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'ABSTRACT
}} Meaedtemente of the shape'of the 23°U flesion cross section

were carried out in the energy range from 35 keV to 3.5 MeV. Three
different techniques were applied to monitor the neutron flux.. The
76Li(n,a)Tvcross section was utilized in the lower energy range (<
‘llO keV) . The Grey Neutron Detector was employed in the entire
energyvraﬁge,'and the‘Black-NeutronvDeteetor was used ebove'AOO'keV.'
The shape values.were nofmalized_with'the'results_obtained'from-three
'diffe:eﬁt sets'bftabsoluteZcrosslsectibn‘measurements, The associated
‘activity techdique was applied ih the 450-650 keV range, the Black
‘Neutron Detector Was used for absolute flﬁi measurements at 800 keV -
and 3.5 MeV, and a calibrated vanadium—bath was used at 500 keV.
| ’ The results from the present measurements agree well with.more

‘recent data obtained by other experimenters but differ up to a factor

_ of two from older values.



INTRODUCTION
The fissibn'crOSS'section of 235U has a unique importancevfor'the evalua—
tion and design of fast breeder reactors for which Z?SU is a major'reference
235 ’

cross section. The importance of the absolute U fission cross section is:di
furthermore'emphasized by its use as a reference cross,section in.most other
fiss1on CYO8s section measurements as well as some capture and reaction ‘¢ross
section measurements, and as a flux monitoro’ Data ex1sting at the beginning ‘
of the present meaSurements (1971) differed by more than a factor of two-
(Ref. 1—28) A general downward trend of the Cross section data was observed.
when the experimental results were correlated as a function of - the | time of
their measurement (29) More recent data show differences in the 6-15 per' S
235

.'vcent range However, some newer absolute R fiss10n cross section measure-

ments are contradlcted by values obtained from other absolute cross sections»
197 198 238

_( Li(n a) Be, Au (n,Y) Auband U(n,Y) U) and appropriate ratio
measurements (23 29 65), which suggest 5—15 per cent lower.zssU fission |
cross sections. Lower 235U fission cross sections were Supported by measure—

ments by Gorlove et al. (18) and some preliminary data (23) which were obtained
.with the same experimental technique as applied to measurements of the absolute

capture cross sections.ﬁ The latter had revealed the discrepancy in the 235U'

£Toss section. Because of ‘the importance of the 235

U fission cross section and
its uncertainty,.a program was initiated'toﬁmeaSurebthis crossrsection over a
large energy range - o .

o Measurements in the low keV-energy range.are usually carried out.relative
:.to the well known cross section shapes of 6Li(n,a)T or B(n a) Li.' In the

higher Mev—energy range measurements relative to the hydrogen scattering cross

'”section should result in reliable data° The ' gap" from A\ 50 keV to " 2 MeV is
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of major 1nterest for real power reactors but is difficult for absolute neutron
flux measurements (30 33), and a wide varlety of techniques have been employed
11n the past. Many of these measuremsnts resulted in discrepant values. Thus,
the present measurements were designed to use several independent techniques
with'overlapping energy ranges 80 that the“results.bridged:the gap @rom o
thevlow keV‘range to'the'higherlMeV range. The objective_was results not only
| independent of the flux determination,"hutkalso of experimental_techniques and
fisSile samples. The uncertaintytobjective.of the;preSént measurements (v 3%) .

was chosen to‘resolve’the exiStinghdiscrepanCies~of the ZBSU cross section.

NEUTRON SOURCES

~ The Li(p,n) Be- and the lV(p,n) r-reactions were used ‘as neutron
sources The majority of the measurements‘were carried out with the accelerator
in.a- pulsed mode and the time-of-flight technique was used for background sup-
‘ pression The primary proton beam was pulsed and bunched to’ about 1—2 nsec.
Awidth and accelerated by a VYan de Graaff or a Tandem—Dynamitron. 'The repeti-e'
',tion'rate wasil or Z-MHZ, All data were taken with thin targets yielding

w neutrons.

essentially "monoenergetic
, The.7Li(p;n}7BéfreaCtiOn was used inkmostvof_the measurementsi This .
neutronisource has-a.high.yield is'simple to use, and reduires no safety'pre—
cautions° .The reaction and its features as a neutron source are well documented
(see for example Ref 34) For<the presentvenperiments targets were:made.from
metallic lithium evaporated on a 0 025 cm thick tantalum backing. The‘target~‘
‘k-backing is a cylindrlcal cup with a diameter of - 7 cm and a height of 4 cm,' Thed

relative yield of the” second neutron group existing above x 2 4 MeV primary

energy is'well known‘(35, 36) and requires only a small correction in_most~ofi
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the'preSent:eXperiments;,_The eneréy rahée:of,the presentvmeaSurements did not
eiceed theuthreshold”for the 7Li<p;3ﬂe,n)4He¥reactionyland contributionS‘from
vthe Ta(p,n)ireaction;in the target backing were'small (36) . The average'neutron_
energy'was determinedsfrom theiprimary'energy,'the target thickness; and the’
- stopping cross.sections uSing the well known kinematic relations. The'uncer—‘
tainties:of the‘energy.determination were estimated.to be * 3'heV. |

The 2 V(p,n) Cr—reaction was- used to obtain monoenergetic neutrons in
the energy range from 450-600 keV. This reaction is a favorable neutron source
for use with the associated activity technique. Vanadium'was evaporated onva
‘backing (silver, 0 05 cim thick, or tantalum, 0. 035 cm thick) with thicknesses
in the range 0 5 ~ l 2 mg/cm N A layer of 0.2 - 0, 4 mg/cm? silver wae evapo-
rated on top of the vanadium. This silver layer prevented the loss of. 51cf-1-'
actiVity due to thermal evaporation. The average energy was evaluated from the
.known primary energy and the thicknesses of the silver and vanadium layers.  The
‘angular distribution of the - 51V(p,n) Cr—reaction is known to be fairly isotropic
in’ the range of . the present measurements (37) however, an. additional measurement
was - carried out at 600 keV ' Two Long Counters were used for this measurement
v One was positioned at 90° as a monitor, and the other was used for the measure~
ments at-different angles. No correction was applied for the change of the |
sounter,efficiency asaitvshould have beenvnearlyvconstant in the 100 keV energy
_ interval of.the‘measnrement; The.anisotropy was found not tovexceed 15 per cent,

FISSION DETECTORS AND FISSILE SAMPLES

Many types of fission detectors were described in the past (38). In the
present.experimenttboth gas scintillation-counters’and ionization chambers were
used° For the gas scintillation counters a mixture of 85 per cent argon and 15

per cent nitrogen was employed as ecintillation gas and passed continuously
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through the chamber 80 as to remove poisoms. Methane was used for the ioniza-
‘tion chamber, in a similar continuous-flow mode. .

21-=Gas Scintillation‘COUnterv(Zw—GSC)

| The gas chamber of the counter was designed to reduce the scattering back-'
'ground from the chamber walls, photomultipliers and other structural materials
'(see.Fig; 1). The chamber had a cylindrical shape with a diameter of 22 cm andg
agheight'of 16acm.v’The thickness,of the iron-wall was 0.03 ém.  Thin aluminum
‘foil was used as a»light reflector'at the walls. The_fissile sample was placed
’axially at one end of the.gas scintillation counter. The‘molybdenum backing'of
the sample constituted the counter wall at this pos1tion. The scintillation
light produced by the f1551on fragments in the ‘gas scintillator was viewed by -~
four RCA 7850 photomultipliers placed at the side of the scintillatlon chamber
;The fast anode output signals were added in pairs and the coincidence technique
.was applied to- exclude signals caused by fast neutrons in the multlpliers - The
time—resolution of the counter was about 3 nsec.' A fission fragment energy

_spectrum obtained with this counter is ‘shown in Fig. 1. .

/én ~Gas Scintillation Counter (Aﬂ-GSC)

A double- chamber gas—scintillation counter described previously (39) was

"used as a. counter in conjunction with a fissile deposit on a thin backing which
pmrmltted the transmission of fission fragments The fission foil was placed in .
the center of the counter, between the two chambers (see Fig 2) Ihe signals_
,thained_from\both‘chambers were added, thuseadsummation‘of the light produced
bypbothvfission:fragmentsfuas_obtained. .This improved the fission fragment
_energy:spectrabmeasurement:byireducing the necessary;extrapolation to serobpulse
height.. A fission fragment pulse.height'spectrum‘obtaineduwith this counter is

gshown in Fig. 2.
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'The;Spherical FissionvCounter (ss-1C)

A spherical'fission‘counterﬁmas designed to utilize the 4m-neutron yield
from the_§1V(p;n)51Crhreaction. The ‘counter, shown in Flg. 3; consisted of tuoi
"8pherical shells of 3. 8 cm and 6. 4 em radii The shells were made of 511ver :
sheetss0°025 to~0.05 cm thick. They are separated and held in p081tion by three
'teflonfrods of»Q.é'cm'diameter and 2.5 cm length'and a teflon ring which forms
,éﬁ entrance channel (0.025 cm thick)'for the proton beam tube (0i03'cm thick,
©0.95 cm diameter). The counter was operated as an ionization. chamber using
methane as a‘gas‘flowing‘continuously through the counter._

"~ The uranium'was.deposited_hy molecular’plating‘oh the'polished outside sur--
face of the inner sphere; Thevd;count rate was measured With the spherical
: counter itselfFUSing appropriate amplification ofvthe'output-pulses° Three
spheres were used in the experiments plated with uranium of two different iso-
Atopic compositions.» The surface area of each sphere was determined from a
“_sampling of the diametervand from volume measurements
The spacial distribution of the uranium deposit on the spheres was- deter-
.dmined with a surface-barrier detector by measuring the a-partlcles at different
positions on the spherer The deposits vere- found to be uniformly distributed
‘Vwithin + 5 per centu A fission fragment energy spectrum ohtained with this
counter‘is shown in’ Fig. 3,’ No timing was used with the spherical ionization -
chambersf o - '

Fast-Timing Ionization Chamber (FT—IC)

An ionization chamber designed for fast timing by Meadows (40) was used in
some meaSurements (see Fig. 4). The collector plate was made of Q. 013 cm thick
7.0 cm’ diameter, molybdenum, and positioned at 0 6 cm distance from the fission

foil which, in turn, was‘l.Z cm,away fromsthe counter'wall,.tA pulse'height‘
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- spectrum obtained with this counter is shown in Fig. 4. The time resolution
of'thisvcounter_wasVabout 4 nsec.

F18511e Samples and Mass Assignments

Features of the fi381le samples used in the present. experiments.are sum-
'marized in Table I Accurate determinations of the surface area was required
for only some of-the‘samples. For the spherical samples, -area-measurements
were obtained from a sampling of the diameter and from. volume-detsrminations..
The use of the‘foilS~in the different‘counters is indicated in the table. The
- different fissilefmaterials:uSed'onsthhefoils‘are‘described in Table II. The
~ isotopic compositions arefgivenrin this table. AhesultsIWere,available from:
'seVeral"analyserSs'AThosetgiven injthe tablevmere useddforacorrecting fission
,events.inuiSOtobes»otherothan 235U‘ .MasS’assignments for.samples used.in abso— '
1ute measurements were required and.the values -are also given in Table II The
'values were obtained frqm a-counting the samples and the specific activity of
the material used The a—counting was carried 0ut in low geometry for the
‘ disc-shaped samples and 1n the counter itselr for the spherical samples .The‘
uncertainty for the low geometry a- counting was'- O 2 per cent and 1.5 per cent
for the counting in the Spherical counters.: The latter required a correction
~ -of O 6 per cent for the total absorption of a—particles and 1.2 per cent for -
s~recoils | | . f‘ ' _ v S
| ' The sPecific activities were determined by three different techniques using
.different samples of the same material o h |
a) The isotoplc composition was obtained from mass spectroscopic analy31s
234 5

1/2( U) = (2 443 % 0 011) 107 ¥ (41 42 33), and
8 .

1/2( ) = (7 02 ¢ 0 08) 10 Y (43), and those for other isotopes as

The half lives T

quoted in nuclide charts were used to derive the specific actlvitles.
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b).*SampleS»vereiu-countedIin lowféeometry'or,Zﬁ—geometryoand‘the’mass
:,was obtained trom‘anranalYSis by nassrspettroscopic isotopic dilu-
_tion technique. ' o | |
c)uuSamples were a- counted in IOW*geometry or. Zﬂ—geometry and the ‘mass.
was obtained by colorimetric mass analysis.’ '

Several values were obtained with each technique for the material U-3 which is

g the most important for the present measurements. The results for the specific

»mass is shown,ianig. 5.” The good agreement between the averageS'from the dif-
ferent techniques_is-deceptive because of the'scattering of the single points.
“However, an'uncertainty of i 0.5 per-centiwas estimated'fron the agreement‘
'-between the results from ‘the isotopic dilution technique and those based on the
isotopic spectroscopy and the half—lives. | -

| The specific activity of the material U—4 iS’based on the colorimetric
vanalysis of ~ 30 samples (44)s four different analyses by mass spectroscopy,
and the above cited half-lives | :

The masses of the fissile materials on the Spherical counters Were original-

.’ly determined from the destructive colorimetric analysis of these Spheres (26)
However, subsequent determinations of the specific activity of the material by
vthe.mass spectroscopic isotopic dilution technique casts some doubt on these. re-—
sults and the values given in Table ll are based on the o-count rate obtained

with the spheres and an additional series of determinations of the specific

activities of the materials involved by the above quoted techniques

Qetection Efficiency of Fission Counters
 The major factors which govern the detection efficiency for fission events
'in the sample are_theitotal absorption of both,fission,fragnents_in the sample

and‘the:loss of,pulses-dueeto-an'electronic or digital (—computer)’threshold,:
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VA linear7dependence of the total fission fragment~ahsorption was reported.
'bv White (20) ~In contrast to these results much - higher values were quoted by
Knobeloch (45) and Deruytter (46) .- This situation wasrdiscussed extensively by
Deruytter (46) however, recent measurements by Meadows (47) ‘support a linear
dependence of the total fission fragment absorption down to 50 ug/cmz‘thickness
of the fissile material. Thus, in the present.experiments,'corrections‘obtained
from the interpolation between White 8 and MEadows reSults.were used

The total absorption of fission fragments in the 4n—foil was obtained by

s evaluating the total absorption for both 2m- and 4n- foils with the Monte. Carlo

technique. An average path length of the fission fragments was assumed ‘and ad-
Justed 80 that the total absorption as. measured for a 2n—foil by White (20) and
:Meadows (47) was reproduced “Then the evaluated result for the 4n- foil was
_‘used to correct the total fis31on fragment absorption | |

The number of pulses lost below the threshold setting for counting fission
.fragments was determined by extrapolating to zero pulse height as indicated in
| the Figs. 2, 3 and 4. | | | | | o .

Some smaller but’energy—dependent.corrections for the fission detector ef-
ficiency were applied.. The momentum of the incoming neutron changes the total
._fission fragment absorption, and the angular distribution of the fission frag-
ments is a function of the primary neutron energy (38) Even though the energy'

235U, the former requires a

dependence of the latter effect is negligible for
: correction of up to 0 5 per cent for the thicker foils in the present energy
range of up to 3 5 MeV. Corrections for fission events' in isotopes other than
235U were usually small (< 0. l per cent) due to the purlty of the fissile
materials._ For the fissile material U—é, the correction at 800 keV was 0 9 per

cent and for U 5 up to l 2 per cent
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'NEUTRON DETECTORS
' A.largeivariety:of neutronidetectors were designed and described'in the
‘past (48). The detectors used in the present experiments were selected and

specially designed to suit.these particular cross section measurements.

giThe Black Neutron Detector (BND)

The fast neutron flux is often determined with proton recoil counters (49)
dutillzing the well—known total cross section of hydrogen.. The flux measure-
- ments with these detectors depends on the knowledge of the scattering cross
section of hydrogen and its angular distribution, the active volume of the
. counter, the amount of hydrogenous material, the-extrapolation to zero pulse
height etc.,ldepending on the type-of the detector which is used; For.the pres-—
ent . measurements a total energy conversion detector was designed for the measure;‘
ment of the absolute neutron flux which.was based on the detection of proton
" recoils but did not depend in first order on the above cited effects and cross.
sections. The detector is a medium sized scintillator of cylindrical shape with ;
- a neutron entrance channel terminated at about. the center of the cylinder,. The
neutrons enter through the channel and lose most of their kinetic energy in
successive collisions with the- hydrogen and carbon nuclei in the scintillator.
. The scintillation light produced by the recoil nuclei is detected with several
| nhotomultipliers. The detector allows the application of the time—of flight
’technique and results in a favorable recoil»energy sum—spectra, requiring only
a small correction for the extrapolation to zZero pulse-—height° This detector
and a detailed Monte Carlo evaluation of the second order effects are described
elsewhere (50—52) Two different BND detectors were used in the present experi—
nent,. The smaller detector was a plastic scintillator with aradius of 8.8 cm -

and a length of: 30 ci. The central entrance channel was 15 2 cm long and had a
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dlameter Qf‘z.s cn. Fiye 58 AVR photomul tipliers w,e_.rerused to detect the
scintillation light, The larger detector.was a liquidvscintillator in a-
'cylindrical‘container with a radius Of~l3 cm, a length.bf 35.5 cm, and an enf
"trance channel with a diameter of 2,5 cm and a 1ength of ll 5 cm. Four 58 AVP

. photomultipliers were used with this detector. The efficiency of the smaller
,detector is shown in Fig. 6.. The larger detector was used at 3 5 MeV only and -
its efficiency was‘96§7 per cent at that energy. - The time-of-flight spectrum
and thegenergy pulse'height'soectrum obtained'with the larger detector‘at.Srs
MeV are shown in Fig. 7; | |

The Grey Neutron Detector (GND)

The Grey Neutron Detector (51-54) was used as a relative neutron fluxv
'mohitor in.the.crossesection‘shapeumeasurementsfand after:calibration with
‘Cf~252 sources; for‘an:absolute'measurement;atISOOlkeVQ; The'detector conSiSts of
avmoderator.volume with an entrance-channelafor‘the’primary neutronvbeam. The |
neutrons are’ slowed down and captured 1n the moderator .The prompt capture
y—rays are‘detected at the surface of the moderator with a NaI(Tl)—detector.

The efficiency 1s ‘a; smooth and flat function of the primary energy ThlS detec-
‘torAwas described in detail on ‘various occasions (53-55 51) For the present

' measurements, two different detector sizes and four different'moderator materi;
als were used in order to check for a possible influence of the noneconstant
efficiency on the measured results, The smaller detector was a»paraffin cube
with a side.length‘of 60 cm. The larger detector was.a container filled with
about 400 literS‘of‘nure hater, a MnSO4 solution or a VOSO4 solution. For-the‘

' paraffin and the water moderators the 2.2-MeV capture y—ray from hydrogen was

utilized - For the MnSO4 solution the high energy capture y-rays of manganese

; were detected For . tne VOSO4 solution the high energetic Y—rays from the capture
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in Vanadium and the 2 Z—MeV capture.y—ray from hydrogen were used. The two dif-
'ferent efficiencies for the latter are shown in Fig. 8 as a function of energy.
'The ratios-of the relative neutron-fluxes.measured w1th»the two different por-
tions of the y—spectra, as indicated in Fig. 8, do not show a systematic energy-
dependence in the energy range from 0. 4 to 3. 5 MeV within statistlcal uncertain-

ties of 2.0 per,cent “(51).

The LiFGlass Detettorna'

Lifglass’detectors are often apnlied in measuring neutron fluxes utilizing
the reasonably‘well»kdown'6Li(n"a)T—cross-section._ For the present measurements
a 0.1 cm thick l 9 cm radius lithium glass was used _The glass was.mounted on
the axis and at the face of a cylindrical chamber with two or four multipliers
viewing the scintillation light through.airt This "freev mounting avoids cor— f
rections for effects due to scattering in light conductors. and multipliers. ‘A
detailed Monte Carlo evaluation of the neutron scattering in the Li glass was

carried-out~and described elsewhere (56).

DATA ACQUISITION

The majority of the data were . analyzed and recorded w1th -an on-line;com—'
‘ puter,system (57). The time—of—flight spectra were recorded w1thvone nsec— E
vchanneltwidth,':The energy:spectrum corresponding to the (monoenergetic) neutron
peak in the-time;ofsflighthsoectrum and'that from,an adjacent equally spaced
interval from the time-of- flight spectrum were recorded._ |

The 51gnals from both detectors were fed through the same. data—input ter-
| minal using a-tag‘for detector identification,' This causes any dead-time effects
to cancel as the computer software imposes the predominant dead—time of the data

acquisition system
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MEASUREMENTS OF THE CROSS SECTION SHAPE

A‘cross‘section is characterized hy its shape and absolute'ampiitude{ vIn
most eXperiments some systematic uncertainties apply tofall.values'(fOr example
mass—assignment;‘deteCtor caiibration,.etc.)é'thus;'it‘is.justifiable to
separate'the shape measurement from the absolute'measurement; ‘This'approach 1s
usually made in cross section measurements with "white neutronfsources" where
the shape is measured using ‘a Cross section‘with a well known energy- dependence,
usually i 1/“%§_ The resulting values are normalized to the thermal cross
'section'or resonance parameters° In other experiments the shape of a cross sec-’
tion is measured using a neutron detector with a smooth and flat effic1ency.
Such.measurements were previously carried out for the determination of capture
: cross sections using the Grey Neutron Detector (58 59). However, an "open

'geometry ‘was used in the present experiment for the fission counter to overcome -
'.‘the tremendousvcount,rate»problem with a collimanedvneutron heam. This solution'
: wasuapplied‘in recent‘messuremente hy:Szabo‘etﬂalt (25). |
Measurements of the cross section shape Were carried out using alI three
'fneutron detectors described above.‘ The energy ranges,‘detectors and the foils

used in. the experiments are summarized in Table III

.Measurements usinn the BND as Monitor-

The experimental setup is shown in the schematic in the upper part of Fig
9; The - fiesile sample (S—Zn—Z) was placed in the fast timing ionization chamber
(FT IC) about 10 cm away from the target. Ihe_collimator,(éo cm long, 1.25‘cm 4
diameter’cyiindricai hole),;was located at a distancepof ahoUt‘6.2 m‘from the -
target. »The smaller'ﬁlack Neutron'Detector was positioned at a.distance of
about 7;l'm'from the target, A neutron detection effective cutoff energy of m

275 keV was determined by the observation of the time-of-flight spectra as a
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function of‘the primary neutron energy. Data wereimeasured in the energy
range 400 - 2800 keV using about * 20-30 keV incident neutrOnienergy resolue"
‘tion for most of,the measurements; However, a resolutiOnvofﬁaboutii 12 kev
was used initheiregion near'900 keV whereithe fisSion cross sectiontof_?BSU &
shows ausignificantvsharp'riserwith energy - |

The fiésion_count7rateiwas‘obtained;from the.peak in the fission‘detector
time—ofeflight spectrum which had a‘resolution'ot,about 4 nsec. The threshold
. was setlwell‘above the oa-detection threshold. - The neutron countlrate was ob-
tained from the integration‘of the neutronhpeak in the neutron detector_time—of— .
tlight spectra,' Some additional background was subtracted due to'counts found
‘outside the energy range in which- they must be expected for. the Black Neutron
Detector energy sum—spectrum.» The statistical uncertainty of the raw data was
‘less.than 1 per cent° The reproducibility was checked at several energies and
-found to be within the statistical limits of the measurements. | |
| Corrections were applied for several energy dependent effects as summarized
'in Table IV,' In this table the range of the correctlons and the uncertainties
_Vthey contribute to the final results, are given.. The maJor corrections were for
vthe efficiency of the BND the transmission through air and the fission c0unter

.

walls, and for the second neutron group of the neutron source reaction. A ten
- per cent uncertainty was assumed for the total cross sections involved in the
‘evaluation of the transmission through air and the fission counter walls. This
may be a rather high estimate between resonances but appearsiappropriate at the
'resonances of the respective cross sections. At the fission detector, the
second neutron group was not separated at most of the energies with the' time-of-
flight technique but it was separated with the neutron detector. The uncertain—'
ty of the required correction is>determined by the uncertainty of the yield ratio

of the second to the. first neutron group of the 7Li(p n) Be—source reaction

(error 1ess than S per cent) and the ratios of the fission cross sections at the
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appropriate energiesi{error.less than 5 per.cent).:'

' The‘correctionufor fission_euents due tovneutrons'scattered elastically
, and inelastically'in thertarget and‘the~counter structure was evaluated‘by tak-
'bing into'account the cross sections of the materials;inQOlved;,the angular
pdistrihution of.the”sounce'reaction’and_Of the scattering cross sections, and
the effective thickness of the scattering material and the'fissile sample for
‘ the primary and scattered neutrons. Analytical and Monte Carlo techniques |
.uere used in these,eualuations; | |

’_The fiséion foilisubtended.an angle’of + 7 degrees with_reSpectito the
neutron”source.whereas the neutron detector measured'essentially the zero-de-v
gree neutron‘yield; Thus a- correction was applied tor the angular dlstribution
v‘of the neutron source using a two term expansion Q = A + A '. cos 8, W1th the

11 12°

'coefficients All and A 12

‘ Neutrons leaking out of the BND without colllsion or with collisions in-

taken from Ref 36

huolving'only carbon:may he.scattered in the surrounding<shielding material and

vreturn within;thevtine¥resolution of the-detector;‘ Ihehcorrection'Wasiestimated'
,_from'the‘cross sections of thelnaterialshinuolVed and.the 501id,angle suhtended:ﬁ
hy the;BND:for‘hackscatteredtneutrons.v‘The transmiSSiOn through the collimator
ﬁas extensiuely treated in. hef 60 .This correction is small due to the large
’7lstance of the collimator from the neutron source.l

Results obtained in the measurements for the shape of the fission cross

section of U-2351described ahove are given in Table V and arerhown'in Fig. 10.
The velues;nerevnormalized‘to.ahsolute‘values as:described below.f'The uncer-
tainties given for the.cross sections in Table V. are at the 68 per cent confidence
: level and do not contain the uncertainty of the'normalization. The energy resolu—

'tion'is giyen'in,the Table.
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The first value (at 399 keV) has limited valldity because at- this energy
“the efficiency of the BND drops off sharply due to the light detection cutoff.
Average values, rounded to millibarn were given when two values were available

‘at the same or Vety~similareenergy (,aZrkeV)v

‘Shape Measurements with the GNb-as Elux—Monitor
| fhe enperimental setup_is.shown in;the_lower part oleig. 9,l A gas'
scintillation counter (Zﬂ—GSC) was positioned”lo to 20 cm away'from the.target;
The-c°llimator’waS'positioned‘at'a distance of‘about_SO,cm,from_the‘source and

- the neutron»beam was’monitored With the Grey Neutron Detector placed at a
distance of 3.8 m.from the neutron target. |

Measurements were carried out in the- energy range from 35 keV to>3 5 MeV..
Some measurementsywere‘carried out_at a]60° angle from' the direction of the pri-
mary'proton'beams;houever;imost'measurements uerevmadeiat'odiv.Energy resolution '
varied from 3 keV to _,70'keV. The fission fragment energy spectra and the '

» time—of flight spectra for the fission counter and the energy spectra of the GND
were recorded with the on—line computer system. The fission‘fragment:energy '
spectra was used to monitor the stability of the fission counter, and the fis—vm
.sion count rate uas obtained from the time—of—fllght spectra.' The threshold
was set at about 40 MeV in order to exclude all background caused by fast neu-
‘trons in the scintillation gas, in the multipliers -and the structural material

The neutron-detector count—rate was obtained from the ¥ ray spectra by-

:integrating the appropriate ranges, as indicated in Fig 8 The Background of
the Grey Neutron Detector was’ determined in separate runs w1th a plugged collij
mator hole. With these measurements, background from roomrscattering and leak—
age through the - detector shielding was eliminated ' Background independent of
the 7Li(p n) Be-neutron source was determined with‘an empty target cup and

<

v foand to be negligible._



L1 7_

Several_corrections were applied which”were similar to those discuSsed‘for
, the measurements withgthe BND. 'However. sOmevof the~major corrections were re-
duced-(second neutron group. scattering in the fission counter) or of a different
nature (efficiencyjof the’neutron detector). The largeSt corrections were'again
‘for the transmission of the primary neutron beam through the fission counter wall
~and the alr betneenbthe fission cOunter and the neutronmonitor° The counter
‘wall consists of iron and the transmission was in the. range of 98. 4 to 99.1 per
'cent, except in some resonances where it was as low as 91 3 per cent. However,
only a few points»were measured at energies coincident with large resonances in -
the'iron'cross section. The correction for transmission through air was in the
1.5 - 4.3 per cent range, except around 430.keV where the resonances in oxygen
.and nitrogen cause a correction up to 8 5 per cent. Neutrons scattered in the
v.molybdenum-backing of the fissile sample require a correction which is mainly due;
to the loss of neutrons detected by the neutron counter. The loss of neutrons
passing the fissile sample 1s compensated for,’in'part by an’increase of the
. effective foil thickness for these neutrons scattered into the fissile sample.~“
The second neutron group of the 7Li(p,n) Be—reaction contributes up to ll
‘ per cent to the total neutron yield however,‘the cross: section of the 235 U(n f)—
reaction does not change more than 10 per cent in the range where the second
neutron group contributes significantly to the fission rate, and the efficiency
‘-of the neutron detector differs by only up to 3 per cent for the two groups.w'

The.total correction for the second neutron group does not exceed one half per
~ cent because the second neutron group is not separated by the time-of ~-flight
technique with either detector. The correction required for scattering of
’neutrons in the target backing and target assembly is of a similar nature.

These scattering events cause an additional non-monoenergetic component in the
neutron beam. The correction was evaluated using the known angular distribution |

of the source reaction, the thickness of the tantalum backing, the energy—
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dependence of the f1851on‘cross section and neutron detector efficiency In;
.scattering of neutrons from the collimator has been con31dered previously (58)
In the present experiment.this background was estimated_to be less than 0.1 per
cent. 'The‘scattering'in’the walls and other structural material of the fission
'Vcounter caused onl§ a smallfcorrectionffor"thevinrgas SCintillation.counter be-

. cause of its-large'size. The total correction applied for the experimentrwith

| the,GNb,is shown as a.function ofcenergy in Fig. 11,.’

The'reSults frombthe present»shape4m5asurements are giuen'in Table VI and
are shown in Fig;‘12;; The'shapeivalues WErefnormalized with the results'from'
the absolute:measurements as'discussed'below° The statistical uncertainty
| contributed significantly to the error of the measurements with the GND (l 5 -

3. S‘per cent) Other contributions are from the uncertalnty of the corrections
'3'(0 5 - 2 O per cent) and from.the energy—dependence of the neutron detector'
efficiency. The contributlon from the latter increases with energy ‘to a m2 - 3 '
'per cent uncertainty, which is the limitatlon for the shape measurements w1th the
GND above 1.5 MeV Some values shown in Fig; 12 are averages as given in Table

VI. The nearest whole keV and millibarn were quoted,

Measurements with the hi-Glass DeteCtor.

ﬁeasurenents'with‘the GND become»increasingly ditficult‘at lower energies
due to the 1ow_neutronhintensityvoffthe source_reactiont -Thus_the_measurements_
with'the_GND'wereisupplemented_nith-Shape,measurementsbin the_energ§_rangé belbwv
110 keV utilining:thelﬁLi(n,a)T cross-section for neutron:fluk_monitoring.' |

- The fission_detector'ann the tifglaSS'netector-were Positioned back to bach
at an angle of 77°-to the incident prOton beam'direction; bThe‘fission foil.and
the lithlum glass were-on opposite sides of the counters, the former about 13

—

cm from the target and the latter about 25 cm.
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Data were taken'in_the‘energy range fronv35 to 110 keV and’one'point_at
250 kevl~'The countlrate‘was.obtained.from the peak inlthe'time—of—flight spec—
trum subtracting the background from an equally spaced interval adjacent to the
peak | | o

Corrections'were applied for tranSmission through counter:walls and scatter-
ing of neutrons in the target and counter‘materlal as discussed above‘ Recent
measurements of the 6Li(n a)T cross section resulted in consistent ratios for
the peak of therreSonance»to_the "valley —value between 90 and 100 keV (33).
The data used forithe 6Li(n,o)l cross section are based on.these measurements
and are»listed‘in'Table'VII; 'Only the'shape of the present measurements was
used and thé'235u fissionlcross section.yaluesiwereinormalized at 250 keV to
the results obtained with the GND° v | | | ‘. _

The results are listed in’ Table VII and shown in Fig 12 The major un-h,,
.certainties are from the normallzation procedure (2 0 per cent) and the statis—

_,tics (l 5 2 0 per cent)

o ABSOLUTE CROSS SECTION MEASUREMENTS i

Absolute measurements were carried out at energies favorable for-the re—‘
spective technique, Thus, absolute.measurements_with:the-BND;were carried.out
at 3.5 MeV‘(using.the larger‘detector)vand at . 0.3 Meyv(using~the smaller detecf
tor) in order to have suffic1ently higher energles than the cutoff in the |

efficiencies and a small:correction for secoudary effects. The associated

o activity technique was: employed in the 450 ~ 650 keV .energy range because the

fission cross section does not vary much with energy in this region and there—‘
fore the energy spread of the 1V(p,n) Cr-reaction introduces only a minor
.uncertainty of the CTOS8S section result. Finally, the measurement with.the

calibrated vanadium bath was carried out at 500 keV neutron energy because the
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peak‘in the neutroh yield ofdthe7source reaction 7Li(p,n)73e helpS'to_over_
.c0me count rate problems‘r° , A
~Table VIll<summarizes'the absolute.measurements,.indicating'the uranium
: , R RO B RN
~ foils and fission.detectorsiused;‘and the‘neutronifluk measurementvtechniques.

~ which were applied in the ekperiments.

Measurements'Using'the BND'
| The Black Neutron Detector has an effic1ency close to one, thus, lO6
'higher than the reaction—rate of a typical fission- foil used to measure the
ifiesion cross section,:.AleOO cps rate is»reaSOnable with thevelectronic and -
couputer'equipﬁent;ithis:count rate corresponds_tovabout 1000 neutrons per
second measured with.the Black Neutron Detector. iA-SOO ug/cm?.uranium foil-
would:yield_about»o fissions per hour in-thisbbean:' In order to”reconcile both
efficiencies, a:double}collimatorfsyStem_was used inithe.present experimentxwith
the'largerdBND; An'open geometry.fOr_the_fission'foil‘andva collimator'for the l:
neutron detector were used with the smaller BND. o | | |

The absolute measurements were carried out: at O é MeV and 3.5 MeV neutron
_energy In the experiment w1th the larger BND at 3 5 MeV a neutron beam was
'first collimated in such a way that‘the entire dep031t of the 4w—uranium sample-
positioned in the fission counter at a l73—cm flight path was radiated but not
the structural material of the scintillation chamber,, A second collimator pro—'c
vided for a lower intensity beam for the Black~Neutron Detector which was
positioned 440 cm behind the target, The.experimental setup_is shown in the ‘
schematic in Fig. 13 | o | o

The threshold for recording fission events was set below the a—detection
threshold and the spectra contained background not only from fission events

caused- by straying low—energy neutrons but also of alphas and effects from
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'v(n,x)—reactions as well Tne count rate was obtained from the f1831on spectra
;coincident'with the‘neutron peak in the time—0f~flight spectrum; Background

was eliminated by subtracting the energy spectra obtained for an. equally SpaCEd
.range in the time-of flight spectrum adjacent to the neutron peak |

The existance of'additional background in the range of the fission spectra
.was<checked hy:a‘measurement'without‘the fiSSile.sample} ‘The total background -
_amounted to 13 per centlof.the cdunt”rate. The spacial distribUtion'of the
neutron yield in forwardedireCtiontafter.the first collimator is‘aSSumed isoe
tropic. This assumption is well justified due to the small opening angle sub-
tended by the uranium foil (0. 8udegree) The neutron flux per cm2 hitting the
uranium foll is measured With the neutron detector after the second collimator,
thus the opening angle of theicollimator is needed This is determined by the
exit opening of the collimator, the distance between the neutron source and the
lcollimator, and the transmission through the side of the collimator channel.
The present collimator was 40 6 cm long with a cylindrical channel whose cross
sectional area was- about a. 33 cm2; determined from samplings.of the diameter
" and volume measurements : Due to the large distances from the second collimator‘
toithe neutron source.and from the " collimator to the detector, the correction |
for transmission_through the collimator and scattering into thekneutron_detector
fe $mall. | | I
For the measurement at 0.8 MeV with ‘the smaller BND a thinner,235vaoi1 was

used in open geometry The setup is similar to that shown for the shape measure—
‘ments. in Fig 9 The uranium foil (S—Zﬂ—4) was pOSitioned in the fast timing
ionization cnamber at a: distance of about. 9 cm from the target° A cylindrical
collimator with an‘opening diameter of about 1.3 cm provided a low intensity

neutron beam for the BND which was positioned at a distance of about 7 m from

the target
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' The'corrections reQuired for both measurements are summarized in Table IX.
These corrections,are similar to‘those'applied.to‘the‘shape'measurements andf
were discussed in the appropriate sections The uncertainties which are caused
by these corrections and contrlbute to the results are also given in Table Ix
The results obtained for the absolute cross sections are

- o800 keV) = (1134 2w

o, £(3500 keV) = (1198 £ 26)m>

.'-Absolute Measurements Us1ng the Associated Activity Technique :

The absolute neutron source strength of a (p,n)—reaction may be determined
from the residual nuclei 1f such nuclei‘are radioactive., This technique was
employed in the past for measuring (p,n)-reaction cross sections, calibrating
neutron detectors and measuring absolute neutron cross sections (61-64 55).

T lV(p n) Cr-reaction was used in the present experiments,'VMeaSurements
‘were carried out in energy regions with only a small change of the f1351on cross_
section over theISpectra range of the neutronisource. |

-,

The setup for the experiment is shown in Fig. 3t‘ The”proton~beam'is colli¥

o : &

[

»mated by gold aperatures ‘and strikes the target in the center of the spherical
,.fission counter. The pulse height spectra of the fission fragments obtained
 from- the spherical ionization chamber is recorded with a multichannel—analyzer
'The number of fission events during the irradiation is obtalned by extrapolating
vthis spectrum to zero pulse height and correcting for total fission fragment ab— :
_sorption After the irradiation, which 1asted 100-600 min.; the -activity of
the target was measured 2 3 times with a NaI(Tl) detector., The Y- ray spectra

was recorded with a multichannel-analyzer and the photopeak at 320 keV from the
decay of 510r was used, .The NaI(Tl)-detectorﬂwas.calibrated with absolutely
measured 51Cr-—sources supplied by the EURATOM— and CHALK RIVER-laboratories,i The

calibration factor includes the photopeak efficiency of the detector and the
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' branching ratio of the decay of 51 Cr. An additional value‘may be ohtained
from the photOpeaR efficiency of the detector and the branching ratio as re-.
ported in the literature (65) . However, this results in a rather uncertain
value and does'notvinfluenCe the calibration factor; The‘calibration values
are shown in Fig. 14. 3
: Measurements were carried out in the neutron energy range from 448 to 650
keV using three different spherical f1581on counters. Two sources of background"
_were identified and determined experimentally.. Fission events due to neutrons
} produced by protons hitting beam tubes, aperatures or. the target backing were
determined by measurements with an empty targetu This background»was found to
ubbeil -2 pericent. Neutron background scattered by the environment (laboratory
walls, floor and beam tube support) usually is determined utilizing the 1/r -
law of the,primary neutron rlux This technique was also applied in the present'
iexperiments; However, the background was determined by measuring in’ different
'directions»from‘the source and using an‘appropriate average. This’background :
was in the ordervof 1- 5 per cent of the count rate, the smaller amount apply-
ing to a laboratory with the walls and the floor more than 3 oy away,}the larger
number for a laboratory with only l 1m to the floor and the wall |
The corrections applied in the present experiment are summarized in Table X.
Primery neutrons which are scattered in the spher1cal detector or the target
_ aesembly cause an increase in the fission rate,' This increase is due primarily
bto the longer flight path through the fissile deposit for neutrons scattered _
235

-before they reach the ° U layer, and due to the increase of the neutron flux by

neutrons backscattered after they passed the 235U layer. The largest correction
is due to neutrons. scattered in the inner sphere on which the uranium is deposited
The increase of the path—length through the uranium layer was previously evaluated

~assuming isotropic scattering from silver (26) However, because this correction

is the largest to be applied, a:Monte Carlo evaluatlon was- carried out taking
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‘into account the.angular"distribution of the neutron”scattering-on Ag. A correc-
'tion of 2. 5 per cent was obtained from this evaluation for the Ag 10 detector
and 4.2 per cent for ‘the Ag 20 detector.- The difference between the result from
the analytical evaluation and the result from the Monte Carlo technique vas
ismall (0.2 per cent)au o

The scatteringcat thehouter sphere increaSes thebneutron flux at the inner -
,sphere with the uranium dep031t. 'In'addition eaCh‘scattered neutron hitting
.the inner sphere passes the uranium layer tw1ce, thus amplifying the effect.
Scattering in all.other_target and detector.structural»material_cauSes similar'
additionallfission events.. These correCtionsvare'in general'small and were
estimated by evaluating the amount of scattering, the space . angle subtended by
the uranium—deposit to the scattering source, and the effective thickness of the
235U layer for . the scattered neutrons. The energy change of the neutrons due to
'inelastic scattering was taken into account for scattering in the target backing

only because the total amount of scattering on all other material is small The

' results from the present measurements are listed in Table XI

. Measurements with a Calibrated Vanadlum Bath

A vanadium bath,(66) was used for an absolute measurement at 500 keV
neutron energy. Although thlS technique-may.be applied»as an-absolutevtechnique
like the- manganese bath technique, the present vanadium bath was calibrated w1th
Cf—sourcesf The same vanadium—sulfate solution and. tank used for the GND were‘
'also:uSed in‘this,experiment. |

lTvoicalibration values were~obtained; gne by using an‘absolutely calibrated:
ASZCf“SQQrce (57)5land another;by #Singfe ?Sszrdenosit‘for,which the‘spontaneous
‘fissionvdecay rate'Waslmeasured with aisurface barrier detector in’a low geometry

_counter. The 'meutron emission for the latter was obtained from the spontaneous
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'fission decay rate and the known value for the'number‘ofvneutrons per-fission
:event v (33). | | | -' | N

The calibration value obtained with the absolutely calibrated 52 f—source
‘was determined by irradiating the vanadium bath with the 252Cf—source and then
measuring the 1.4 MeV y-ray from the decay of»szV w1th a NaI—detector at the
surface‘of the bathf‘ The same procedure was repeated with 500 keV neutrons
from - ‘the 7Li(p,n)T—reaction, however, the 2.2 MeV y-ray from the capture in
" hydrogen during the irradlation was recorded@ Comparison of the vanadiunf
activitiesvand’the known Cf-source strength'yieldsvthe calibration factor for
" the detection of prompt 2, 2 MeV. capture y—rays at 500 keV neutron’ energyok

A second callbration value was obtained from the 252Cf—source with the
measured spontaneous fission rate. - In this case the 2. 2 MeV capture Y-ray was
‘directly detected during the irradiation with the source. In order to obtain'
the efficiency for 500 keV neutrons the average of the detector efficiency .

252Cf (68) was evaluated Because‘of this correc-

.over the fission spectra of
'tion and the higher background,pthis technique resulted in a calibration value -
‘1w1th a larger uncertainty. | | . -
Corrections were applied for thelleakage of neutrons from the vanadium

52Cf-source) (69 70)

’ bath (0.7 per cent at 500 keV and 1. 4 per cent for the
and the absorption in the source and channel material (0.2 per cent) The'
latter was determined by doubling the amounts of materials involved.

The corrections used for the vanadium bath relied upon the extensive in~
vestigations by DeVolpi and’ Porges (71 72) This appears appropriate as the >

. calibrated 52 f—source was obtained from the same experimenters.b The two

values obtained from these»calibration procedures_are
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n (soo kew) = (1.305 * 0.030) . 107
n (500 keV) = (1.318 £ 0.040) . 1074
,andcthe weighted average'l.310f1094 was used.
The setup for the measurement of . the 235U.f'ission cross section‘at>4@8 keV

'with the calibrated vanadium bath is shown in Fig. 13 ‘The advantage of this -
measurement at 498 keV is that-many of the required_corrections were eliminated.
v'However; the countirate-for the fission counter was uery 1ow and a long irradia-
tion time was required (% 2 days) . |

| The same fission counter and uranium deposit were used as in the measure—,
ment with the BND at 3 5 MeV. Corrections were applied for the transmission
through the counter and the air,‘as well as. for scattered neutrons as.discussed
before.__The value | o : ‘ A |
- ’a‘(aés*kev)~é (1151*2 4z>mb

was obtained‘ The major contributions to the uncertainty of this result were-
ffrom the calibration of the vanadium bath.(Z 3 per cent) and from the statistics
for the fission counting (also 2 3 per cent) Other contributions were from the
_fission counting efficiency (1. 0 per cent), the uranium mass (0 5 per cent), the
limit on the. homogenuity of the uranium distribution on the sample (1. O per cent)

ard for corrections (0.5 per cent)

RESULTS AND DISCUSSIONS

It should be emphasized that the values given in Tables V, vi and VII are =
"the results for the __ape of the cross section and may be multiplied by any .

| factor desirable.- Howeyer,-the numbers_as‘quoted invthe;tables were normalized

_with abSolute valuesvobtained.iﬁ the present experimentsvin order_to'quotexcross
section values.,SThe'shape values measured.withfthe BNbvwereanormalized_with the

sbsolute valuekobtained at’800 keV with the small,BND;*‘The'shape‘values,meaSUred‘
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_with the GND were normalizea with the absolute value obta1ned with- the cali-

brated vanadium bath, and the values obtained relative to the 6Li(n a) cross
section shape were normalized 1n turn to the GND values at 250 keV S
A finalvresultuof average values for the fission cross section over the

entireienergy'range from 35 to 3500~keV'was obtained by evaluating’an-average

shape of the cross section from- the data in Tables vV, VI and VII, and normal-

'izing this shape with all the absolute . values obtained in the present measure—i

ments. For this purpose, eye-guide curves were drawn‘through the results of.

‘the three different shape measurements; These shape curves were normalized at -

small overlapping energy ranges to the same value and a weighted average for

“the shape of the Cross section in the total energy range was evaluated This

B shape was normalized with the absolute values by minimizing the differences :

between the absolute values obtained from the three different techniques and

the'shape result.' This final result from the present'measurements is given,in

'ifable"XlI'

: The final result is also shown in Figso 10 and 12, .iA-i:diper'cent.unceriA
tainty range 1s indicated in Figs. 10 12 and 15.‘ This error range was ase
sumed as the uncertainty of the present measurements from the different
measurements and the agreement between -the independent results. Besrdes some
fluctuations which nust be expected from the statistical contributions to the

uncertainties of the single points the agreement between the results from dif—

°ferent techniques is . well within the uncertainty range of the present measure-

ments ‘ The results as given in Table XIT smooth out statistical fluctuations
hut also nay ignore some real structure which is smaller than the present un~-
certainty range. However; structurevof-less than 2 per cent in the energy.-

range above 100 keV should be of no concern for reactor purposes° 'Structure'

235

in the fission cross>section of U below 100 keV as known from other measure—

ments (77), may be superimposed on the present average values.
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. The results obtained with.the'GNDifor the shape of the cross section are
‘somewhat higher in the Energy rangerabove 1 Mev than the values obtained with
'the BND The difference is systematic but well within the uncertainty limits
~ The measurements with the BND should be more reliable Ain this energy range. On
the other hand the agreement in the overlap—range above 500 keV suggests that
Ithe GNDfshape,results-obtained below 500 keV should be’ reliable within'their
uncertainty range. The erficiency of the GND is much flatter in thlS lower
range than in the MeV range. N

The present results asrgiVeniin Table‘XIl are compared with‘values ob—
tained by other experimenters in Fig. 16 Only the more recent results (later
.than 1965) and available for reference were compared with the present ‘measure-
ments. Older measurements are, with few exceptions, up to a factor two higher
_and were displayed at other occasions (26 29) Fig; 16 shows good'agreement
between these data w1thin their respective uncertainty ranges° A p0531b1e

exception are some of the values by White (20) in the lower energy range and by
»Kaeppeler (73) R - | - |

The‘averageoof the‘fission.cross sectioneof'23$Ufoverhthehfissionespectrum'
»ofhthe.ZSZCf—spontaneous fission‘process providesva first check'offthe‘integral‘.
quality'and normalization’of the present results° The advantage oflthis aver-
age over other integral (reactor) quantities as a test of the fission cross
.section of 235U is its independence on. other nuclear data, 1nc1ud1ng ‘the aver—'
age energy of the-Cf—spectrum, Using the:Maxwellian.spectrum"

| S ¢ (E) nE exp --jz—E-"—— B Ea.= 22MeV ’.
HS.E e . :

a change of only * 0 2 per cent is caused by a change of E by 10 per cent
Similarly, the difference obtained for the average Cross’ sectlon is only 0. 5

235

per cent if the Cross section of U outside the range-of the present ‘measure-

ments is changed between its extreme_possible limits. Thus, the average. of the
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, ’_ C 235 252 . - o
fission cross section of "~ U over the “Cf fission spectrum depends essen-
tia11y only on the absolute values pf'thefdifferential crst‘éection.'

' The result for the average of the prééent.mEasﬁremeﬁts:over above speCtrumf
is 1.230 bérﬁ.”_This compares well with a‘measurement_by Gruﬁdle (78 of 1.207
+ 0.052 barn and by Dorofeev and Dobrynin (6) of 1.22 * 0.08 barn. The latter

is an average over a mock-fission source spectrum.-
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TARLE I.

- Physical

Description

of Figsile Samples.

Sample . Thickness ‘Area. Fissilé" ‘Deposition ‘Backings = Used in

Label = in ug/cm2 © in cm? ‘Material .Technique in cm © Counter

Sr2w~1 '400gt .20 U=1 . Electro- jMolybdenuﬁ ' a2n—GSC
plating .20.013 '

s-21-2 500 20 U-5 " o | FT-IC

S-4m-400 - 400 19,63 0.1 U-3 Electro- o .

e ' - gpraying Vyns - 4w—GSC_v

Ag~1 55 184.1 + 1.1 U-1 Electro-  Silver O
plating 0.025 - 8S-IC-1

Ag=10 75 186.9 1.1 U-2 m o $§-1C-2

Ag-20 60 189.6 + 1.1 U-2 " 0.050 . ss-Ic-3

§-21-4 100 5 U4 Evaporation St.Steel FI-IC

' ' . 0.025
S-27~5 400 11 -6 " Molybdenum =~ 2m-GSC

- 0.013 -




TABLE II. Isotopic Contents and Mass of the Fissile Samples.

Sample 'vFissile fIsotopic,Compositionvin wpc Sl o g
Label Material ~ 23% 23y, 236y 238y Mass_Assignment in mg of 2350

s-2r-1  U-1 0,028 99.86 0.068 0.054 - -
Ag‘.'i’ 'U'__l:.v' u n W w o A - %@23 . + 0.20

§-47-400  U-3 - - 0.168 99.505 0.026 0.301 . %811 £ 0.039

+

1+

Ag-10 U2 0.047 99.564 0.311 0.078 1391 * 0.28

1+

Ag=20 u-2 wooow mom T e+ 0,22
S-2m-4  U=4 - 0.843 93.40 0.317 5.436 -~ 023856 + 0.0019
§-2m-2 U-5. . 1.03 98,41 0.457 0,103 - -

5-21-5 U-6  0.027 98.37 0.056 1.54 -




TABLE III. Energy Ranges and Detectors Used‘in_Shape’Measureﬁénts;'

Energ; Range-in,kev

400 ~

35

!

500 -
500 -

160

35

2800
2800
35002
2800
1300

110, 250

Fission Detector

FT-1IC

11]

. |

© 5-21-5

_ GND
. GND

Water

2
o

VOSO4+ Water

Mhsoa+ Water -

Paraffin‘

- Li-Glass




TABLE IV. Corrections and Uncertainties of the’ Final Result Caused. by the
. Corrections for Snape MEasurements with the BND.

Effect;

Range of Correctlons'

in per cent .

Uncertainties Caused
by the Corrections
~in per cent

Atténuation in Air
'Attenuatioﬁ in Cﬁamber  :.
Second Néutfbn Grouﬁ

Inscatter from Fission Counter

Ingcatter from Target

Inelastic Stattering in'Fissibn‘qunter‘

.- 235, . : o
Non- ,3 U Isotopes
Angular Distribution of.Source

Energy. Dependence of Fission
Counter Efficiency

_BND Efficiency
Backscatter to BND -

Collimator:Transmission'

l

1.5

1.4

0.6

0.0 -

0.2 -

‘1.0

0.1 -
3.4 -

0.5

1
2.5
13

:_ .’2 -2

1.0

0.2

1.5

- 2.5

0.5

11.5

1.5

;'1;5;‘

 0.'5~— 1.2
0.2 - 0.3
0.0 = 1.0 |
0.3 - 0,5
0.3 - 0.5
0.1
0.1 - 0.2

0.2 - 0.5

0.1-0.2
1.0 - 2.0
0.2 -0.5

0.2 0.3




TABLE V.

235

E
n
in keV

Results for the‘Shapejof the U Fission Cross Sectioaneasuréd'with the BND

)

inmb

Ao

in mb

E
n

in keV

+AE | .
n

Cin keV ‘ ih mb

c

’ ‘_bAo, _
“in mb. -

399
. 499
v600.'
685
799
847
867
887
897
917

1100

30

28

27

27
12

12
12

'-12‘

12

12

12

12

12

25
23
23
23

23

23 -
22

22

22

1223

1164
1107
1136

1134

1115

1156
1147;
1157
1174
1220
' ,i217""
1194
1190
Sun

1200

1205

1196

1208]
49214
1219)

1225
1233

1238

1261

44
21
18

A"zo‘

i

22

24
25

_27 .

r‘24~l3
27

28 .

30

30

26

29,

30

32
32
1236
32

33

31

30

- 1700

1702

1750

1801

1801

' j_,1ssq 
" 1903
;i:u1951: ¢
2000

2012
2053

2093

2093

- 2133
2202

2203

2253
- 2302

2403

2703

- 2803,

22

22

22

21

21 -

21"
',ilefi‘
o
20

: 20;:
20
e
20

20

20

20

. 19._
18,>'1

18

C1266)
' Y1249
1232)

1260]

1249

1258

v’_izsj‘
1282'
1284
lzésAvi~f'
‘  1285:
1268

1261

C1272
1290'

1286

1259
1281
|  ?13£5“"'

- 1245

1233

- 33
1255
.32

33
33

32

33
33
 '  33;
33 .
w2
3
.3257

1265
S 33

33
1288
35
34
34
32

31 -



TABLE VIi. Results for thevShape'offthe 235U Fission Cross Section Uéing the

GND. (W = Water~, P = Paraffin-, Mn*Manganesef; V = Vanadium-Moderator).

E_ | tAE o g e

‘in keV - in keVy : ~in mb N B in mb L Moderator..
3 32017 16 W

47 s Cos o W

=

8 s 1600 - 43
84 s as19 38

97 8 . 1579 . 35

= o= o=

121 8 o102 31

g

15 o L4260 21 .
o L1409
144} 23 oWy 3

s =

0 . 13719 28
19) 25 o1y 18

v,

194 : 23 o1k a2 oW
208 18 1368 . 46 W
231 - ':, 25 136 o8 ,' _7~a]*5v jPr '
273 35 . 1388 . 40w
297 w0 o189 .29 o w
s3] 25 122 R S SR 2

396 o Y1192 =
35 1161 .28

427 29 3T 12
~431 S ; S 31179 S 5
15 Sl 35

| A .
L. . . u32f . 21

508 16 - 1128Vfli33:,” 21

< -

26 D 113§J' T 24

593 25 1154 15
Lops99 ooz
504 30 s

-

. ;8.> R . w



in keV

t AR
b AL,

in R%Vv“':

| TABLE VI.(Cont'd)

o o Y ~ - GND

~in mb.. _in mb Moderator

647

692

706

711’J
757

807

709

808

900 -

959

27
25
29
' 24':
24
28
23
e
a5
R
45
27
23
o
45
.
25
64
42
51
43
41

48

1099 |

: 1119?: | B - :,_'201 _
Co78)

51126]

se 27

, 11727
f:t'lllaJ,.‘:‘
T Y A

 .‘fgl2$87' o
' -121§5 ,
1”i2i5 PP R

1195

o | T
1246)
123 2D

1156

S a7 oW

o4 18 . W

=

o8} 2
04 o
| 2%

1102 S
o - 25

EFE <<

s 26

9"

18

1143 RO
Oy T

=

o 2e
1228 o

31

1210 SRR
o 26

= g. 25‘ 

1198 23,

ey
1195J o

<

27

o

o T
0 1232 S 2
1217J S 26

: 5*§; _£

1205 2

<

<

12444 -
' 1243



TABLE VI.(Cont'd)

i T ‘.'_'-AUF."A . @D
_in keV  in keV . . 'v-in,.mb-‘ S Sdnmb - Moderator -

1621 40 1283 28 ¥
1498 s o wasf

L1507 R 1260
1515 | 40 | 1294)

28 . Vo
26w

1605 - oss 1299 29w

‘<

1706 74 28

<3

73 29

35

2-9

3 ‘gi'_s'

1911 - 33 33

< -

72 R I

70° 33

e

2015 53 1368 32w

28 /R

68 » TR
2206 67 o 1337 o3 vl
2304 66 .. 134 31y

36

<

64 :

< '

61 39

2820 45 sp 1206 41

30 34

T

- 58 40

53112 - a5y



TABLE VII. Results from Shape‘Meaéuremeﬁts-Relative to 6Li(ﬁ,a)T° 

E - t1E o s, . . tho
n ' “%n e Y A S 4
inkev - - -~ dinkeV . in mb . . dn,mb - in uwb

34,5 i‘; 5 820 '{k” - f199§ | fvi : ;:.50{
2 s 10 o 18s6 sk
s s s s e
55 s e ‘, f 1737 s ;
83 A _.,5‘A I  630l S © 1629 B 47'”
90 :="»',,5f7l‘v',,- i .625':'{," 127 ,1579 f;fi_?, 4
o T e T e
s ew 1MW

250 4 30000 1320 . nomm.




TABLE VIII.

" E in keV

Summary of Absolute Measurements..

- Fission Detector

-'_H'Foil'

~ Neutron Flux Determimation .

'.800
3500
500
4us
530
574
638
650
552
554
602

- 600 f

- FT-IC
4r-GSC

i

o

§S-IC-3 .

S-2n-4

>'Sv4ﬂr4bﬁ

AG-10

W

" AG;2O.,‘,'f»ff LA

Small BND

Large BND

Cf-Source Calibfatéd

Bath

un’

oo
ol

;“’U' “'

- ASsociatéd’Activity

Vanadium




TABLE IX. derrections,~Uncértainties Caused by.thevCdfteétioﬁs;-and_bther

Uncertainties for Absolute Measurements.

Effect

- (800 keV)

~  Correction and Uncertainty in Per Cent:

Small Detector Large Detector

(3500 keV)

Attenuation inlAir

Second Neutron Gféup ,
Attenuation in Fissiog«Chaﬁber ,
Inscatter from Fissioﬁ-Chémbér
Fission in Nén-235U'isot6pés

BND-Efficiency

Angular‘Distribution:of'Sdﬁrcé Reaction

Neutron Réturn'toABND> ,
BND;Entranéé Wiﬁaow |

Colliﬁatof TransﬁiSsion‘
Inscattef‘frdm_TaQCup -

Inelaétic Scafteriné in ﬁé@king':‘
Enefgy Depéﬁdénée:éf'ef:v.
Eissién cbuhting'ﬁffiéiéqéy (ef)*

7.9 0.8 3.0 = 0.3

17 02 o801
20 02 0 oa
0.8 04 0.5 - 0.1

0.9 o,i,;v'__ 03 0a
W0 10 a3 10

‘ St >055  g . Ool

0.5 0.3

0.8 , ,-' 0.2}’7_ : i:';d;ﬁ'i, 0.2
*;0;§_ ' B 0;3:*1‘ |
e ea
!f;_p;z :fjf.ld.l.h  vv7: 'd§$'ff_ 0.1

Total Contribution frqm,Uncertainties-of
Corrections ' o o '
Uncertainty ofyMass“Assignment'
Statistiéal‘Uncéftainty‘of Count Rates
Uncertainty of Baékgfbund.Subtraétion
and Integration of Count Rates '
Uncertéinty'of Geoﬁetrical Factors -

Total Uncertainty of’Résult

1.6 15
0.5 0.5

05 s
.2 . 0.5

24 22



' TABLE X. Corrections for Scattered Neutrons.

‘ i ‘ ‘ b'Correctidn"
Effect from Scattering. - _ o in per cent

Inner-Spherg“: _‘v o o o - 2.5_—‘4;2
Outer Sphere o B | .0.3;- 0.6
Teflon Roads : o | R
Tefl&n Rings - | : L o » . '_ ‘ {0.7v
Alr Cooling Tube: .'_A 7  :‘ R 0.1
Targét‘ConsthCtioﬁ " T L - 0.5

Inelastic Scattering_ ‘ ) o : o 04

Total Correction o = _ | '.' 1_' 4.9 - 6.9.




:TABLE Xi._ Résults for the Fission Cross Section from the Aésociated‘AétiVigz,

Technigue o

E . %AE | |
n - . n . ) : o . '—"AO'

in keV ' . in keV. -~ . ~ Detector - in mb ., © . din_mb

48 60 ag1 1220 0 44

1116

552) 0 - Coag1 o 2 3
| 553 e o
50 1 Ag 10 11105 ' 41

- 533

1108

52 . Ag10 . 1100) W

600} 59 Ag20 1116} 41
601 i | T
602

) , - g . S '
644 B 65 L Ag 1 o101 42

Values prev1ous1y reported (26) were based on the destructlve (colometrlc)

analysis of the 235U amount on the spheres only.




TABLE-XII. Final Results for the Fission Cross Section of 2320

(Uncertainty + 3 ber cent)
‘En L o 5 - ‘ _— En N 5
in kev -~ 7 " in mb L in keV s . in mb
35 o 2006 © 800 . - 1110

40 1m0 a0 : o 1120 -
s o e 80 C1ss
so . 1si8 o 890 - 1161
55 1 o 0 1185
60 v | 90 12
00 10 e 1209
80 A | : _ 1647 - f' S 10000 R 12071

90 - '_ _1588' o ‘_ . izdo ‘:' V" 1204

1@0‘_ o 1555 v;} s - 140b' S 1213

20 o493 100 1226

140 S 1437  o © 1800 B B o271
w0 wmw w0 1w
200 . <A'_ - st 2000 o :"; 4f'1294
250 1307 o om0 5'»  1292
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Figure Captionsj

‘21 Gas Scintillatlon Counter ‘and Fission Fragment Pulse Height Spectra

Obtained with a 400 ug/cm Uranium Foil.

4n Gas Scintillation Counter and Fission Fragment~Pulse Height Sum

. Spectra Obtained with a 60 ug/cm2 Uranium Foil.
'Spherical Fission Counter and Fission Fragment Pulse Helght Spectra

Obtained with a 60 ug/cm Uranium Deposit. v
Fast-Timing Tonization Chamber - and Fission Fragment Pulse Height Spectra

Obtained with a 100 ug/cm2 Uranium Foil.
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.Specific U. Mass' of Material U-3 Obtained by Different Techniques

Efficiency of the Small Black Neutron Detector.

Time—of—Flight and Neutron Pulse Height Spectra Obtained with the Black
Neutron Detector o , . o
Efficiencies of the Grey Neutron Detector with a Vanadium Sulfate Solu—‘

tion-Moderator for Different Y—Spectrum Ranges,

»Schematic Experimental. Setup for Shape Measurements w1th the Black

Neutron Detector and the Grey Neutron Detector,.

Reésults of Shape Measurements with ‘the Black Neutron Detector
Total Correction Applied for the Shape Measurements with the Grey Neu—
tron Detector ‘ ' o

Results of Shape Measurements Obtained with the Grey Neutron Detector

‘and Li—Glass Detector. ‘ o . o
,Schematic Experimental Setup for Absolute Measurements with the Large
‘Black Neutron Detector and the Vanadium Bath. .

‘Calibration Factors ‘for the 51Cr Activ1ty Measurement with the NaI(Tl)—

Detector.

Absolute Values Obtained in ‘the Present Experiments and the Flnal Result.
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CComparison of Present Results with Other Data for the U Fission Cross
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