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Abstract

Spectrum aeasurements were performed at the fast subcritical facility

SUAK to test nuclear data and computer codes used in fast reactor calcula-

tions. Is order to obtain a specific and quantitative interpretation of dis-

crepancies between measured and calculated spectrum, homogeneous assemblies

consisting of single materials were investigated. She leakage spectrum of

iron and uranium cylinders was measured by time-of-flight and proportional

counters. Time-dependent leakage spectra were measured by a HE 213 liquid

scintillator. It. was demonstrated that the investigation of time-dependent spec-

tra is a sensitive test of inelastic scattering cross section data. The effect of

an interface on fast neutron spectra was also investigated by measuring space

dependent spectra across a sodium-iron interface. The measured spectra of

these assemblies are suitable for testing the -adequacy of computational

approximations and cross section data.

1. Introduction

Of the means available for testing the accuracy of cross section data,

neutron spectra are particularly well suited, for they are sensitive to the

fine structure of the cross sections. However, most spectra measurements

have proved to be inadequate for such purposes. The accuracies achieved to

present have been generally in the range of 5 to 10>. In addition, most

measurements have "•een performed in multiplying assemblies, which are typi-

cally complex and heterogeneous, thereby rendering the interpretation dif-

ficult. However, it is possible to circumvent some of the difficulties by

utilizing very simple assemblies consisting of a single material. Such simple

assemblies have been constructed at the fast subcritical facility SUAK /I/.

These assemblies were used to study the reliability of inelastic scattering

cross section data and interface effects between different materials, both

of which are important for the accurate prediction of physics parameters is

fast reactors. For the testing of inelastic scattering cross section data

two assemblies were constructed of iron and uranium respectively. Both of

these materials have large uncertainties associated with their inelastic

scattering data. The interface effect vas simulated by constructing slabs

of single materials of sodium and iron. On these assemblies stationary and

time-dependent spectra were measured with various spectrometers. The error'

margin on the measured spectra was established to be well belov tolerable-

discrepancies between measured and calculated spectra. Calculations have

shown that time-dependent spectra are very sensitive, in the early ns

decay, to changes in the inelastic scattering cross section data.
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2. Bxperinental Systems and Methods.

2.1. Iron and Uranium Assemblies

The assemblies ZYLFE 3020 and ZYIU 3020 were cylinders of 30 cm diameter

and 20 cm height made, respectively, of iron and natural uranium. The geometry

of the experimental setup is illustrated in Fig. 1 and the compositions of

the assemblies are given in Table I. The accelerator drift tube of the cascade

neutron generator and the time-of-flight path were along the cylindrical axis.

The target of the accelerator vas located at the center of one end of the

cylinder. The collimated time-or-flight beam vas adjusted to detect the

leakage spectrum of the opposite face. The cylinder was supported by two small

horizontal rails. Backscattering effects of the surrounding structures were

investigated by Monte-Carlo calculations and by time-of-flight measurements.

These effects were proved to' be negligible.

2.2. Assembly

A sodium-iron assembly, called UHHAFE, was "instructed of single slabs of

natural uranium, polyethylene, sodium and iron. The geometry of this arrange-

ment is illustrated in Fig. 2 and the compositions are given in Table I. The

uranium and polyethylene slabs were placed in front of the neutron flash tube

target to convert the I^MeV neutron source into a broad spectrum with a large

flux in the KeV resonance region. The additional time-spread caused by the

converter on the 0.5 microsecond burst of the accelerator was small. The

sodium and iron slabs had a central hole of 12.? cm diameter. This hole vas

used as a variable extraction channel to provide spectra from various depths

in the slab.

2.3. Cascade Heutron Generator

The cascade neutron generator had a sufficiently short burst width to be

used is the investigation of the fast decaying spectra of the assemblies

ZYLFE 3020 and ZYLU 3020. The 160 kV-aeeelerator had a high frequency deu-

teron ion source and & Tritiated target /2/. The target yielded isotropically

monoenergetic 1U HeV neutrons by the D(T,n) He reaction. A technique-to

provide a pulsed neutron source of ,2. ns burst width at 5*10 p.p.s. was

used 111. The burst width was 2 ns at FHHM, 5 ns at FW. 1M and 11 us at

IV.01M. The instantaneous neutron yield ratios of. delayed to mean peak in-
-L - -e

tensity amounted to 2* 10 from . 1 to .5 us after the burst and less than 10 ̂ after

• 5 vs. The neutron yield vas 2*10 neutrons per burst. The pulse shape at

the target and the neutron yield were continuously monitored by observing

the associated Berpartide with a ME 810 plastic scintillator. The accele-

rator could also be used in direct current operation to perform the sp«c-

L _..
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tram measurements with the proportional counters. In direct currant operation

the neutron yield vas Ux10 neutrons per second.

2.U. Neutron Flash Tube

The neutron flash tube relying on the D(T,n) He reaction, provides a strong

pulsed neutron source, which is adequate for time-of-flight neasurements of

large assemblies with long flight paths, such as TIHNAFE . Since its design

/!*/» it has been improved to obtain about 3000 hours of stable operation.

The accelerator tube was made of a metal sealed glass-covar tube which

vas filled with a Deuterium-Tritium mixture. The acceleration of Deuterium

and Tritium ions generated a Tritiated target. The life-time of a single

tube was at least l»00 hours and some tubes withstood 1000 hours of opera-

tion. The 'burst width currently used had a Gaussian shape of k$Q ns half-

width. The neutron yield vas 10° neutrons per burst. The repetition rate

was variable but limited to less than or equal to 300 p.p.s..

2.5. Proportional Counter Spectrometer

Two long cylindrical counters,with the axis parallel to the beam of neu-

trons in a collimated channel, were used to cover the energy range from

about 100 KeV to 5 HeV /5/. One detector, 1*. 8 ca diameter and 105 cm length

filled vith 3 atm H, covered the energy range from 0.1 to 1.2 MeV and the

other detector, 8.9 cm diameter and 23-5 cm length filled with 3 atm CE^>

covered the energy range from 0.8 to 5 MeV. The measured spectra were nor-

malized in the energy range between 0.8 and 1.3 MeV common to both detectors.

The distance between the detectors and the assemblies was 3 to k meters.

The proton spectra vere evaluated vith a code similar to that described

by Benjamin et al. /6/ by using response functions calculated vith a Monte-

Carlo program. Both the calculated response functions and the energy cali-

bration vith the 770 KeV 3He-peak had been previously checked vith aonoener-

getic neutrons from a 'Li(p,n)^ Be and a D(d,n)'He source. The residual back-

ground of scattered neutrons and the contribution of ilt-MeV target neutrons

vere subtracted from the measured proton spectra. Due to the high intensity

of the 11» MeV neutrons the latter background was the main contribution to

the systematic error, which vas estimated to be about 1051.

2.6. Time of Flight Spectrometer

6TSpectrum measurements vere performed vith a BE 905 Li-glass scintillator

from 10 eV to 2 MeV and vith a ME 213 liquid- scintillator from 250 KeV to

1U MeV. Their efficiencies below 1 KeV and above 1 MeV vere calculated. From

1

L _ .. .•
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1 KeV to 1 MeV their efficiencies were determined in a previous experiment

by a calibration relative to a Boron-10 vaseline detector. The determination

of the efficiency and the error discussion of these time-of-flight detectors

vas described in Bef. /7/ in detail.

To determine the background! transmission measurements of samples with

black resonances vere performed. The reliability of this procedure vas veri-

fied by agreement between measured and calculated transmissions of samples

with known cross sections. Transmission dips due to known resonances were

also used to deduce the distribution of the most probable energy dependent

delay in the observed tiae-of-flight. This delay was applied as an energy

dependent starting time, thus correcting to a first approximation the time

resolution effect.

The accuracy of measured time-of-flight spectra of the ZYLFE and ZYLU

assemblies were, with respect to the integrated flux from 0.1 to 1.0 MeV,

3% at 8 MeV and 8? at 10 KeV (see Bef. 111). In the case of the UHHAFE

assembly, additions! errors arose due to poor energy resolution and poor

signal to background conditions. With respect to the integrated flux from

1 KeV to 10 KeV the error amounted to k% at 100 eV and 10? at 200 KeV.

2.7. NE 213 Liquid Scintillator Spectrometer

A KB 213 liquid scintillator of 2 in. diameter and 2 in. length was coupled to a

RCA 8050 photomultiplier with an ORTEC 270 base, having a constant fraction

of pulse-height trigger. The detector provided both nanosecond timing accu-

racy and linear pulse height analysis in a dynamic range of 1 : 200 without

appreciable pulse shape discrimination losses above 300 KeV. The detector

vas the same used in the one-dimensional time-qf-fligbt measurements. For

the time-dependent spectra measurements the detector pulses vere fed to a

LABEH 1*000 two-dimensional time and pulse-height analyser. The flexible

code TRADI was used to convert the measured pulse height distribution to a

neutron spectrum. The reliability of the detector, and the associated code

TRADI, was verified by aeasuring known spectra /8/. The investigation

demonstrated that the spectrometer is a uuited tool for the "measurement

of tine dependent spectra in the energy range from .k MeV to 6 MeV, if the

flux is small above 6 MeV. Within this energy range the systematic error

is within ± 102.
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2.8. Comparison and Combination of Measured Spectra

The reliability of measured spectra vas tested under many conditions by

comparison of the overlapping parts of spectra obtained by different tech-

niques /7,8,1O/, e.g. see Fig. 3. Consistent results were obtained in the

overlapping parts for broad energy group fluxes vith negligible statist!- '

cal error. Because of an occasional poor operation of a detector

it vas found opportune to use vhenever possible two independent measuring

techniques. For typical fast reactor spectrum measurements the entire spec-

trum obtained by combination of the overlapping partial spectra (see Ref./9/)

had an error margin on the macroscopic shape of the spectrum of between 7

to 12JS at 100 eV and between 3 to 12* at 8.0 MeV with respect to the inte-

grated flux from 0.1 to 1.0 MeV. Specific error margins depend on the specific

assembly and the particular combination of spectrometers. For the measure-

ments presented in this paper the errors are mentioned in the previous sec-

tions.

3. Investigation of Inelastic Scattering Cross Section Data of Iron and Uranium

3.1. Measured One-Dimensional Spectra

The measured one-dimensional spectra are illustrated in Tig. 3 and Fig. 6.

The entire time-of-flight spectrum vas obtained by. combining the results of

the HE 213 liquid scintillator vith those of the Tii-glass scintillator. The

overlapping spectra were normalized to equal total flux is the energy range

from 300 KeV to 2 MeV common to botl\ detectors. Both detectors were located

at a distance of 6 m from, the cylinder. The measurements vere integrated into

group fluxes of lethargy width Ausf .05. In addition measurements vith cylin-

drical proportional counters vere performed in the collimated time-of-flight

beam at 3 m from the ZXLFE 3020 assembly. The proportional counter end the

time-of-flight results are compared in Fig. 3. No systematic deviation is

observed. The small deviations are attributed to statistical fluctuations

and different energy resolutions.

3.2. Measured Two-Dimensional Spectra

• The tvo-dimensional spectra vere measured vith the HE 213 liquid scin-

tillator at the surface of the assemblies ZXLFE 3020 and ZYLU 3020. Two runs

were performed for each assembly:

- a low amplification run covering the energy range, from 1.2 MeV to 8.0 MeV

vas analyzed in $12 pulse-height channels and eight U.I ns time channels;

- a high amplification run covering the energy range from .It MeV to 2.5 MeV

vas analyzed in 512 pulse-height channels sad eight 8.2 ns time channels.
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Each resultant two-dimensional distribution vas decomposed into 8 pulse-height

epectra. To eliminate the large contribution of direct 1U MeV neutrons, a

previously measured 1lt MeV neutron response function vas subtracted from

tbe measured pulse-height spectra. The TRADI code vas applied to obtain the

neutron spectra. The neutron spectra vere integrated to obtain group fluxes

with lethargy intervals of Au*0.3. The time behaviour of the single group-

fluxes are illustrated in Fig.s he., kb, 7a and 7b.

The two-dimensioned measurements vere also analyzed by integrating over

time to provide the time-integrated pulse-height spectrum. This pulse-height

spectrum vas processed by tbe procedure previously described to provide the

time-integrated, or stationary, spectra. These spectra vere integrated into

group-fluxes as illustrated in Fig. 5 and Fig. 8.

3.3- SB-Calculations

The spectrum of the vector flux of the ZYLFE 3020 assembly vas calculated by

the two-dimensional transport code SNOW /11/ to the Sg oraer in 26 energy-

groups. The neutron cross section data vas deduced by condensation of the

275 aultigroup cross section set of KAROOS /12/. Space dependent weighting -

Epectra obtained from a one-dimensional Sg calculation vere utilized. In

the calculation the external lit MeV neutron source vas a small cylinder. The

SHOW results indicated an appreciable "fay effect". This error vas eliminated

by introducing the smooth first collision spatial distribution of the source

neutrons. An elastic scattering matrix vas calculated in P_-approximation to

avoid the usual transport approximation. This improvement reduces the group

fluxes by 20$ at 10 MeV and 10? and 3 MeV; but- does not influence belov 1 MeV.

Tbe vector flux with uz=O.95» iir= -0.22 taking into account the previous

corrections, is illustrated in Fig. 3.

3.1*. Monte-Carlo Calculations

The time-dependent leakage spectra of tbe ZYXFE 3020 and ZYXU 3020 assem-

blies vere calculated -with the Karlsruhe Monte-Carlo code KAMCCO /13/. The

input cross section data vere based upon the KEDAK nuclear data file f\k/.

For the calculation KAMCCO utilizes an analytical fit to the differential

cross section data points. The spectra vere calculated in 26-energy groups

of lethargy width about 0.3* The time behaviour vas calculated in a sequence

of 1(.1 ns and 8.2 ns time intervals, which vere the time intervals used

in the measurements. The time dependence of the single group fluxes are shown

in Fig. Ua and l»b for the ZILFE 3020 assemblyx and Fig. 7a and 7b for the

ZYLU 3020 assembly.
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Stationary spectra vere also obtained with the KAMCCO code. The

stationary spectra are shown in Figs. 5 and 8 respectively, for the ZYLFE

3020 and ZYLU 3020 assemblies. Typical statistical errors in the calculated

group fluxes are about 10? for the time-dependent spectra and about 5% for

the stationary spectra. This accuracy vas obtained with about 75 000 neutron

histories which required a calculation time of about 15 min on the IBM 370/

165 computer.

The KAMCCO code vas adapted to introduce changes in the nuclear input

data. Therefore it was possible to investigate the influence of the o(n,n'),

o(n,2n) and o(n,f) data, as well as the influence of the secondary spectra/15/.

It was found that the shape of the time-dependent spectra is very sensitive

to changes in the inelastic scattering cross section data.

3.5. Discussion of Results of the Iron Assembly

The measured and calculated spectra of the iron assembly ZYLFE 3020 are

compared in Figs. 3. ta, kb and 5. The most sensitive test is the comparison

of time-dependent spectra, as oan be seen in Figs. Ua and Ub. The calculation

based upon the KEDAK-data disagrees appreciabely from the measured time-

behaviour for energies below 3 MeV. To reduce these discrepancies the KEDAK

a(n,n') data were changed. The scattering zsacrix was unaltered. An "ADAPTED"-

set was found by trial and error approach, which provided a good agreement

in all energy groups. The relative changes applied to the original KEDAK-

data are illustrated at the top of Fig;. 5. It is worth noting that a 20)5

change in a(n,n') data of group 9 increases the time-dependent spectrum

by 100? at 18 ns. A detailed discussion is given in Refs. /15/ and /16/.

The stationary spectrum obtained by integrating all time-dependent spectra

was less sensitive to cross section changes, nevertheless better agreement

was obtained with the "ADAPTED" -set (Fig., 5).

It is seen in Fig. 3 that the Monte-Cftrlo- and S8-calculations gave similar

spectra. The calculated and measured stationary spectra disagree above

5 MeV and around the iron resonance at 28 KeV. The discrepancy in the high

energy range was attributed to direct reactions and to the anisotropy of the

inelastic scattering. The secondary spectra induced by 1U MeV neutrons are

a combination of direct reactions and compound nucleus reactions, but our

calculations only used an evaporation model spectrum. In a similar experi-

ment /17/» which gave similar discrepancies, the influence of direct reactions

was demonstrated and properly handled by an appropriated choice of secondary •

spectra.



-251 -

The available codes and data-sets used were primarily developed for

fission sources instead of a lU MeV neutron source. In view of this fact,

the agreement from 5 MeV to 50 KeV between measured and calculated spectra

is quite satisfactory if the adapted inelastic scattering data are applied.

3.6. Discussion of Results of the Uranium Assembly.

Measured and calculated spectra of the uranium assembly are compared is

Figs. 6, 7a» 7b ani 8. Time-dependent spectra (Figs. 7a and 7b) were calcu-

lated with three cross section sets: KEDAK /1U/, BLUHM /18.19/ and "ADAPTED"-

set. The relative corrections of a(n,n') data which were applied to the

KEDAK-values to obtain the "ADAPTED"-set are illustrated at the top of

Fig. 8. The integrated time-dependent spectra are illustrated in Fig. 8.

The calculation with the "ADAPTED"-set closely agrees with the measured

spectrum. •' -

As it is seen in Fig.6, the measured and calculated spectra with the

"ADAPTED"-set agree well from k MeV down to 30 KeV. The large discrepancy

in the high energy range is attributed, as with the iron results, to the .

crude approximation of the secondary spectra induced by lU MeV neutrons

and to the poor approximation of the angular distribution of elastic and

inelastic reactions.

It. Investigation of the Interface Effect.

fr.1. The Measured Space-Dependent-Spectra (
i.

The space-dependent spectra of the UHNAFE assembly were measured by the

time-of-flight method below 300 KeV and by proportional counters above

100 KeV. Five positions across the sodium-iron interface were investigated

(Fig. 2). All measurements were normalized to a unitary yield of the Ik MeV

neutron source. This normalization does not normalize parts of spectra ob-

tained by different techniques since the fluxes at the detectors per unit

Ik MeV neutron yield were different. The overlapping parts of the sjpectra

of one position were normalized to equal flux in the energy ranges from'150 KeV

to 300 KeV common to both techniques. This procedure was applied to each

position separately. The agreement of the five normalization constants gave

a mean normalization constant for all positions. The entire spectrum of each

position is illustrated in Fig. 9. This figure shows the spectra of the

various positions in a single abitrary unit.
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U.2. Calculated Space-Dependent Spectra

The calculated spectra, shown in Fig. 9, were obtained by two-dimensional

S8-calculations with cross section data from the KEDAK-file /Ik/. The broad

group cross section data of a mixture were determined zone-vise by calcu-

lating space-dependent weighting spectra of small zones of approximately

3 cm thickness (S9-one-dimensional, 208 energy-groups, h zones per mixture).

Two-dimensional calculations with an external 1i* MeV neutron source uni-

formally distributed over the entire outer face of the uranium slab were com-

pared with one-dimensional calculations. These calculated spectra agree

closely but differ from those obtained vith two-dimensional calculations

with a source of the size of the target of the accelerator. Ths influence

of the extraction-channel was investigated by two-dimensional calculations.

Its influence is small but not neglibible.

The geometries used for calculating the space-dependent spectra were

cylinders of 51,5 cm radius with a voided axial channel equal to the various

extraction channels. A point-source of 1b MeV neutrons was located on the

cylindrical axis at the outer face of the uranium slab. The calculated space-

dependent spectra, shown in Fig. 9, are normalized to a unitary yield of

the external source. The unitary yield of the external source in the calcu-

lation was normalized to the measured spectrum at the "-End of Polyethylene"

position to equal integrated flux from 1 KeV to 10 KeV.

^.3. Discussion of Results of the Sodium-Iron Assembly

The macroscopic shapes of the various spectra are well predicted by

two-dimensional S8-calculation, except for the spectrum at the "End of

Polyethylene" position in the energy ranga around 200 K°V. This might be

explained by the high degree of anisotropy of elastic scattering on hydro-

gen. The attenuation of the flux across the slab is well calculated. The

flux depression at the sodium resonance is larger in the calculation, al-

though the resonances integrals of the calculated and measured flux de-

pression are almost identical. A calculation with reevaluated sodium data

/20/ gave a smaller flux depression, which was in better sgreeaent

with the measurements. The relative depth of the flux depression at the

sodium resonance in the iron is closely fitted by an exponential with a

relaxation length of U.1 ca. The snail disagreement at 3^0 eV i»* the iron

is due to the fact, that manganese was not taken into account. A detailed

discussion of the investigations on the UHHAFE assembly is given in Tef.

/21/.

1
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5. Conclusions

The present investigation of measured and calculated fast neutron spectra

of simple assemblies provides the folloving conclusions:

- Time-dependent spectra in the nanosecond decaying time range are sensitive

to the inelastic scattering processes. Due to this fact it vas possible

to define recommended inelastic scattering cross section data for uranium

and iron.

- The entire spectrum of small assemblies cen be measured accurately by

the time-of-flight method vith an error margin sufficiently small to

make a quantitative analysis of discrepancies between measured and

calculated spectra. The interpretation- of stationary spectra confirmed

the recommended data from the time-dependent investigation, but secondary

spectra and anisotropy of scattering-neutrons must be treated more

accurately to" eliminate discrepancies above k MeV. The discrepancy at

the 28 KeV iron resonance indicated the necessity of revising the corres-

ponding cross section data.

- The combination of time-dependent and stationary spectra of small, single

material assemblies, proved to be a sensitive test of calculational methods

and cross section data.

- Space-dependent spectra at a sodium-iron interface are adequately calcu-

lated by two-dimensional S,.-calculation if detailed space-dependent multi-

group cross section data are used.

~ The theoretical analysis and the experiments performed indicated that -the

present method of investigation can be applied to other materials of

interest in fast reactors.
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Isotopes

23*0
235,,

Mi
Fe

Cr

Mn

Si

C
U

Ha

ZIUE 3020

B.48OE+OO

OT.U 3020

4.741E+00

3.44OE-O2
1.571E-O2

Uranium
layer

4.148E+OO

3.O11E-O2
8.960E-O2

4.014E-01

1.124E-O1

6.872E-O3

UiniAFE

Polyethylene
layer

4.256E+OO

8.512E+OO

Sodium
layer

2.141E-O2
1.407E-O1

3.670E-02

3.O58E-O3

2.3B3E+O0

Iron
layer

6.365E+OO

6.329E-O2

2.O2OE-O2

1.653E-O1

Table I : Coa^oaitipn of cbe AawNbUw ( 1 0 2 2 « t e M / e a 3 )

L _._
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Right for Time - of - Flight Spectrum Measurements
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Fig. 3 Comparison of Measured and Calculated Leakage Spectra of the
Iron Cylinder ZYLFE 3020

jr Time-of- Flight Measurement

Monte-Carlo Calculation with "ADAPTED"- Set

r—J Two-dimensional S8-Calculation with KEDAK-Set

L _



rator could also te usea in Oireet current operation to periom
tnc

1

- 2 5 9 -

I

10

10*

10*

GiNr.5 ()x)
[6.5O-5.)l]MeV

I i I I I I I I 1 I I I
0 4 8 C 16 20 24

Tim* Inscc)
e 12 16 20 24

Time Insee]

Fig. 4. a Measured and Calculated Time-dependent Group Fluxes of the Iran
Cylinder ZYLFE 3020

Measurement:

Monte-Carlo Calculation: x KEDAK-SET
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