2 is the moderator part of the lattice cell surface

4

in the following approximately equivalent form

RI = RIo[i + 0.282^_ ( \ | ^ - \ |T ) ] [3]

As may be seen, their a-values are considerably higher than the

others, but the general form is very much the same. An indication of

the S/M-dependence of a therefore may be obtained from the factor

in the (\/T - \\ TQ) term in Eq. 3.

Sources of error»

The main quantities measured are the temperature, the Np-

activity and the monitor activity. The estimated standard deviations in

the calibrated temperature values are less than 2% in the reflector

runs and 5 to 6 % in the central channel runs. The reason for the large

uncertainty in the latter runs was an unexpectedly large temperature

gradient in the short oven used in these runs. Fortunately an uncer-

tainty in the temperature is considerably less important than the same

relative error in the measured activity.

The adopted specific Np-activity for each run was a mean of

5 -10 different measurements under identical conditions. The standard

deviation in the mean values was less than 0.5 %.



To obtain the specific activity per unit flux the activity values

were normalized with the aid of the gold monitor values. There were

two monitors for each run, the activities of which were counted to high

statistical accuracy. The monitors were water cooled and thus held at

constant temperature independent of the temperature of the oven. In

addition no inter calibration between the gold foils was necessary as only

/3-particles were counted and the foil thickness was large compared to

the range of the /3-particles. The error from the monitoring procedure

has therefore been considered negligible.

Besides the uncertainties mentioned several systematical errors

may appear. The Np-activities are obtained after correcting the measured

activities for natural and uranium background and fission product acti-

vity. The first two are equal in all cases, but the last may be tempera-

ture dependent. In order to study this the V-activity from two samples

of the same diameter but irradiated at different temperatures (20 C

and 600 C) was measured in an energy range about 650 keV. At these

energies only the fission products give contributions. The ratio between

the 600 C and the 20 C activity was slightly larger than unity

(1, 05 - 0. 04) but the effect is of negligible importance when correcting

for the fission product activity. (The fission product activity amounts

to only about 3 % of the measured activity.)

In the central channel runs lack of space made an effective

cooling of the cadmium cover impossible. Its temperature therefore in-

creased somewhat with the temperature of the oven and l-eached a maxi-

mum of about 100 C. This temperature increase might change the

effective cadmium cut-off slightly, thus changing the l/v absorption.

The above mentioned study of the fission product activity at different

temperatures, however, indicates that the effect is small and no correc-

tion has been made for it. In the reflector runs the cadmium cover was

water cooled and the effect was not so pronounced for these runs.

As has been pointed out earlier, the flux gradient was large,

especially in the reflector runs. Corrections therefore had to be made

for the change of the position of the sample relative to the gold moni-

tors. This correction was at most 0.7 %, and its contribution to the

total error is estimated to be less than about 0. 3 %. A few of the mea-

sured values showed abnormal deviations from the rest of the points.



The reason for this is not clear, but the deviations might be due to dis-

locations of the samples.

A systematical error might also have been caused by reso-

nances in the construction material of the oven. Inside the cadmium

cover there were besides the resistance wire for the oven a layer of

0.3 mm of copper for heat reflection, 1.2 mm of iron as canning of the

samples and as oven support, and about 5 mm of aluminium oxide as heat

insulation. In order to be able to estimate the effect of these materials

the oven unit was placed in the fast chopper beam and the transmitted

neutron spectrum was studied*

Two very small dips were discovered at about 5 eV and 12 eV,

the decrease in the transmitted neutron beam being 4 and 6 % respecti-

vely in a nax'row energy range. The 12 eV resonance does not coincide
238with any of the resonance in U and its effect is negligible. For thick

uranium samples such as those used in the experiments, the 5 eV re-

sonance will overlap somewhat with the low energy tail of the 6.7 eV

resonance in uranium. However, as the dip is only about 4 %, its in-

fluence on the Doppler effect in uranium must be very small.

Two slightly larger dips (about 10 % decrease in transmission)

were found at about 140 eV and 350 eV. For these and higher energies,

however, scattering is predominant and shielding effects are not very

pronounced. We have therefore considered the influence of the con-

struction material negligible, but an experimental check by varying the

amount of this material might have been valuable.

Adding the different errors results in an estimated standard

deviation of about 0. 7 % for each specific activity. The estimated un-

certainty in the temperature coefficients a and /3 depends on this error

as well as on the error in the temperature, The error limits are given

in Table I.

Discussion.

The different manners in which the results of earlier measure-

ments have been presented together with the fact that the measurements

have been made over different temperature ranges makes intercomparison

difficult. In Table II we have, however, made a compilation of published

values of 3- Most data concern fairly large diameter rods and there-



Table II.

Ref.

*
a) R.A. Bennett et al.

b) Panasyuk (3)

c) V. P. Adyasevich et al. (3)

d) M.V. Davis (5)

e) V. G. Small (8)

f) V.B. Egiazarov et al. (2)

g) G.W. Rodeback (4)

h) R.M. Pearce (7)

i) This work

j) Theoretically (12)

k) " , J . Rosén

F.C. Engesser (9)

This work

Theoretically [deduced
from (12) by J. Rosén]

Mate-
rial

U

U

u
u
u
u
u
u
u
u
u

uo2

uo2

uo2

Dimension
diam.

3.4 cm

?

3. 5 cm

3.4 cm

~ 2.5 cm

2. 8 cm
•1.8 cm

2.5 cm

2. 8 cm

3.4 cm

2.8 cm

19 rod
clustei of
1.2 cm rods

2.8 cm

2. 8 cm

Temp,
range

20° - 300°C

20° (?) - 100°C

10° - 80°C

20° - 300°C

20° - 250°C

20° - 450°C

20° - 650°C

20° - 300°C

20° - 650°C

27° - 327°C

20° - 300°C

20° - 365°C

20° - 1100°C

20° - 300°C

0 x 104/°C

1.72 t 0.12

1.4 t 0.25

1.95 t 0.4

1.56 ± 0.12

2.00 t 0.15

-

0.90 t 0.20

0.90 ± 0.17

0.83 t 0.08**

1.9 t 0 .2**

0.86 t 0.07**

* * * 4 o
fi x 10 V C
•corr '

1.60

1.15 (?)

1.65

1.45

1.85

1.60

0.90

0.80

0.95

1.15

1.55

1.95**

1.10**

1.65

Method

Deduced from experiment
giving l / k a A k ^ / A T

II II II

Buckling measurements

Danger coefficient

Pileoscillator

Activation

Activation

Activation

Activation

Deduced from experiment
giving l/k Ak /A T

Activation

* * *

private communication

corrected for thermal expansion

mean values for the temperature range 20° - 300°C. All values corrected for thermal expansion, assuming a value of

0.16 x 10 /°C for the linear thermal expansion coefficient.
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fore our value on the 28 mm rods have been given.

Besides the column containing the published values of the tem-

perature coefficients, the table contains a column where these values

have if necessary been recalculated to refer to the same temperature

range. Most of the data are for a temperature range of about 20 -300 C

and this range has therefore been chosen for the comparison. The values

f) and i) have been corrected by directly using the \ / T-formulas found in

the experiments. For the other values no such expressions are given

and the corrections are therefore only approximate.

The values in the column have also been corrected for the

effect of thermal expansion, assuming a value of 0.16 x 10~ / C for

the mean linear expansion coefficient in uranium metal. In addition it

has been assumed that the given values do not include the l/v-part.

This is clearly stated for the values e) g) h) and i) but not for the others.

As may be seen from the table, five of the metal measurements

are based on reactivity methods and four on activation methods. There

seem to be two groups of values, one with a mean value of about

0.9 x 10" /°C and the other with a mean around 1.65 x 10"4/°C. Most

of the values belonging to the first group are activation values and most

of the others are from reactivity measurements. The same tendency

seems to exist for UO2 as well, though the experimental material is

considerably more scarce.

It is difficult to find a reason for the discrepancy between the

two groups of values. The activation method is more straightforward

than the various reactivity methods, and ought to give more reliable

results. However, it has been proposed by the Harwell group (private

communication) that the use of cadmium in activation experiments might

lower the measured temperature coefficient because of screening

effects from resonances in the high energy region. Some of the oven

material might also cause a similar effect. Part of the discrepancy

might be explained by such an effect, but it is difficult to believe that

it can account for a factor of almost two.

In reactivity measurements in the epithermal region, on the

other hand, the effects of scattering, epithermal fissions, probable

moderation of the neutrons by the samples., Doppler effects in the oven

and canning material, etc. , might be considerable. Most of these



12

effects are independent of temperature and the corrections therefore

the more important the lower the temperature range over which the

measurements have been made. New measurements with some reacti-

vity method over a wider temperature range would therefore be very

valuable but the increased experimental complications may be difficult

to overcome,

In the metal case the lower values agree fairly well with the

theoretical value obtained from (12). However, the theoretical calcu-

lations have been improved by Rosén, with the result that the volume

contribution from the unresolved energy region is raised considerably.

This mostly affects the temperature coefficient for large rods, and as

indicated in Table II the value for 28 mm rods becomes 1.55 x 10~ / C.

Also in the oxide case our activation value for 28 mm rods is

lower than the theoretical value calculated by Rosén.

The theory behind the calculated values treats the different

resonances independently of each other. Thus the effect of overlapping

of adjacent resonances is neglected. As overlapping will increase with

temperature the present theory overestimates the temperature effect.

In addition, the interference between resonance and potential scattering

is neglected, the effect of which may also result in an overestimate of

the temperature effect. No estimate of the possible magnitude of these

effects has been made.

The present report is not final. Because of the larger discre-

pancies in the experimental results we will start some measurements

with an oven containing as little material as possible. We will also

make some measurements with different thicknesses of cadmium to

investigate whether there is any effect caused by the cadmium.

EH-d/lG
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Legend to the figures

Fig 1 Position of the oven in the central channel and in the graphite
reflector.
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Fig 8 The ratio -3j- as a function of \ | T - \| TÄ for the 28 mm
o

diam. oxide rods.

Fig 9 The ratio -=•=- as a function of t C for the 8 mm diam.

oxide rods.

Fig 10 The temperature coefficient a for metal as a function of
S/M.

Fig 11 The temperature coefficient a for oxide as a function of
S/M.
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