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THE NEUTRON SPECTRUM IN A URANIUM TUBE

E. Johansson, E. Jonsson, M. Lindberg and J. Mednis

Summary

A series of experimental and theoretical investigations on
neutron spectra in lattice cells has been started at the reactor Rl.
This report gives the results from the first one of these cells -
one with a tube of natural -uranium surrounded by heavy water.

In the measurements the cell was placed in the central, verti-
cal channel of the reactor. The neutron spectrum from a lead
scatterer in the uranium tube - outer diameter 49. 2 mm, inner
diameter 28. 3 mxn - was measured with a fast chopper in the
energy region 0.01 to 100 eV. Subsidiary measurements indicated
that the spectrum in the beam from the lead piece corresponds to
the spectrum of the angular flux integrated over all angles. This
c or resp on dance is important for the interpretation of the experi-
mental data.

The thermal part of the spectrum was found to deviate
significantly from a Maxwellian. However, the deviation is not
very large, and one could use a Maxwellian, at least to give a
rough idea of the hardness of the spectrum. For the present tube
the temperature of this Maxwellian was estimated as 90 to 100 C
above the moderator temperature (33 C). In the joining region the
rise of the spectrum towards the thermal part is slower than for
the cell boundary spectrum, measured earlier (E. Johansson et al.»
Ark.f.Fys. 18 (i960) 36 p. 513-31). In the epithermal region the
limited resolution of the chopper has affected the measurements
at the'energies of the uranium resonances. However, the shape

238
of the spectrum on the flanks of the first resonance in U
(6» 68 eV) has been obtained accurately.

In the theoretical treatment the THERMOS code with a free
gas scattering model has been used. The energy region was
3.06 - 0.00025 eV. The agreement with the measurements is
good for the thermal part - possibly the theoretical spectrum is
a little softer than the experimental one. In the joining region
the results from THERMOS are comparatively high - probably
due to the scattering model used.

Printed and distributed in October 1963,
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1» Introduction

The main, purpose of the present investigation .Is to measure

neutron spectra and to compare the experimental resxilis with theo-

retical predictions, A heavy water natural uranium system in used.

For such a system differential ^sasaremests o£ the neutron spectra

in the moderator have been vtsry rare (e. g. 1? 2,t 3} anci in. the .fuel

no differential measurements have been roade at all as far as v/o

know at present (April 1963), In light water, graphite or other

systems such measurements have been more frecuei.it (e. g. 4, 5? 6?

?,, 8, 9, 10.. 11, 12» 13). Very much work has also been devoted to

the calculation of neutroat spectra.

In the present experiment we have designed three lattice coils?

each with a uranium tube in its middle. We thus have a rather

simple geometry suitable for calculations. The urenhtm is surroun-

ded by heavy water which is circulated thrcagh a cuoLuig system

outside the reactor.

This report starts with a description o£ t:j£ oxpe-irr.erit fron">

technical and. physical viewpoixits» It t-ien. g?.veö ihc .resul;.'-; of

the measurements iti one of the tubes - only ore of the:?; has beer?,

used as yet» Finally it presents a theoretics! comparison.

Tho eap^rinoept £rotf?'a 'teclxBicg.l v

§ t.1.. _ The_fast

The fast chopper spectrometer is seen m figs, 1̂ 2,, .3, and 4.

Its inain parts are the rotorr the flight tube, tfcc o.eutro». detector

and the time analyser. The rotor» of diameter 59, 3 cm. :is made

of steel and has 4 pairs .of slits with an entrance cross section of
• 2

0» 051 x 2, 54 cm . The flight tube is made of aluminium and is

evacuated. The length of the flight path is 21.16 Ä . As detectors
10

we use B F« proportional counters. The detector p-aises are fed

into a 100 channel time analyser.
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A more detailed description of the fast chopper spectrometer

is given in (2).

Besides the spectrometer the present experiment requires

lattice cells, a cooling system, radiation shields and a safety

system connected with the reactor. We should first like to de-

scribe a lattice cell.

2.2 The U-D_O cell
_ ^ __

The cell used in the present case is shown in fig. 5» This

figure also shows the surroundings of the cell, namely the reactor

channel and two the the nearest six rods of the reactor lattice.

In the middle of the cell we see the uranium tube. On its

outer surface this tube is canned in 1. 5 mm thick aluminium.

On the inner surface there is a special aluminium tube into which

a scatterer can be inserted. The uranium hangs, i.e. iswelded

to the upper plate of the container and can thus undergo thermal

expansion without building up mechanical forces. In the bottom

of the container the tube is supported on its vertical side to pre-

vent vibrations due to the flow of cooling water. In the upper

part of the tube there are three aluminium plugs with holes for

thermocouples. Before being mounted in the cell the uranium

tube unit is leak tested with helium.

The container is made of aluminium and is welded in its

upper and lower parts. One cannot use gaskets because the radiation

might damage them.

On the upper plate of the cell there is a cadmium disk of

diameter equal to the inner diameter of the innermost aluminium

tube. The disk is mounted on an aluminium bar which can be

turned around a horizontal axis. The bar is operated with a

0.3 mm steel wire which passes up through a narrow channel

of aluminium and ends on the top of the reactor. A string around
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the rotational axis of the bar helps to turn it downwards into a po-

sition where the cadmium disk exactly covers the opening of the

inner aluminium tube. Ordinarily the disk is kept vertical.

In the middle of the cell we see the scatter er, which can be

placed at various heights by means of a thin wire (diam» Oo 3 mm).

This also passes through a narrow channel to the top of the reactor.

When the scatterer is used above the cell, a special aluminium

tube guides it to the correct position. This tube is welded to the

container via aluminium bars o Its axis coincides with the axis of

the uranium tube. The lattice cell is also provided with a movable

thermocouple, placed in an aluminium channel of inner diam.

4 mm, running to the top of the reactor. Because the thermocouple

is rather stiff, one can move it upwards and downwards by pulling

and pushing it and can thus measure the temperature of the heavy

water at various points in the cell.

All the narrow channels run along the tubes for cooling

water or along the aluminium bar in which the cell hangs when

moved.

The lattice cell rests on a strong support made of aluminium.

It is surrounded by a long aluminium tube of 1« 5 mm wall thick-

ness and inner diameter about 2 mm larger than the outer diame-

ter of the cell. The tube is welded to the support and ends in the

hole of the lowest reactor lid. It helps to keep the cell vertical.

cooling_

To get rid of the heat (up to 5 kW) produced in the uranium,

we have built a cooling system shown in the block diagram in

fig. 6 and in the photograph in fig. 3. The heavy water is circula-

ted by a pump through a plate heat exchanger at a rate of about

10 l/min. The tubes for cooling water run horizontally from the

cooling system to a flange coupling at the centre of the reactor

lid. After the flanges they run downwards in grooves made in the
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sides of the reactor plugs. The tubes are welded to the cell» The

heavy water system also contains a flow meter and an ion exchanger.

The ion exchanger consists of a mixed bed through which pass a few

per cent of the total heavy water flow. Further the heavy water

system includes some ten valves and an expansion vessel - here we

use a commercial pressure sterilizer, The total volume of heavy

water is 25 1. Its light water content* which is now and then

checked* was 0* 47 % for the measurements to be described in

this report.

After a series of runs has been completed, the heavy water

(most of it) is pressed up into the expansion vessel with nitrogen

gas. An overpressure of one atm. is sufficient for this operation.

At the same time the remaining water as well as the water in the

expansion vessel is kept under nitrogen.

The heavy water is cooled with.light water. By adjusting

the flow of this secondary water we can vary the temperature of

the heavy v/ater in the cell. We cans for instance, keep this

temperature equal to the moderator temperature of the reactor,

which is around 3 5 C. The light water system contains a pressure

reducing valve, a filter, a needle valve, the heat exchanger and

a flow meter.

Both water systems have worked very satisfactorily since

the start of the experiment.

2o 4 The radiation shields

When we take out a cell from the reactor channel after a

runs it contains roughly 1000 C gamma radiation. Therefore some

kind of shields is necessary. The one used in our case and de-

signed for this special purpose is partly seen behind the chopper

in the photograph in fig. 3. It is made of lead poured in iron and

has been provided with lids and a bottom plug. The weight of the
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shield is somewhat Jess than 4 tons, its total height about 120 era.

It is a little troublesome to remove a highly radioactive cell from

the reactor because of the 4 m long tubes for the cooling water,

and one has to i>e very carciul during this operation.

When not used for roesjsurcrrents, the cells are stored in 5 rr>

deep holes in the floor of the reactor hall. Removal of a cell from

the reactor and placing ifc in the storage shield need not expose the

operator to more than a few milliroenlgen gamma dosage»

During the first runs with ths complete assembly we got

rather high radiation levels on the top of the reactor» Near the

cooling system, for instarice» we found 50 mr«m gamma and

90 mrem fast neutrons psr hour. As much of this radiation must

come from N (^4/? *"* ? sec)» w e introduced o. disintegration.

tank of 7 1 volume (see fig. 3), If the heavy v/afcsr flow is 10 l/min,

it takes 42 sec or 6 r T , /_ for the water to paas this tank if we
('" 16

have •£ lamina? case» T3d3 will reduce the N activity around the

cooling system fry a factor of 64. The measured values are a

factor of 5 for gamma and a Ip.ctor of 25 for no-utroES. The situa-

tion is row tolerable it we alao place 5 era of iron around the

horizontal tubes a.nd som o shield above the disintegration tank.

2^5 Safj&tŷ  aa d J

To prevent overheatirtg in ca-*e o-C cooling ^v&ter failure, we

must have a system which stops the reactor on critical occasions.

For insfcax.ee comp?oio Joss of water iji the cell with the reactor

still operating (600 icW) will result in coixsicl^rable melting of

aluminium in -he cell. The -uranium tube itself will have e high

temperature in such an event., fho-agh we tlo net believe that it

will melt. Arywav o± least »some cm .lea of gaseous rad.lo?,ctivxty

•will be released, and further it vill be vo:cy difficult to reraove

Hie damaged coD frotn the roactor.



The safety arrangements can best be seen in fig. 6. The three

thermocouples in the uranium tube trip the reactor in case of too

high temperature, The limit is usually 90 C> while the normal

temperature in the tube is 75 C as in the rods of the reactor lattice

at 600 kW power. The flow meter for the heavy water trips the

reactor at a flow equal to 75 % of the normal value. Finally the

flow meter in the secondary system will trip the reactor in case of

too low light water flow. Besides, the reactor will be tripped if the

voltage of the pump or the voltage of the D^O flow meter recorder

are broken. An alarm signal will also be heard from the top of the

reactor in case of high radioactivity in the ion exchanger. The

safety is still further increased by the fact that the operators of

the reactor read the instruments every two hours.

Various temperatures in the heavy water system are recorded

on the top of the reactor. First we have the movable thermocouple

in the cell mentioned before» Then we have two therm ocoixples

mounted on the water tubes of the cooling system. Knowing these

two temperatures and the heavy water flow we get the power which

is carried away.

Finally there are a few instruments which measure the radia-

tion levels around the experimental set-up.

3. The experiment from a neutron physical viewpoint

J?R£.ct r orn eter_

The properties of the rotor, of its colliroators, of the flight

path and of the electronic equipment are the same as in (2). Here

we should only like to repeat the relation between flight time (jxs)

and neutron energy (eV)

rV,. , , . , „ 2340 • 103

This relation reads E = — — -
t 2

Besides we have given a few dimensions in section 2.1.



- 9 -

The detectors are new and will be described in a later section.

Also the general procedure for the measurements has been changed

and will therefore require some special attention. First we shall

discuss the collimator system used.

3.2 The gin-hole camera

In almost any experiment in the measurement of slow neutron

spectra one wishes to make the source area small. The limit is set

by the intensity and resolution required. In our case this limit is of

the order of one square centimeter.

In the experiment one must only analyse neutrons from the

source area desired. To do this one can place a neutron absorber

a few decimeters from the source point in the reactor. In the ab-

sorber there should be a hole equal to or a little smaller than the

source area. This method will give maximum intensity and the

neutrons to be measured will be rather uniformly distributed

over the source area. Disadvantages are the perturbation of the

spectrum caused by the large absorber and the difficulty of getting

a thin3 efficient absorber for epithermal neutrons. Furthermore

the alignment of the lattice cell and the spectrometer would be

rather critical and the loss of reactivity would be troublesome in

our special case.

Though we can still use an absorber close to the source area,

we decided to employ another method in the first place. We place

two pieces of polyethylene on the upper reactor collimator just

below the rotor to limit the width of the neutron beam in the

direction parallel to the chopper slit. Perpendicularly to the slit

the beam is sufficiently limited by the entrance collimator of the

chopper,, The distance between the polyethylene pieces must be

considerably smaller than the size of the source area. A suitable

choice is half that size or somewhat less. We then get a region in

the detector plane (25 metres above the source) which can be reached
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only by neutrons from the source area. We place the detector in

that region, which is found with the help of the cadmium disk on

the cell (see section 3.5).

In this system, which acts like a pin-hole camera with bad

resolution» the neutrons to be detected will not be uniformly distri-

buted over the source area but more or less concentrated to its

central region. This distribution makes the alignment less critical

than for the case discussed above.

A disadvantage of our method might be the perturbation of the

spectrum caused by the cadmium disk. In the worst case this disk

is 4 cm in diameter and is located about 20 cm from the source

region. However, supported by some foil measurements, we have

not found it necessary to correct our results for the influence of

the disk - not even for the case described above.

3.3 The detectors

10
The experiment uses B F., proportional counters placed in

a special stand, as seen in fig. 4. The counters can be moved hori-

zontally and their position will be given on graduated steel rules

mounted on the stand. The verticality of the counters is adjusted

by means of screws and checked on two plummets. By using a

suitable number of counters we always try to keep the detector

within the region hit only by neutrons from the source area

desired. If this can be done we do not need any aperture in front

of the detector.

In many cases we could use several rows of vertical counters

in planes parallel to the rotor axis. However, we prefer not to do

so, because the transmission, which also depends on the detector,

would'be sensitive to counter instability. For one row the trans-

mission is almost insensitive to such fluctuations.
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In the present experiment we use two types of counters, both

of inner diameter 38 mm, outer diameter 40 mm, bottom thickness
10

1 mm and enrichment on B 90. 5 %. The counters are made of

aluminium because small wall-scatter ing is an advantage if the

self-absorption in the counter gas is appreciable. The first type of

counter has a gas pressure of 1000 mm Hg and a sensitive length

of 250 mm and is preferably used in the epithermal region. The

second type has a pressure of 265 mm Hg and a sensitive length

of 194 mm»

The counters were made at our company. The thin ones

exhibit very good plateaus while the thick ones are not so good

in this respect. From the data of the counters one would expect

the pulse rate of the thick type of counters to be five times that

of the thin type. However, because of the worse characteristics

of the thick counter, this is not possible unless one can tolerate

high background.

As an example of the pulse rate obtained we may consider a

measurement with a source area of diameter 26 mm. The distance

between the polyethylene pieces was 9. 5 mm and we used two

counters of the thin type. Except for the use of thin instead of thick

counters the situation was optimized. The pulse rate in the epi-

thermal energy region, i. e, down to 0. 5 eV, was then 1770 counts

per hour. Before the experiment the count rate was estimated as

1230 - one cannot expect better agreement in such an uncertain

calculation. With two thick counters we got about 5000 pulses per

hour. The measurements will thus take a considerable time

especially if the source area is further decreased.

The correction factors for self-absorption in the counter gas

are given in table 1 and table 2. They may seem large but are no

doubt reliable because their calculation is simple and is based on

data which are accurately known» It is important, however, that



- 12

the axes of the counters are parallel to the mean direction of the

neutron beam. Nor should the neutron beam diverge too much, We

have considered both these conditions in the present case and found

that is is sufficient if the counters are kept vertical.

Instead of drilling the hole straight through the uranium cylin-

der and \xsing a scatterer, we could have measured the spectrum of

neutrons from a hole only half-way into the uranium. Apart from the

disturbance of the hole we should then have measured the spectrum

of the angular flux along- the axis of an undrilled rod. This spectrum

is no doubt valuable for theoretical comparison, but it wovild certainly

be preferable if one could obtain the spectrum integrated over all

angles in a direct measurement. Therefore we decided to use

scatter ers .

Of course the experiment with a "bottom hole" also uses a

scatterer» namely the uranium itself. But this is not a good

scattering material» In the first place it has fairly high absorption»

and secondly it would be difficult with our equipment to check its

ability to reproduce a known spectrum. Such' subsidiary experiments

are much easier with non-fissile materials because of the heat and

radioactivity produced in fissile substances. So it is difficult in the

uranium scatterer case to obtain the integrated spectrum from the

measured spectrum of the axial flux.

For a good scatterer the following conditions should be

satisfied:
S a (E)

1) =—/vi\" should be much smaller than one.
t ̂

2) 2 (E) should be large to give a small length of the

scatterer and should not vary too much with

energy.

3) The atomic weight A of the nuclei of the scatterer should
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be high to avoid appreciable energy changes for the

neutrons in elastic processes. A > 20 is good enemgh.

This condition also gives about isotropic scattering in

the laboratory system if it is isotropic in the centre of

mass system,

4) The scattering should be elastic.

5) The scattered wave from each atom of the scatterer should

be spherically symmetric. Only elastic processes occur

here because condition 4 excludes inelastic processes.

6) The scattering should be as incoherent as possible to

avoid Bragg interference effects. If the coherent

scattering is appreciable it is better if the scattcrer is

polycrystalline than if it consists of rather few crystals .

An amorphous scatterer is still better.

For lead, which is one scatterer material to be used, condi-

tions ij 2 and 3 are fulfilled in our case (E > 0.01 cV). Further we

know that condition 5 is fulfilled. Condition 4 is probably not quite

valid and condition 6 is completely invalid - the scattering in lead is

almost entirely coherent. Lead is thus not quite ideal, but good enough

to be tested» We hoped that the invalidity of conditions 4 and 6 would

not distort oxxr measurements too much. We poured the lead scatcercr

and cooled it rapidly to room temperature to obtain small crystals .

After etching it, however, we could see crystal faces of sizes up to

1 cm on its surface. The dimensions of the lead piece were; length

12 cm, diam. 26. 0 mm.

To test the scatterer we placed it vertically in the middle of

the reactor channel on a graphite block. The upper circular surface

of the lead cylinder was covered with an indium foil with small

absorption for thermal neutrons. Using the pin-hole cainera and

the 1.44 eV resonance in indium we then adjusted the detector until

it was hit only by neutrons from the lead piece. We then measured

the thermal spectrum. After this we moved the detector and measured
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the spectrum from the graphite. The two spectra thus measured

compared very well. Now we know from earlier measurements that

the graphite block gives a good reproduction of the isotropic or

almost isotropic channel spectrum. We therefore conclude that the

lead piece can reproduce an isotropic spectrum sufficiently well.

There is one complication, however, because the spectrum

inside a uranium tube will be anisotropic, i.e. f (E, TT) varies in

shape and height with £2 . For isotropic as well as for anisotropic

cases the beam spectrum from lead is built up of contributions whose

energy dependence varies strongly with scattering angle. The slow

chopper measurement in fig. 6b gives an idea of this variation. In

the isotropic case we have shown that these different contributions

add up to give a true reproduction of the spectrum. This does not

prove» however, that-it will reproduce the anisotropic uranium

tube spectrum sufficiently well. Therefore further investigations

of the scatterer are needed.

To examine an anisotropic case, we made the following ex-

periment. The lead scatterer and a similar graphite scatterer were

placed vertically side by side in the reactor channel. On their verti-

cal sides the two scatterers were surrounded by 0.15 mm thick lead"

cacmium containing 10 % cadmium and on their upper surfaces they

were covered with indium and silver foils, respectively, both thin

for thermal neutrons. The cadmium covers make the spectra

anisotropic.

We measured the beam spectra from the two scatterers and

found them to be fairly equal. A later experiment with lead and

lead oxide (Pb O.) gave the same result.

Because the anisotropy used here is not the same as in a

uranium tube ''it would have been better to use a l/v absorber in"

stead of cadmium), and because the three scatterers could give the

same type of erroneous reproduction, we have not proved that the
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lead, scatterer can be used in a uranium tube. In all probability,

however, it will give a good reproduction of the spectrum in such a

tube and we shall use it with confidence.

Besides lead, we may later use other materials in the uranium

tube measurements, i.e. vary the conditions of the experiment. We

could use the graphite or lead oxide scatterers mentioned above.

Another possibility is amorphous quartz even if A is rather low.

Further we can use molten lead to reduce the Bragg effects, though

this will involve some technical problems. The use of molten lead

might be feasible, for instance, in measurements on hot uranium

dioxide. In this case the lead will melt automatically. A mixture of

two substances with positive and negative scattering amplitudes will

also reduce the Bragg effects. Were it not for the high absorption,

we should use vanadium, which is completely incoherent. Zirconium,

finally, is also a possible scatterer material.

It would, of course, be too tiresome to use all the possibilities

above, so we have to pick out some of them. Thus, after lead, we

shall use quartz and later perhaps some other scatterer.

Before concluding this paragraph, we may mention a correction

factor which should be used in the scatterei- experiments» We wish to

measure the spectrum in the scatterer

= j f (E,lf) dlf .

<$ (E) may differ somewhat from the spectrum in the empty tube, but

this is nothing to worry about as theoretical calculations of 0(E)

can include the scatterer - at least absorption and elastic isotropic

scattering.

If only a negligible disturbance arises from conditions 3, 4, 5,

and 6, the beam spectrum will be (by integration along the scattcrer)
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X(E) = - c

where d is the height of the scatterer.

From this expression we have calculated the lead scatterer

correction factors in tables 1 and Z, normalized to 1.000 at 2.34 eV.

We should also like to add the following remark. y p _ _

same a_Sj3ump_tion_s the formula reveals the interesting fact that the

angular flux along the axis of a long fuel rod will be

SS(E)
times ($ (E) at a point on the axis.

4 TT S t (E)

3._5__Routine for the measurements

Before a spectrum measurement starts we adjrist the detector

position very carefully. In doing so we place the cadmium disk on

the cell in the down position, i. e. it covers the source area desired.

The polyethylene pieces arc in their normal position on the collima-

tor plugo The chopper is not on the lid. We then find the detector position

for minimum pulse rate. This determination has an accuracy of

plus minus a few millimeters. The procedure takes only half an hoxir.

We then place the chopper on the lid, run it at the lowest speed

and remove the cadmium disk from the uranium tube opening. After

that we vary the angular position of the chopper unit in the plane of!

ihe rotor, now looking for maximum pulse rate. If this adjustment

were not done, the pulse rate could be too low.

We measure two spectra, one with the scatterer in the cell

and one with the scattcrcr above the cell, i. e. placed in the special

tube seen in fig. 5. Using only the first of these spectra we can

apply all the correction factors discussed in the next section and

thus obtain the cell spectrum desired. We can also, so to speak,
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make a relative measurement of the spectrum in the cell. For this

purpose we consider the spectrum above the cell to be equal to the

spectrum of the reactor channel as given in (2). Recent foil mea-

surements have to some extent confirmed this assumption. In this

case no corrections need be introduced - for instance we need not

measure the rotor transmission, which is a time-consuming and

laborious measurement. In particular the "relative" method is

useful when one wishes to compare various scatterer materials.

In general, however, we prefer to measure the two spectra

and the transmission and to apply all the correction factors. A

good check now is that the finally corrected spectrum from a

scatterer placed above the cell should not deviate too much from

the channel spectrum (2). For instance if the distortion were as

Larr;e as 10 per cent from, say, (K i to 0.025 eV, we should not be

content.

Besides the two measurements above we also make one with

the cadmium disk placed in the uranium tube opening. The scatterer

is in the cell. In spite of the cadmium filter we get a good many

thermal neutrons even in this case. These neutrons, or at least

most of them, are due to air scattering above the cell. Their di-

stribution is consequently quite close to the thermal distribution

obtained with the scatterer above the cell. They may also derive

to some extent from neutrons coming from the surroundings of the

cadmium disk. Also ordinary background is included. They amount

to about 5 per cent of the result for elavated scatterer and are sub-

tracted from the thermal region of the two scatterer spectra. In the

epithermal region one can calculate corrections partly with the help

of the thermal results»

3_._6 Summary of corrections

Tables 1 and 2 give the correction factors to be applied to the

raw experimental data. The data are also corrected for pulse losses

in the analyser and for varying rotor transmission as described in (2),
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The leakage corrections are taken from (2) while the aluminium

corrections given in that report have been recalculated. The air

corrections are about the same as in (2)« The light water content

in air has now been included. The counter and- scattercr corrections

have been discussed in the preceding sections. The nppHcation of the

correction factors to the raw data is done on a For rani i computer.

The background measured in the empty interval between cutoff

and the start of next burst is subtracted on the Ferranti when it treats

the raw data. This background is usually negligible in the-thermal

region.

in our previous measurements (2) and (3) we observed some

linic-flepondent background in the epilhcrmai region. There might

be similar effects also in the present experiment, and we may try to

measure them later. Up to now we have only shown that the time-

dependent background is negligible for neutron energies smaller

than 0. 5 eV.

The resolution, 7.5 fis/m, used in the thermal region docs

not require any corrections to be applied to the meastired results,

not even in the joining region. For opithermal neutrons we have at

best used 0.6 u.s/m, which is not sufficient to give a true reproduction

of the spectrum at the uranium resonances. However, the spectrum

at the energy of the lowest one, i. e. at 6.68 cV, is rather wclJ ob-

tained, directly, i.e. without resolution correction.

To give an idea of the accuracy in the present experiment we

first assume the measured spectrum and the correct spectrum to be

equal at 0. 2 eV. For the main part of the thermal region, say down

to 0.02 cV, we should then have a typical error (root mean square

deviation) of - 4 per cent if the rotor transmission is known within

- 2 per cent. Good statistics and small perturbation from the

sccii;.erer apart from the scatterer corrections in table 1 arc also

required. The error has probably a constant sign in the region - it

]«U;h( even change monotonically,. Towards lower energies we must

increase it further.
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Table 1.

Corrections in the thermal region-

t

(V-s)

0

2 000

4 000
6 000

8 000
10 000

12 000
14 000
16 000

E

(eV)

-

0.585

0.146

0.0650
0.0366

0.0234
0.0163

0.0119
0.0091

A i r

10.0 m

1.000
1.004
1.030

1.057
1.086

1.117

1.145
1.190

1.241

Al

6 mm

1.000

1.002
1.004

1.002
1.005
1.002

1.018
1.020
1.010

B F 3

detector
265 mm Hgi

'
1.000
1.079
1.163

1.254
1.351
1.453

1.561
1.673

1. 792

Leakage Lead
scatte-

1.00.. 1.000

1.000 1.002

1.012 1.006

1.022 1.013

1.030 1.019
1.039 1.028
1.040 1.053

1.040 1.077
1.040 1.092

i

Total

1.000

1.088 !

1.224
1.375
1.548

1.737
1.993
2.275
2.550

Table 2.

Corrections in the epithcrmal region*

Air

10.0 m

Al

6 mm ; detector
1000 mm
Hg

j Lead
1 scatterer j
i I

Total

(0.96)
0.984

0,992

0.998

1.001

1.002

1.003

1.004

1.008

1.012

1.017

1.000

1.000

1.000

1.000

1.001

1.001

1.001

1.002

1.002

1,002

4.003-

1.000

1.056

1.113

1.173

1.234

1.303

1.366

1.435

1.508

1.582

4.660

1.000

1.000

1.000

1.001

1.001

1.001

1.002

1.002

1.002

1,003

1.004

' {0.96)

1.039

'• 1.104

J.172

j 1.238

1.308

1.374

I 1.447

| 1.526

1.609

1.700
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As an example of the accuracy in the epithermal region we may

say that the result at 10 cV is in general correct within - 3 per cent

relative to the result at 0» 2 eV. This statement requires good

statistics and also small perturbation from the scatterer. The results

must also be corrected for possible time-dependent background bcfoi-e

one can choose this value.

4. Measurements and results

4. 1 _ Choice_of_uraniurn_tub_e_ dimensions

Because neutrons must not reach the scatterer directly from

the surface of the reactor channel, the tubes must be rather high»

Calcxxlations showed that a tube height of 40 cm is enough, also that

the midpoint of a 40 cm rod is sufficiently equal to the midpoints of

the 200 cm rods of the reactor lattice as far as the "indium" com-

pared to the thermal spectrum is concerned. We may thus say that

the spectra in o\ir 40 cm tubes are the same as in infinitely long

tubes. Some foil measurements have given further support to this

sLatement.

The choice of the diameters of the uranium tubes will now be

discussed. At first we thought it would be important for the theore-

tical comparison to obtain neutron spectra at various points in the

undisturbed reactor lattice. The result desired from the tube mea-

surements was, therefore, the spectrum at the axis of a uranium

rod of 29 mm diameter. Consequently we must use tubes of various

sizes and then try to extrapolate the results. This extrapolation

would be easy if the spectra in the tubes resemble the spectrum in

the rod. To achieve this situation Carlvik (14) has given a formula

for choice of the tube diameters.

The formula reads

V 4

2 *•'

d . d , i , • d
-I- — - + , - ~ + 0.3 25 • d • d. +16 ' 4 i 4 i
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where d and d. are the diameters of the tube and d the d? ärrset c ?r
y i

of the rod. Using this formula we selected three tubes according fco
table 36

Table 3.

Uranium tube diameters

Tube

Tube

Tube

1

2

3

d.
i

14

28

42

m m

. 1

. 3

. 4

d
y

37 .

49 .

62 .

m m

2

2

2

Later it seemed that the extrapolation to a rod may not be

necessary for a theoretical comparison to be made. Therefore we

could have chosen other diameters than those given in table 3, for

instance one very thin-walled and one very thick-walled tube. This

does not mean that such a choice would be better than the one in

table 3, but simply that table 3 does not represent the only good

possibility. However, there is of course some value in knowing the

spectrum in the rods of a special lattice. Also a test of the formula

for the tube diameters will have some interest. So after all we feel

content with our choice of diameters.

4. 2_ Experimental results

Fig. 7, fig. 8 and table 4 give the spectra obtained with lead

scatterer and uranium tube no. 2. The low energy measurement with

the scattered-inside the tube is also giveninfig» 8b, During the me a

surements the average temperature of the cell moderator was 33" C.

while the temperature of the reactor moderator near the ceil was

35°C.

The results are proportional to E where
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Table 4.

Measured spectiuim from lead scatterer placed in the middle

o£ uranium tube 2. The results in the table which are also

given in the diagrams are proportional to E • (jt (E) or to

v • n (v) or to n (t).

The flight time is t = (i - — ) 100 fxs where i is the channel

number. The energy (in eV) which corresponds to t is

__ 2340 • 103

i

00

10

20

30

40

50

60

70

80

90

100

110

120

130

140

(150

0

-

93.6

95.8

110.9

253.2

482.7

562.4

519.5

420.1

320.9

1

-

93.5

98.8

115.1

278.1

490.5

582.0

503.7

404.1

313.6

2

99.8

95.1

96.0

123.0

304.9

515.2

568.3

506.0

394.7

296.8

215

161

119

88

65

50

3

85.1

96.5

99.1

134. 0

329.2

535.4

556.7

496.1

383.5

292.9

4

77.8

93.8

100.7

146.5

357.4

541.8

569.4

483.1

374.0

286.7

5

92.2

91.6

96.7

158.0

373.8

554.0

559.8

469.8

364.4

272.7

6

63.2

91.3

100.5

174.3

410.0

564.9

548.1

452.8

349.8

270.8

7

61.1

94.8

97.8

186.9

426.3

548.8

531.1

446.6

349.0

264.3

187

140

107

79

57

40

8

90.1

94.1

103.2

211.0

442.4

566.4

538.0

426.6

345.5

245.2

9 1
91.8

95.6

104.6

233.7

471.2

566.4

524.9

422.4

328.0

240.3
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dE s \ f (E, ?f) dlf dE

2
They are also proportional to v n (v) , where n (v) is the neutron

density, Further they are obviously proportional to n (t) , as we

have plotted results obtained with a l/v counter in equal intervals of

t (flight time).

Of course we could have presented the results in other ways,

for instance with logarithmic scales. But in such a case the area

elements below the curves will no longer be proportional to the ab-

sorption rate in a l/v absorber. This proportionality, which we

consider to be advantageous, exists if one plots n (x) as a function

of x and uses linear scales. The choice of x~-t is, of course,

quite natural in a time-of-flight experiment. It also has the advan-

tage of giving a constant value of the ordinate in l/E epitherrnal

regions. Finally, whatever the value of the variable x , it is use-

ful to supply curves of neutron spectra with energy scales. This has

been done in the present report.

We should now like to discuss our experimental results,

starting with fig. 7. The crosses in this figure give the spectrum

obtained above the cell after all corrections have been applied to the

primary data. The dashed curve is the spectrum in the "empty"

channel, e.g. from a graphite scatterer. This spectrum, which has

been measured a couple of times during the past years, has a neutron

temperature exceeding the moderator temperature by 29 - 10°C3 as

stated in (2) and (3) (see also sect. 5.1). Recently we got an indica-

tion of a somewhat lower value, maybe down to 20 C. However, this

value does not deviate significantly from our previous result, and as

we consider the new measurements a little uncertain we prefer to

keep the old value. It is very probable that the correct value is

between 20 and 30 degrees.

Now we know that the two spectra, i. e. above the cell and in

the "empty" channel, should be fairly equal in the thermal region
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(see sect. 3., 5). This lias beenfound to be the case - in i'act the agree-

ment between the resulta in fig. 7 is striking. This circumstance make

us believe strongly in our pin-hole camera method and in the correction

factors used. In particular we have obtained a check of the transmission

function, the determination of which might be a little uncertain when the

intensity is low. A.s the measurement inside the tube \ises the same

correction factors as the measurement above the tube, we may say

that our measurement of the spectrum inside the tube3 i.e. the dots

in fig. 7, is correct (within the errors given in sect. 3. 6). This.state-

ment assumes no appreciable perturbation from the anisotropy of

the tube spectrum. However, from the resxilts in sect. 3. 4, stxch

perturbation must be small- even negligible. This is further supported

by preliminary results with a quartz scatterer. Using such a scatterer,

we measured the ratio of the two beam spectra obtained with the

seal lor or above the tube and inside the tube. The result agreed

excellently with the corresponding result for lead from about 1 cV

down to 0. 01 eV.

The thermal spectrum is of course much harder inside the

uranium tube than above the tube. Also in the joining region the two

spectra differ (sec fig. 8 and 8b). The bump, present in the modera-

tor (2), after a Maxwcliian has been subtracted, is thus considerably

reduced in our tube, as one can see from fig. 8b. This reduction is
23 5

partly caused by the resonance in U at 0. 273 e'V.

In the epithcrmal region in fig. 8 we can see the effects of reso-

nances in uranium. The results are not corrected for the resolution.

In this figure we have also given the positions oC some resonances

often used in activation work.

5. Computations and results

Besides the intrinsic interest in knowing the neutron spectrum

in a special configuration, we have performed the experiment out-

lined above to provide test material for various computational
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methods. For the moment we have concentrated our work on the use

of the Thermos methods developed by H. Ho neck (15). Before giving

the results of our work with Thermos we shall make a few remarks

on the use of Maxwellians-

5.1 Use of Maxwellian functions

Though theoretically not motivateds it is interesting to test

Maxwellian functions as an approximation of the neutron spectrum,

both in the moderator and in the fuel» In. particular one could then

compare the neutron temperature from lutetium foil measurements

with the nexdron temperature from Maxwellian fittings of chopper

r e siilts.

Before treating our measured spectra we shall analyse the

fitting procedure to see how the final result will depend on the

variables used.

We assume a measured function n (t) per unit of t . This

function is to be fitted by f (t) , which is known except for a few

parameters. To obtain values of these parameters one can mini-

mize the integral (the procedure Is similar for a set of values

h

h

v
dt g t . <C t •< t J v is a r b i t r a r y

We have not used any weight function in this treatment.

Our measured "curve" n (t) can. also be regarded as a func-

tion m (E) such that m (E) • jdEJ = n (t) ' dt . E is a function

h (t) of t . Let us now try to fit g (E) to m(E). We minimize

E2
r i v i

• J g ( E ) - m ( E ) | * d E j , w h e r e E 2 = h ( t 2 ) a n d E j s h f t



- 26 -

g(E) follows a relation ol the type g (E) ' |dE| = f± (t) ' dt , where

f. (t) is a function of the same general shape as f (t) but possibly

with other parameter values. The integral can be transformed into

V 1 -v

1 ( 1 ) - n ( t ) | • j h < ( t ) j d t

If we compare this expression with the expression according to the

" t-method'1 we see that f (t) = I. (t) if v = 1, i .e. the parameter

values will then be the same for different variables, [f v ^ 1, f (t)

and f (t) will resemble each other better the more they are a good
1

representation of n(t). v = 2 is often used - it corresponds to the

least squares method. Strictly speaking, however, this method is

probably jiistified only when a statistical material is to be Citted to

a. function known a priori to give a good representation of the ma~

ter i al.

In our special case we have E = h (t) = —Ö (energy and flight

time), n (l) is the neutron density per unit of t . Of coarse we

could have used, for instance, the flux (ft (t) instead of n (t) .

This choice would have changed the parameter values of the

fitting procedure somewhat. We think, however, that there is some

advantage in using the neutron density because it is equal to the

l /v absorption rate. We may summarise the situation as follows:

1) .v --•: 1, "t" or "E-mcthod", density fitting, if (t) - n (t)

or others

d t

2) v ~ 1, "I" or "E-metliod", flux fitting, If (t) -n (t) I - dt

or others .
1
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3) v = 2, "t-method", density fitting, j|f(t)-n(t)j 2 dt

4) v = 2, '-E-method", density fitting, \ | f( t)-n(t) | t3 dt

In our previous measurements of the moderator spectrum

of Rl we used method 3, The fitting was done between 5000 and

10000 jj.s, which meant that 35% of the total thermal neutron

density was excluded on the low energy side- Now a Maxwellian

proved to gwe a very good representation and therefore we

hoped that the exclusion of the low energy side would not unduly

influence the values of the parameters. This has been con-

firmed in recent measurements at low energies. The good

agreement between a Maxwellian and the measured results also

suggests that various methods discussed above would give about

the same parameter values.

Before giving the Maxwellians, approximating the tube

spectrum, we shall include here a theoretical motivation for

the difference between the neutron temperature, T , and the

moderator temperature, T , at a cell boundary of Rl. Thus,

following Wigner and Weihberg (16), page 342, and using

Coveyou's formula cited there, we set T - T = 26°C at
. ° n m

Tm = 3 1 0 ° K - W e u s e d f o r 1^e R 1 configuration Ny/Np Q - 0.054

and n-j/n^ - = 0.6. Now, Coveyou's formula applies to a

homogeneous case. So in a heterogeneous case it seems

reasonable to assume that it gives an average value for the cell.



After having corrected for this effect we gol T - T = Z2 Ch ' n m

for the ceil boundary of Rl. If our measured value 29 C is

corrected, for the absorption in the channel wall we get 26 C.

The theoretical value is in good agreement with this value. We

must remember, however, that the theoretical treatment is

approximate.

In fig- 8b we have given the result oC a TvSaxwellian fitting of

the uranium tube spectrum. The solid curve has been obtained

with method 3 between 5000 and 10000 u,s and gives a neutron tem-

perature of 1Z6 C for a ceil moderator temperature of 33 C»

Starting at 4500 us we got 121°C and, starting at 5500 |xs, 134°C.

A measurement with Lutetium and copper foils gave a

neutron temperature in the tube equal to 137 - 18 C at a modera-

tor temperature of 3 3 C. Relative to the neutron temperature in

Lhc moderator at the cell boundary the neutron temperature in the

lube is 137 - 8 C. In the analysis of the lutetium and copper foil

-Uita we used Westcotf's (g + rs) formalism according to (17).

Later we may test other MaxweJlian functions to approxi-

mate the neutron spectrum in the tube, for instance according

to method 1 above, maybe with the accessory condition

(i (t) - n (t).dt = 0. For the moment we should like to turn to the

direct calculation of the spectrum by means of the Thermos code.

if the Thermos code

Thermos (15, 18) is a multigroup code written in Fortran

for IBM 704, 709 or 7090. The code, which uses an iterative

technique, solves the neutron transport equation in cylindrical

or slab geometries. Up to 20 space groups and 30 energy groups

can be used. The transport problem is treated in a way that is
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justified if the scattering is nearly isotropic in the laboratory

system. The free gas scattering model is built into the code»

which, however, permits the use of any tabulated scattering

matrix.

Thermos assumes l /E flux above a certain energy and cal-

culates the neutron density below this energy. Two types of boun-

dary conditions can be used:

1) The incoming neutron current is equal to zero

2) The flux gradient at the boundary is equal to zero

5^3 Appl icati on. _tp_the_ pr e s ent _cas_e_

In the present case we have applied the cylindrical version

of Thermos to the lattice cell shown in fig. 5. The cell contained

uranium tube 2. The region treated with Thermos comprised the

cell» the reactor channel wall and part of the reactor moderator.

The cell is treated as infinitely long. Because of the heterogeneous

structure of the reactor outside the cell, the curve satisfying

botindary condition 2 has a complicated shape which in Thermos

must be approximated by a circle. No simple considerations can

give a proper value for the radius of this circle and for the mo-

ment we believe this uncertainty to be the weak point in the cal-

culations. In our case the radius was chosen to give the volume

ratio of the region treated equal to the volume ratio of the reactor

lattice. This somewhat arbitrary choice was to some extent

supported by results from copper activation measurements in a

direction normal to the cell. Probably our value, 11. 7 cm, is an

o ver e stim ate.

The region was divided into 15 circular cylindrical shells as

shown in fig. 9. The radii of these shells can be read off in that

figure. The shell denoted "Air and aluminium" is a homogenized

zone consisting of 4 mm of air and 9 -mm of aluminium.

In the present calculation the energy range in Thermos has
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been extended from the original interval 0. 00025 - 0. 78 eV to

the interval 0. 00025 - 3» 06 eV. This region has been divided

into 30 energy groups listed in table 5.

The source term was considered space-independent and

was calculated on the basis of 1/E flux above 3. 06 eV.

The scattering was treated according to the free gas model

with an effective deuterium mass of 3. 6 as suggested by Brown

and St. John (19). The oxygen mass was put equal to 16.

5«_4 Results of the calculations

Fig. 9 gives the neutron spectrum in 8 of the

15 cylindrical shells. In this figure we have plotted n (v) as a

function of v . The heavy water temperature was 33 C.

It is ?riteresting to compare the area below some of the

curves in fig. 9 with results from copper foil activation. Such a

simple investigation gives a check of the Thermos calcxiiation of

the spatial variation of the total neutron density. To do this we

activated one foil on the scatterer and one foil between the cell

and the reactor channel. The ratio of the activities in the energy

region 0 to 0. 5 eV was found to be 0. 462 - 0. 005. The first

case approximately corresponds to the average area below curve 1

and curve 4 in fig<,9> while the second one corresponds to the area

below curve 13. On dividing those areas we got 0.488.

In fig. 10 are plotted the experimental and theoretical results

for the spectrum in. the uranium tube. The experimental data are

the same as those shown in figs. 7 & 8b, The calculated results,

i. e. the solid curve, is a transformation of the spectrum given

in table 5, The calcixlation corresponds to a heavy water tempera-

ture of 33 C, which was equal to the cell moderator temperature

in the experiment. Fitting a Maxwellian to the result from Thermos -

in the range 5000 to 10000 fJ.s - we obtain a neutron temperature of

112 C. The corresponding value for the experimental points is 126°C.
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Table 5.

Results from uranium tube 2.

Group
number

I

1
2
3
4
5
6
7
8
9

10
11
12
13
1 4
15
16
17
18
19
20
21
22
23
24
25
26
27
2 8
29
30

Velocity
v (I)

. 1

. 2

. 3

. 4

. 5

. 6

. 7

. 8

. 9
1.0
1.105
1.22
1.345
1.48
1.625
1.785
1.965
2.17
2.41
2.69
3.01
3.37
3.795
4.295
4.88
5.57
6.445
7.415
8.54

10.10

Energy
E{i)
(ev)

.000253

.001012

.002277

.004048

.006325

.009108

.01240

.01619

.02049

.02530

.03089

.03766

.04577

.05542

.06681

.08061

.09769

.1191

.1469

.1831

.2292

.2873

.3644

.4667

.6025

.7849
1.051
1.391
1.845
2.581

Time of flight
t (I)
(m s)

96.172
48.086
32.057
24.043
19.234
16.029
13.739
12.022
10.686
9.617
8.703
7.883
7.150
6.498
5.918
5.388
4.894
4.431
3.991
3.575
3.195
2.854
2.534
2.239
1.971
1.727
1.492
1.297
1.126
.952

n(I)
cell centre

.00003808

.0013854

.0066866

.017236

.032678

.051584

.071836

.091254

.10802

.12056

.12832

.13007

.12474

.11255

.094926

.073962

.052213

.033104

.018672

.010040

.0059305

.0041417

.0033425

.0027275

.0021718

.0016744

.0012235

.00086809

.00058279

.00043788

n(I)
cell boundary

.015646

.060696

.12991

.21565

.30898

.40074

.48271

.54804

.59231

.61341

.61097

.58280

.52879

.45315

.36487

.27188

.18410

.11131

.059703

.030238

.016888

.011311

.0084959

.0064972

.0049043

.0036455

.0027137

.0019756

.0012044

.00090088

Explanation of the notations in table 5.

v (I) means the centre velocity in group I in units of 2200 m/s

E (i), t (i) are the energy and the time of flight, respectively, that
correspond to v (i)

n (I) is the neutron density, n (v), evaluated at the velocity v (i).
The "cell centre" refers to the centre of the uranium tube
and the "cell boundary" to the boundary of an ordinary
Rl lattice cell
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The calculated thermal spectrum is slightly softer than the

experimental one. This is hardly surprising, since too soft a

spectrum seems to be characteristic for the gas model when

applied to light water and graphite (20) and (21), and it seems

resonable to assume the same effect in heavy water. However,

in (20) for the light water case, no information is given about the

hydrogen mass used in the calculations. Therefore from these

results no certain conclusions can be drawn about a spectrum

which is calculated using fictive masses for hydrogen and deu-

terium in light water and heavy water cases respectively.

Furthermore, calculations in which different radii have been

taken for the region under consideration, have shown that the

choice of radius is father critical» Therefore the softness of the

calculated spectrum could partly depend on an overestimate of

the radius.

In the joining region the agreement between experiment and

theory is not satisfactory. However, we expect better results with

a more advanced scattering model.

6. Final remarks

The results obtained in the present measurements are quite

reliable» so for the moment we can go on using the experimental

method unchanged. In particular a lead scatterer seems to give a

beam spectrum corresponding to the angular flux integrated over

all angles. This is true even for a slightly anisotropic spectrum

like the one in the uranium tube.

In spite of the large absorption, a Maxv/eliiar. gives a fairly

good representation of the thermal spectrum. In high temperature

power reactors with rather thin rods one might expect a Maxwellian

to be a still better approximation. Therefore the Wesfccott g + rs

formalism, preferably with the s joining function, can be used

in many cases, even in the uranium, for instance in evaluating

foil activation data.



However, in systems not even accessible to foil measure-

roexits one is not much helped by knowing a priori that the thermal

spectrum is approximately a Maxwellian, as one does not know

the "neutron temperature". One must then rely on calculational

methods. These methods must also be able to give a correct epi-

thcrmal level and a correct shape for the spectrum in the impor-

tant joining region.

The Thermos code as used here gives a rather good repre-

sentation of the thermal neutron spectrum. However, its repre-

sentation of the joining region is not satisfactory, and this is

probably due to the oversimplified free gas scattering model

used. A more accurate model may give better results.

The future experiments will include the other two tubes,

one of which can also be supplied with an inner annular region of

heavy water» In addition, we shall use a cell with horizontal rods

am-, a cell with hot uranium dioxide. Later we may also measure the

spectrum in a power reactor cell, for instance in a cluster with

uranium dioxide.
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Fig. 2o The rotor. In the lattice cell experiment» described
in this report the assembly rests on 20cm high beams
not shown in the figure.



Fig. 3. The chopper and the cooling system. In the foreground
we can see the disintegration tank.

Fig. 4. The detectors and the detector stand.



Fig. 5. A lattice cell. The one used in the present investigation
is shown. Uranium tube dimensions are given in section
Cl. For the sake of clearness all details on the top of the
cell are not shown in both figures.



Fig, 6» The cooling system, schematically shown.
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