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ABSTRACT 

Measurements of the shape of the U f i s s i o n cross sec t ion 
were carr ied out in the energy range from 35 keV to 3.5 MeV. Three 
d i f f e r e n t techniques were applied to monitor the neutron f l u x . The 
6 

Li (n ,a )T cross sec t ion was u t i l i z e d in the lower energy range (< 
110 keV). The Grey Neutron Detector was employed in the ent i re 
energy range, and the Black Neutron Detector was used above 400 keV. 
The shape values were normalized with the resu l ts obtained from three 
d i f f e r e n t se ts of absolute cross sec t ion measurements. The assoc iated 
a c t i v i t y technique was applied in the 450-650 keV range, the Black 
Neutron Detector was used f o r absolute f l u x measurements at 800 keV 
and 3.5 MeVs and a ca l ibrated vanadium-bath was used at 500 keV* 

The resu l t s from the present measurements agree we l l with more 
recent data obtained by other experimenters but d i f f e r up t o a f a c t o r 
of two from o lder va lues . 



INTRODUCTION 

235' 
The fission cross section of U has a unique importance for the evalua-

235 tion and design of fast breeder reactors for which U is a major reference 

235 

cross section. The importance of the absolute U fission cross section is 

furthermore emphasized by its use as a reference cross section in most other 

fission cross section measurements as well as some capture and reaction cross 

section measurements / and as a flux monitor. Data existing at the beginning 

of the present measurements (1971) differed by more than a factor of two 

(Re.fi 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 235 

cent range. However, some newer absolute .= U fission cross section measure-

ments are contradicted by values obtained from other absolute cross sections 
,6T ., s7 b 197. , v 198, . 238tt/ \239 t A • ' . _ ( Li(n,a) Be, Au (n,y) Aufeand U(nsy) U) and appropriate ratio 

•' •" 235 
measurements (23, 29, 65), which suggest 5-15 per cent lower U fission 

' 235 ' 

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

cross section. Because of the importance of the U fission cross section and 

its uncertainty, a program was initiated to measure this cross section over & 

large energy range. 

Measurements in the low keV-energy range are usually carried out relative 

to the well known cross section shapes of ^Li(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 ^ 50 keV to ^ 2 MeV is 



of major i n t e r e s t f o r rea l power reactors but i s d i f f i c u l t f o r absolute neutron 

f lux measurements (30 -33) , and a wide var ie ty of techniques have been employed 

in the pas t . Many of these measurements resulted in discrepant values . Thus, 

the present measurements were designed to use several independent techniques 

x^ith overlapping energy ranges so that the results. bridged t l ^ g4p |r<?m 

the low keV range to the higher MeV range. The o b j e c t i v e was resu l ts not only 

independent of the f l u x determination, but a lso o f experimental techniques and 

f i s s i l e samples. The uncertainty o b j e c t i v e of the present measurements (^ 3%) 
235 

was chosen to reso lve the ex i s t ing discrepancies of the U cross s e c t i o n . 

NEUTRON SOURCES 

The L i (p ,n ) Be- and the 51V(P ,n) Cr - react ions were used as neutron 

sources . The majority of the measurements were carr ied out with the acce lerator 

in a pulsed mode and the t i m e - o f - f l i g h t technique was used f o r background sup-

press ion . The primary proton beam was pulsed and bunched to about 1 -2 nsec . 

width and acce lerated by a Van de Graaff or a Tandem-Dynamitron. The r e p e t i -

t ion rate was 1 or 2 MHz. A l l data were taken with thin t a r g e t s , y i e ld ing 

e s s e n t i a l l y "monoenergetic" neutrons. 7 7 

The L i (p ,n ) Be-react ion was used in most of the measurements. This 

neutron source has a high y i e l d , i s simple to use, and requires no sa fety p r e -

caut ions . The react ion and i t s features as a neutron source are wel l documented 

(see f o r example Ref . 34) . For the present experiments targets were made from 

meta l l i c l i thium evaporated on a 0.025 cm thick tantalum backing. The target 

backing i s a c y l i n d r i c a l cup with a diameter of 7 cm and a height of 4 cm. The 

r e l a t i v e y i e l d of the second neutron group ex i s t ing above ^ 2 .4 MeV primary 

energy i s wel l known (35, 36) and requires only a small correc t i on in most o f 



the present experiments. The energy range of the present measurements did not 
7 3 

exceed the threshold f o r the L i ( p , He,n) He-react ion , and contr ibut ions from 

the Ta (p ,n ) - reac t i on in the target backing were small ( 3 6 ) . The average neutron 

energy was determined from the primary energy, the target thickness, and the 

stopping cross sec t ions using the wel l known kinematic r e l a t i o n s . The uncer-

t a i n t i e s of the energy determination were estimated to be ± 3 keV. 

51 51 

The V(p,n) Cr-react ion was used to obtain "monoenergetic" neutrons in 

the energy range from 450-600 keV. This react ion i s a favorable neutron source 

f o r use with the assoc iated a c t i v i t y technique. Vanadium was evaporated on 4 

backing ( s i l v e r , 0.05 cm th ick , or tantalum, 0.035 cm thick) with thicknesses • 2 2 in the range 0 .5 - 1 .2 mg/cm . A layer of 0 .2 - 0,4 mg/cm s i l v e r was evapo-. '51 

rated on top of the vanadium. This s i l v e r layer prevented the l o s s o f Cr-

a c t i v i t y due to thermal evaporation. The average energy was evaluated from the 

known primary energy and the thicknesses o f the s i l v e r ,and vanadium layers . The 

angular d i s t r ibut i on of the 5 1 v ( p ,n) Cr-react ion i s known to be f a i r l y i s o t r o p i c 

in the range of the present measurements ( 3 7 ) , however, an addit ional measurement 

was carried out at 600 k e y . Two Long Counters were used f o r this measurement. 

One was pos i t ioned at 90° as a monitor, and the other was used f o r the measure-

ments at d i f f e r e n t angles . No correc t i on was applied f o r the change of the 

counter e f f i c i e n c y as i t should have been nearly constant in the 100 keV energy 

in te rva l of the measurement. The anisotropy was found not t o exceed 15 per cent . 

FISSION DETECTORS AND FISSILE SAMPLES 

Many types of f i s s i o n detectors were described in the past (38 ) . In the 

present experiment both gas s c i n t i l l a t i o n counters and i on izat i on chambers were 

used. For the gas s c i n t i l l a t i o n counters a mixture of 85 per cent argon and 15 

per cent nitrogen was employed as s c i n t i l l a t i o n gas arid passed continuously 
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through the chamber so as to remove poisons . Methane was used f o r the i o n i z a -

t ion chamber, in a s imilar continuous-f low mode. 

2Tr-Gas Scintillation Counter (Ztt-GSG) 

The gas chamber of the counter was designed to reduce the scatter ing back-

ground from the chamber wa l l s , photomult ipl iers and other s tructural materials 

(see Fig . 1 ) . The chamber had a c y l i n d r i c a l shape with a diameter of 22 cm and 

a height of 16 cm. The thickness of the i ron -wal l was 0.03 cm. Thin aluminum 

f o i l was used as a l i g h t r e f l e c t o r at the wa l l s . The f i s s i l e sample was placed 

a x i a l l y at one end o f the gas s c i n t i l l a t i o n counter. The molybdenum backing o f 

the sample const i tuted the counter wall at th is p o s i t i o n . The s c i n t i l l a t i o n 

l i g h t produced by the f i s s i o n fragments in the gas s c i n t i l l a t o r was viewed by 

four RCA 7850 photomult ip l iers placed at the side of the s c i n t i l l a t i o n chamber. 

The fas t anode output s ignals were added in pairs and the coincidence technique 

was applied to exclude s ignals caused by fas t neutrons in the m u l t i p l i e r s . The 

t ime-resolut ion o f the counter was about 3 nsec . A f i s s i o n fragment energy 

spectrum obtained with th is counter i s shown in Fig . 1 . 

4TT--Gas Scintillation Counter ( 4 T T - G S C ) 

A double-chamber g a s - s c i n t i l l a t i o n counter described previously (39) was 

used as a counter in conjunction with a f i s s i l e deposit on a thin backing which 

permitted the transmission of f i s s i o n fragments. The f i s s i o n f o i l was placed in 

the center of the counter, between the two chambers (see Fig . 2 ) . The s ignals 

obtained from both chambers were added, thus a summation of the l i g h t produced 

by both f i s s i o n fragments was obtained. This improved the f i s s i o n fragment 

energy spectra measurement by reducing the necessary extrapolat ion to zero pulse 

he ight . A f i s s i o n fragment pulse height speictrum obtained with this counter i s 

shown in Fig. 2. 
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The Spherical Fission Counter (SS-IC) 

A spherical f i s s i o n counter was designed to u t i l i z e the 47r-neutron y i e l d 
51- 5 i 

from the V(p,n) Cr -react ion . The counter, shown in Fig . 3, consisted of two 

spher ica l s h e l l s of 3 .8 cm and 6 .4 cm r a d i i . The she l l s were made of s i l v e r 

sheets 0.025 to 0.05 cm th i ck . They are separated and held in pos i t i on by three 

t e f l o n rods of 0 .4 cm diameter and 2.5 cm length and a t e f l o n ring which forms 

an entrance channel (0.025 cm thick) f o r the proton beam tube (0.03 cm th i ck , 

0.95 cm diameter) . The counter was operated as an i on izat i on chamber using 

methane as a gas f lowing continuously through the counter. 

The uranium was deposited by molecular p la t ing on the pol ished outside s u r -

face of the inner sphere. The a-count rate was measured with the spherical 

counter i t s e l f using appropriate ampl i f i cat ion of the output pu l ses . Three 

spheres were used in the experiments plated with uranium of two d i f f e r e n t i s o -

t op i c compositions. The surface area of each sphere was determined from a 

sampling o f the diameter and from volume measurements. 

The spac ia l d i s t r ibut i on of the uranium deposit on the spheres was d e t e r -

mined with a sur face -barr i e r detector by measuring the a - p a r t i c l e s at d i f f e r e n t 

pos i t i ons oh the sphere. The deposits were found to be uniformly d is t r ibuted 

within ± 5 per cent . A f i s s i o n fragment energy spectrum obtained with this 

counter i s shown in Fig. 3. No timing was used with the spher ica l i on i za t i on ; 

chambers. 

Fast-Timing Ionizat ion Chamber (FT-IC) 

: An i on iza t i on chamber designed f o r fas t timing by Meadows (40) was used in 

some measurements tsee Fig . 4 ) . The c o l l e c t o r p late was made of 0.013 cm th i ck , 

7.0 cm diameter, molybdenums and pos i t ioned at 0*6 cm distance from the f i s s i o n 

f o i l which, in turn, was 1 .2 cm away from the counter wa l l . A pulse height 



spectrum obtained with this counter i s shown in Fig. 4 . The time resolution 

of this counter was about 4 nsec . 

F i s s i l e Samples and Mass Assignments 

Features of the f i s s i l e samples used in the present experiments are sum-

marized in Table X. Accurate determinations of the surface area was required 

f o r only some of the samples. For the spherical samples, area-measurements 

were obtained from a sampling of the diameter9 a n d . i f . 

The use of the f o i l s in the d i f f e rent counters i s indicated in the tab le . The 

d i f f e rent f i s s i l e materials used onatk ie f o i l s are described in Table I I . The 

i s o t o p i c compositions are given in this tab le . Results were avai lable from 

several analysers * Those given in the table were used for correcting fission 

2 3 5 • • . ' . • • " . . ' ' 

events in isotopes other than U. J a s s assignments f o r sanples used in abso-

lute measurements were required and the values are also given in Table IX. The 

values were obtained frpm a-counting the samples and the s p e c i f i c a c t i v i t y o f 

the material used. The a-counting was carried out in low geometry f o r the 

disc-shaped samples and in the counter i t s e l f f o r the spherical samples. The 

uncertainty f o r the low geometry a-counting was - 0 .2 per cent and 1.5 per cent 

f o r the counting in the spherical counters. The l a t t e r required a correct ion 

of 0.6 per cent f o r the t o t a l absorption of a - p a r t i c l e s and 1.2 per cent f o r 

a - r e c o i l s 

The s p e c i f i c a c t i v i t i e s were determined by three d i f f e r e n t techniques using 

d i f f e rent samples of the same material : 

a) The i s o top i c composition was obtained from mass spectroscopic analys is . 
?%&, ' 5 The h a l f - l i v e s T ^ C U) = (2.443 ± 0.011) 10 Y (41 ,42 ,33 ) , and 

2 1 5 8 
^1/2 " ( 7 s 0 2 1 0 o 0 8 ^ 1 0 Y a n d t h o s e f o r o t h e r isotopes as 

quoted in nuclide charts, were used to derive the s p e c i f i c a c t i v i t i e s . 



b) Samples were a-counted iii low-geometry or 2IT-geometry and the mass 

was obtained from an ana lys i s by mass s p e c t r o s c o p i c i s o t o p i c d i l u -

t i o n technique. 

c) Samples Were a-counted in low-geometry o r 2-rr-geometry and the mass 

was obtained by c o l o r i m e t r i c mass a n a l y s i s . 

Several values were obtained with each technique f o r the mater ia l U-3 which i s 

the most important f o r the present measurements. The r e s u l t s f o r the s p e c i f i c 

mass i s shown in F ig . 5. The good agreement between the averages from the d i f -

f e rent techniques; i s decept ive because of the s c a t t e r i n g o f the s i n g l e p o i n t s . 

However, an uncertainty o f ^ 0 .5 per cent was estimated from the agreement 

between the r e s u l t s from the i s o t o p i c d i l u t i o n technique and those based on the 

i s o t o p i c spectroscopy and the h a l f - l i v e s . 

The s p e c i f i c a c t i v i t y o f the mater ia l li-4 i s based on the c o l o r i m e t r i c 

analys is of A, 30 samples ( 4 4 ) , f our d i f f e r e n t analyses by mass spec t ros copy , 

and the above c i t e d h a l f - l i v e s . 

The masses o f the f i s s i l e mater ia l s on the s p h e r i c a l counters were o r i g i n a l -

ly determined from the d e s t r u c t i v e c o l o r i m e t r i c ana lys i s o f these spheres ( 2 6 ) . 

However, subsequent determinations o f the S p e c i f i c a c t i v i t y o f the material by 

the mass s p e c t r o s c o p i c i s o t o p i c d i l u t i o n technique cas ts some doubt on these r e -

s u l t s and the values given in Table I I are based on the account rate obtained 

with the spheres and an a d d i t i o n a l s e r i e s o f determinations o f the s p e c i f i c 

a c t i v i t i e s o f the mater ia l s invo lved by the above quoted techniques . 

Detect ion E f f i c i e n c y of F i s s i on Counters 
' r1 

The major f a c t o r s which govern the d e t e c t i o n e f f i c i e n c y f o r f i s s i o n events 

in the sample are the t o t a l absorpt ion o f both f i s s i o n fragments in the sample 

and the l o s s o f pu lses due to an e l e c t r o n i c or d i g i t a l ( -computer) thresho ld . 



A l i n e a r dependence of the t o t a l f i s s i o n fragment absorpt ion was reported 

by White ( 2 0 ) . In contrast t o these r e s u l t s much higher values were quoted by 

Knobeloch (45) and Deruytter ( 4 6 ) . This s i t u a t i o n was d iscussed ex tens ive ly by 

Deruytter ( 4 6 ) s however, recent measurements by Meadows (47) support a l i n e a r 

dependence o f the t o t a l f i s s i o n fragment absorpt ion down to 50 yg/cm thickness 

of the f i s s i l e mater ia l . Thus, in the present experiments, c o r r e c t i o n s obtained 

from the i n t e r p o l a t i o n between White ' s and MeadowsVresults were used. 

The t o t a l absorpt ion o f f i s s i o n fragments in the 4 i r - f o i l was obtained by 

eva luat ing the t o t a l absorption f o r bo th , 2TT<- and 4 I T - f o i l s with the Monte Carlo 

technique. An average path length o f the f i s s i o n fragments was assumed and ad-

j u s t e d so that the t o t a l absorpt ion as measured f o r a 2n- - fo i l by White (20) and 

Meadows (47) was reproduced. Then the evaluated r e s u l t f o r the 4TT-̂  f o i l was 

used to c o r r e c t the t o t a l f i s s i o n fragment absorpt i on . 

The number o f pulses l o s t below the threshold s e t t i n g f o r counting f i s s i o n 

fragments was determined by e x t r a p o l a t i n g to zero pulse height as ind i ca ted in 

the F i g s . 2, 3 and 4 . 

Some smaller but eriergy^dependent c o r r e c t i o n s f o r the f i s s i o n d e t e c t o r e f -

f i c i e n c y were a p p l i e d . The momentum o f the incoming neutron changes the t o t a l 

f i s s i o n fragment absorp t i on , and the angular d i s t r i b u t i o n o f the f i s s i o n f r a g -

ments is a func t i on o f the primary neutron energy ( 3 8 ) . Even though the energy 
' 235 

dependence of the l a t t e r e f f e c t i s n e g l i g i b l e f o r U, the former requires a 

c o r r e c t i o n of up to 0 .5 per cent f o r the th i cker f o i l s in the present energy 

range of up to 3 .5 MeV. Correct ions f o r f i s s i o n events in i s o t o p e s other than 235 

U were usual ly small (< 0 . 1 per cent) due to the pur i ty o f the f i s s i l e 

mater ia l s . For the f i s s i l e mater ia l U-4 , the c o r r e c t i o n a t 800 keV was 0 .9 per 

cent and for U-5 up to 1.2 per cent. 
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NEUTRON DETECTORS 

A large var iety of neutron detectors were designed and described in the 

past (48 ) , The detectors used in the present experiments were se lec ted and 

s p e c i a l l y designed to su i t these par t i cu lar cross sec t ion measurements. 

The Black Neutron Detector (BND) 

The fas t neutron f l u x i s o f ten determined with proton r e c o i l counters (49) 

u t i l i z i n g the well-known t o t a l cross sect ion of hydrogen. The f l u x measure-

ments with these detectors depends on the knowledge of the scat ter ing cross 

sect ion of hydrogen and i t s angular d i s t r i b u t i o n , the act ive volume o f the 

counter, the amount o f hydrogenous material , the extrapolat ion t o zero pulse 

height e t c . , depending on the type of the detector which i s used. For the p r e s -

ent measurements a t o t a l energy conversion detector was designed f o r the measure-

ment of the absolute neutron f l u x which was based on the detect ion of proton 

r e c o i l s but did not depend in f i r s t order on the above c i t ed e f f e c t s and cross 

se c t i ons . The detector i s a medium sized s c i n t i l l a t o r of c y l i n d r i c a l shape with 

a neutron entrance channel terminated at about the center of the cy l inder . The 

neutrons enter through the channel and l ose most o f the i r k i n e t i c energy in 

success ive c o l l i s i o n s with the hydrogen and carbon nuc le i in the s c i n t i l l a t o r . 

The s c i n t i l l a t i o n l i g h t produced by the r e c o i l nuc le i i s detected with several 

photomult ip l iers . The detector allows the appl i cat ion of the t i m e - o f - f l i g h t 

technique and resul ts in a favorable reco i l - energy sum-spectra; requiring only 

a small correc t ion f o r the extrapolat ion to zero pu lse -he ight . This detector 

and a deta i led Monte Carlo evaluation of the second order e f f e c t s are described 

elsewhere (50 -52) . Two d i f f e r e n t BND detectors were used in the present e x p e r i -

ment. The smaller detector was a p l a s t i c s c i n t i l l a t o r with aradius o f 8.8 cm 

and a length of 30 cm. The central entrance channel was 15.2 cm long and had a 



diameter of 2 .5 cnu Flye 58 AVP photomult i p l i e r s were used to detect the 

s c i n t i l l a t i o n l i g h t . The larger de tec to r was a l i q u i d s c i n t i l l a t o r in a 

c y l i n d r i c a l container with a radius o f 13 cms a length of 35.5 cm, and an en -

trance channel with a diameter of 2.5 cm and a length o f 11.5 cm. Four 58 AVP 

photomult ip l iers were used with this de te c to r . The e f f i c i e n c y o f the smaller 

detec tor i s shown in Fig . 6. The larger detec tor was used at 3.5 MeV only and 

i t s e f f i c i e n c y was 96.7 per cent at that energy. The time—of—flight spectrum 

and the energy pulse height spectrum obtained with the larger detector at 3.5 

MeV are shown in Fig . 7. 

The Grey Neutron Detector (GND) 

The Grey Neutron Detector (51-54) was used as a r e l a t i v e neutron f l u x 
{ 

monitor in the cross sec t i on shape measurements and a f t e r ca l i b ra t i on with 

Cf-252 sources , f o r an absolute measurement at 500 keV. The detec tor cons i s ts of 

a moderator volume with an entrance channel f o r the primary neutron beam. The 

neutrons are slowed down and captured in the moderator. The prompt capture 

Y -rays are detected at the surface o f the moderator with a N a l ( T l ) - d e t e c t o r . 

The e f f i c i e n c y i s a smooth and f l a t funct ion of the primary energy. This d e t e c -

tor was described in d e t a i l on various occasions (53-55, 5 1 ) . For the present 

measurements, two d i f f e r e n t detec tor s i z e s and four d i f f e r e n t moderator mater i -

als were used in order to check f o r a poss ib l e in f luence of the non-constant 

e f f i c i e n c y on the i&easured r e s u l t s . The smaller de tec tor was a p a r a f f i n cube 

with a s ide length of 60 cm. The larger detec tor was a container f i l l e d with 

about 400 l i t e r s of pure water, a MnSO^ so lu t i on or a VOSO^ s o l u t i o n . For the 

p a r a f f i n and the water moderators the 2.2-MeV capture y -ray from hydrogen was 

u t i l i z e d . For the MnSO^ so lut ion the high energy capture y - rays of manganese 

were detected . For the VOSO^ so lut i on the high energe t i c y - rays from the capture 
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in vanadium and the 2.2-MeV capture y-ray from hydrogen were used. The two d i f -

ferent e f f i c i e n c i e s f o r the l a t t e r are shown in Fig. 8 as a function of energy. 

The ra t i os of the r e l a t i v e neutron f luxes measured with the two d i f f e r e n t p o r -

t ions o f the yr-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 s t a t i s t i c a l uncertain-

t i e s of 2.0 per cent ( 51 ) . 

The Li -Glass Detector 

L i - g l a s s detectors are o f ten applied in measuring neutron f luxes u t i l i z i n g 
6 

the reasonably we l l known L i ( n , a ) T - c r o s s s e c t i o n . For the present measurements 

a 0 . 1 cm th i ck , 1.9 cm radius l i thium glass was used. The glass was mounted on 

the axis and at the face o f a c y l i n d r i c a l chamber with two or four mul t ip l i ers 

viewing the s c i n t i l l a t i o n l i g h t through air.. This " f r e e " mounting avoids c o r -

rect ions f o r e f f e c t s due to s cat ter ing in l i g h t conductors and m u l t i p l i e r s . A 

deta i led Monte Carlo evaluation of the neutron scat ter ing in the L i - g lass was 

carr ied out and described elsewhere ( 56 ) . -

DATA ACQUISITION 

The majority of the data were analyzed and recorded with an onT-line-com-

puter system (57)* The t ime~o f - f l i gh t spectra were recorded with one n s e c -

channel width. The energy spectrum corresponding to the (monoenergetic) neutron 

peak in the t i m e - p f - f l i g h t spectrum and that £rom an adjacent equally spaced 

in terva l from the t ime^-of- f l ight spectrum were recorded. 

The s ignals from both detectors were fed through the same data-input t e r -

minal using a tag f o r detector i d e n t i f i c a t i o n . This causes any dead-time e f f e c t s 

to cancel as the computer software imposes the predominant dead-time of the data 

a cqu i s i t i on system. 
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MEASUREMENTS OF THE CROSS SECTION SHAPE 

A cross sec t i on i s characterized by i t s shape and absolute amplitude. In 

most experiments some systematic uncerta int ies apply to a l l values ( f o r example 

mass-assignment, detector c a l i b r a t i o n , e t c . ) s thus, i t i s j u s t i f i a b l e to 

separate the shape measurement from the absolute measurement. This approach i s 

usually made in cross sec t ion measurements with "white neutron sources" where 

the shape i s measured using a cross sec t i on with a we l l known energy-dependence, 

u s u a l l y A/ The resu l t ing values are normalized to the thermal cross 

sec t ion or resonance parameters. In other (experiments the shape of a cross s e c -

t ion i s measured using a neutron detector with a smooth and f l a t e f f i c i e n c y . 

Such measurements were previously carr ied out f o r the determination of capture 

cross sect ions using the Grey Neutron Detector ( 58 ,59 ) . However, an "open 

geometry" was used in the present experiment f o r the f i s s i o n counter to overcome 

the tremendous count rate problem with a collimated neutron beam. This so lut ion 

was applied in recent measurements by Szabo et a l . ( 2 5 ) . 

Measurements o f the cross se c t i on shape were carr ied out using a l l three 

neutron detectors described above. The energy ranges, detectors and the f o i l s 

used in the experiments are summarized in Table I I I . 

Measurements using the BND as Monitor 

The experimental setup i s shown in tHe schematic in the upper part o f Fig. 

9 . The f i s s i l e sample ( S - 2 I T - 2 ) was placed in the fast - t iming i on i za t i on chamber 

(FT-IC) about 10 cm away from the target . The co l l imator (40 cm long , 1.25 cm 

diameter c y l i n d r i c a l h o l e ) , was l ocated at a distance of about 6 .2 m from the 

target. The smaller Black Neutron Detector was pos i t ioned at a distance o f 

about 7.1 m from the target . A neutron detect ion e f f e c t i v e c u t o f f energy o f ^ 

275 keV was determined by the observation of the t i m e - o f - f l i g h t spectra aS a 
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fuiiction of the primary neutron energy. Data were measured in the energy 

range 400 - 2800 keV using about ± 20-30 keV incident neutron energy resolu-

tion for most of the measurements. However, a resolution of about ± 12 keV 
235 

was used in the region near 900 keV where the fission cross section of U 

shows a significant sharp rise with energy» 

The fission count rate was obtained from the peak in the fission detector 

time-of-flight spectrum which had a resolution of about 4-<nsec» The threshold 

was set well above the a-detection threshold. The neutron count rate was ob-

tained from the integration of the neutron peak in the neutron detector time-of-

flight 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 t;o 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 corrections and the uncertainties 

they contribute to the final results, are given. The major corrections were for 

the efficiency of the BND, the transmission through air and the fission counter 

walls, and for the second neutroh 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 appears appropriate 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 7 7 

of the second to the first neutron group of the Li(p,n) Be-source reaction 

(error less than 5 per cent) and the ratios of the fission cross sections at the 
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appropriate energies (error less than 5 per cent) ., 

The correction for fission events due to neutrons scattered elastically 

and inelastically in the target and the counter structure was evaluated by tak-

ing into account the cross sections of the materials involved, the angular 

distribution of the source reaction and of the scattering cross sections, and 

the effective thickness of the scattering material and the fissile sample for 

the primary arid scattered neutrons. Analytical and Monte Carlo techniques 

were used in these evaluations. 

The fission foil subtended an angle of ± 7 degrees with respect to the 

neutron source whereas the neutron detector measured essentially the zero de-

gree neutron yield. Thus a correction was applied for the angular distribution 

of the neutron source using a two term expansion,Q = cos 6,With the 

coefficients A.,-, and A 1 0 taken from Ref. 36. ii Id. 

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

volving only carbon may be scattered in the surrounding shielding material and 

return within the time-resolution of the detector. The correction was estimated 

from the cross sections of the materials involved and the solid angle subtended 

by the BND for backscattered neutrons. The transmission through the collimator 

was extensively treated in Ref. 60. This correction is small due to the large 

distance of the collimator from the neutron source. 

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

section of U-235 described above are given in Table V and are shown in Fig. 10. 

The values were normalised to absolute values as described below. 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 given in the Table. 
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The first value (at 399 keV) has limited validity 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 very similar:energy (±A2vkeV). 

Shape Measurements with the GND as Flux-Monitor 

The experimental setup is shown in the lower part of Fig. 9. A gas 

scintillation counter ( 2 T T - G S C ) was positioned 10 to 20 cm away from the target. 

The collimator was positioned at a distance of about 50 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 measurements were carried out at a 60° angle from the direction of the pri-

mary proton beam, however, most measurements were made at 0°. 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 oii-line computer system• The fission fragment energy 

spectra was used to monitor th.e stability of the fission coimfeer j-andi the^fis^--

sion count rate was obtained from the time-of-flight spectra. The threshold 

was set at about 40 MeV in order to exclude all background caused by fast neu-

trons i!n the scintillation gas, in the multipliers and the structural material. 

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

integrating the appropriate ranges, as indicated in Fig. 8. The Background of 

the Grey Neutron Detector was detertiiined in separate runs with a plugged colli-

mator hole. With these measurements, background from room-Scattering and leak-

age through the detector shielding was eliminated. Background independent of 

7 7 the Li(p,n) Be-neutton source was determined with an empty target cup and 

found to be negligible. 
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Several corrections were applied which were similar to those discussed for 

the measurements with the BND. However, some of the major corrections were re-

duced (second neutron group, scattering in the fission counter) or of a different 

nature (efficiency of the neutron detector). The largest corrections were again 

for the transmission of the primary neutron beam through the fission counter wall 

and the air between the fission counter and the neutron monitor. 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 

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 is compensated for,in part, by an increase of the 

effective foil thickness for these neutrons scattered into the fissile sample. 
7 7 

The second neutron group of the Li(p,n) Be-reaction contributes up to 11 
. 235 : 

per cent to the total neutron yield, however, the cross section of the U(njf)-

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. 

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 fission cross section and neutron detector efficiency. In-

scattering of neutrons from the collimator has been considered 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 

counter caused only a small correction for the 2n—gas scintillation counter be-

cause of its large size. The total correction applied for the experiment with 

the GND is shown as a function of energy in Fig. 11. 

The results from the present shape measurements are given in Table VI and 

are shown in Fig. 12. The shape values were normalized with the results from 

the absolute measurements as discussed below. The statistical uncertainty 

contributed significantly to the error of the measurements with the GND (1.5 -

3.5 per . cent) . Other contributions a;re from the uncertainty of the corrections 

(0.5 - 2.0 per cent) and from the energy-dependence of the neutron detector 

efficiency. The contribution from the latter increases with energy to a ^2 - 3 

per cent uncertaintyj which is the limitation for the shape measurements with 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 Li-Glass Detector 

Measurements with the GND become increasingly difficult at lower energies 

due to the low neutron intens i ty of the source react ion . Thus the measurements 

with the GND were supplemented with shape measurements in the energy range below 

6 

110 keV u t i l i z i n g the Li(n,a)T cross sect ion f o r neutron f lux monitoring. 

The fission detector and the Li-glass detector were positioned back to back 

at an angle of 77° to the incident proton beam direction. The fission foil and 

the lithium 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 from 35 to 110 keV and one point at 

250 keVf The count rate was obtained from the peak in the time-of-flight spec-

trum subtracting the background from an equally spaced interval adjacent to the 

peak.'. 

Corrections were applied for transmission through counter walls and scatter 

ing of neutrons in the target and counter material as discussed above. Recent 

6 measurements of the Li(nsa)T cross section resulted in consistent ratios for 

the peak of the resonance to the "valley"-value between 90 and 100 keV (33). 

6 The data used for the Li(n,a)T cross section are based on these measurements 

and are listed in Table VII. Only the shape of the present measurements was 

• 235 
used and the U fission cross section values were normalized at 250 keV to 

the results obtained with..the GND. 

The results are listed in Table VII and shown in Fig. 12. The major un-

certainties are from the normalization procedure (2.0 per cent) and the statis-

tics (1.5 - 2.0 per cent). 

ABSOLUTE CROSS SECTION MEASUREMENTS 

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) and at 0.3 MeV (using the smaller detec-

tor) in order to have sufficiently higher energies than the cutoff in the 

efficiencies and a small correction for secondary effects. The associated 

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 51V(P ,n) Cr-reaction introduces only a minor 

uncertainty of the cross section result. Finallys the measurement with the 

calibrated vanadium bath was carried out at 500 keV neutron energy because the 
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7 7 

peak in the neutron yield of the source reaction Li(p,n) Be helps to over-

come count rate problems„ 

Table VIII summarizes the absolute measurements, indicating the uranium 

foils and fission detectors used, and the neutron flux measurement techniques 

which were applied in the experiments. 

Measurements Using the BND 

6 
The Black Neutron Detector has an efficiency close to one, thus, 10 

higher than the reaction-rate of a typical fission foil used to measure the 

fission cross section.. A 1000 cps rate is reasonable tfith the electronic and 

computer equipment; this count rate corresponds to about 1000 neutrons per 2 

second measured with the Black Neutron Detector. A 500 yg/cm uranium foil 

would yield about 6 fissions per hour in this beam. In order to reconcile both 

efficiencies, a double collimator system was used in the present experiment with 

the larger BND. An open geometry for the fission foil and a collimator for the 

neutron detector were used w.lth the smaller BND. 

The absolute measurements were carried out at 0J3 MeV and 3.5 MeV neutron 

energy. In the experiment with the larger BND at 3.5 MeV, a neutron beam was 

first collimated in such a way that the entire deposit of the 4 IT-uranium sample 

positioned in the fission counter at a 173-cm flight path was radiated, but not 

the structural material of the scintillation chamber. A second collimator pro-

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. 

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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(n,x) ̂ -reactions as well. The count rate was obtained from the fission spectra 

coincident with the neutron peak in the time-bf-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 cheeked by a measurement without the fissile sample. The total background 

amounted to 13 per cent of the count rate. The spacial distribution of the 

neutron yield in forward-direction after the first collimator is assumed iso-

tropic. This assumption is well justified due to the small opening angle sub-

tended by the uranium foil (0.8 degree). The neutron flux per cm hitting the 

uranium foil is measured with the neutron detector after the second collimator, 

thus the opening angle of the collimator is needed. This is determined by the 

exit opening of the collimator, the distance between the neutron source arid the 

collimator, 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 Q.33 cm , determined from samplings of the diameter 

and volume measurements. Due to the large distances from the second collimator 

to the neutron source and from the collimator to the detector, the correction 

for transmission through the collimator and scattering into the neutron detector 

is small. 
2 3 5 

For the measurement at 0.8 MeV with the smaller BND a thinner U foil was 

used in open geometry. The setup is similar to that shown for the shape measure-

ments in Fig. 9 . The uranium foil ( S - 2 I T - 4 ) was positioned in the fast-timing 

ionization chamber at a distance of about 9 cm from the targets 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 and 

were discussed in the appropriate sections. The uncertainties which are caused 

by these corrections and contribute to the results are also given in Table IX. 

The results obtained for the absolute cross sections are 

crf(800 keV) «= (1134 ± 27)mb 

af(3500 keV) = (1198 ± 26)mb 

Absolute Measurements Using the Associated Activity Technique 

The absolute neutron source strength of a (p,n)-reaction may be determined 

from the residual nuclei if such nuclei are radioactive. This technique was 

employed in the past for measuring (p,n)-reaction cross sections, calibrating 

neutron detectors ^ d measuring absolute neutron cross sections (61-64, 55). 

The ^^V(p,n)^^Cr-reaction was used in the present experiments. Measurements 

were carried out in energy regions with only a small change of the fission cross 

section over the spectra range of the neutron source. 

The setup for the experiment is showii in Fig. 3. 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 obtained by extrapolating 

this spectrum to zero pulse height and correcting for total fission fragment ab-

sorption. After the irradiation, which lasted 100-600 min., the y-activity of 

the target was measured 2-3 times with a Nal(Tl)-detector. The y^ray spectra 

was recorded with a multichannel-analyzer and the photopeak at 320 keV from the 51 decay of Cr was used. The NaI(Tl)-detector was calibrated with absolutely 

51 

measured €r-sources supplied by the EURAT0M- and GHALK RIVER-laboratories. The 

calibration factor includes the photopeak efficiency of the detector and the 
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5 1 branching ratio of the decay of Cr. An additional value may be obtained 

from the photopeak 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 not influence the calibration factor. The calibration values 

are shown in Fig. 14. 

Measurements were carried out in the neutron energy range from 448 to 650 

keV using three different spherical fission 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" target. This background was found to 

be 1 - 2 per cent. 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 flux. This technique was also applied in the present 

experiments. However, the background was determined by measuring in different 

directions from the source and using an appropriate average. This background 

was in the order of 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 m away, the larger 

number for a laboratory with only 1.1 m to the floor and the wall. 

The corrections applied in the present experiment are summarized in Table X. 

Primary neutrons which are scattered in the spherical detector or the target 

assembly cause an increase iri the fission rate. This increase is due primarily 

to the longer flight path through the fissile deposit fdr neutrons scattered 
235 before they reach the U layer, and due to the increase of the neutron flux by 

235 

neutrons backscattered after they passed the U 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 Montie Carlo evaluation 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 was 

small (0.2 per cent). 

The scattering at the outer sphere increases the neutron flux at the inner 

Sphere with the uranium deposit. In addition each scattered neutron hitting 

the inner sphere passes the uranium layer twice, thus amplifying the effect. 

Scattering in all other target and detector structural material causes similar 

additional fission events. These corrections are 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 

• 235 

U 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 Vanadium Bath 

A vanadium bath (66) was used for an absolute measurement at 500 keV 

neutron energy. Although this technique may be applied as an absolute technique 

like the manganese bath technique, the present Vanadium bath was calibrated with 

Gf-sources. The same vanadium-sulfate solution and tank used for the OND were 

also used in this experiment. 

Two calibration Values were obtained9 one by using an absolutely calibrated 
252 252 

Cf-source (67), and another by using a Cf-deposit for which the spontaneous 

fission decay rate was measured with a surface barrier detector in a low geometry 

.counter. The neutron emission for the latter was obtained from the spontaneous 
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fission decay rate and the known value for the number of neutrons per fission 

event, v (33). 

252 The calibration value obtained with the absolutely calibrated Cf-source 

• '252 was determined by irradiating the vanadium bath with the Cf-source and then 

52 ' measuring the 1*4 MeV y-ray from the decay of V with a Nal-detector at the 

surface of the bath. The same procedure was repeated with 500 keV neutrons 
7 . . 

from the Li(p,n)T-reaction, however, the 2.2 MeV y-ray from the capture in 

hydrogen during the irradiation was recorded. Comparison of the vanadium-

activities and the known Cf-source strength yields the calibration factor for 

the detection of prompt 2.2 MeV capture y-rays at 500 keV neutron energy. 

252' 

A second calibration value was obtained from the Cf-source with the 

measured spontaneous fission rate. In this case the2.2 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 252'' • 

over the fission spectra: of Cf (68) was evaluatedBecause of this correc-

tion and the higher background, this technique! resulted in a calibration value 

with a larger uncertainty. 

Corrections were applied for the leakage of neutrons from the vanadium 252 • 

bath (0.7 per Cent at 500 keV and 1.4 per cent for the Cf-source) (69, 70) 

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 
" 252 " 

calibrated Cf-source was obtained from the same experimenters. The two 

values obtained from these calibration procedures are 



T) (500 keV) = (1.305 ± 0.030) . 10~4 

n (500 keV) (1.318 ± 0 .040) * 10~4 
2 

and the weighted average 1.310 10 was used. 
235 

The setup f o r the measurement of the U f i s s i o n cross sec t i on at 498 keV 

with the ca l ibrated vanadium bath i s shown in Fig . 13. The advantage o f this 

measurement at 498 keV i s that many of the required correc t ions were el iminated. 

However, the count rate f o r the f i s s i o n counter was very low and a long i r r a d i a -

t ion time was required ( V 2 days) . 

The same f i s s i o n counter and uranium deposit were used as in the measure-

ment with the BND at 3.5 MeV. Corrections were applied f o r the transmission 

through the counter and the a i r , as wel l as f o r scattered neutrons as discussed 

b e f o r e . The value 

ff£(498 keV) ® (1151 ± 42)mb 

was obtained. The major contr ibut ions to the uncertainty o f th is r esu l t were 

from the ca l ib ra t i on of the vanadium bath (2 .3 per cent) and from the s t a t i s t i c s 

f o r the f i s s i o n counting (a lso 2 .3 per c e n t ) . Other contr ibut ions were from the 

f i s s i o n counting e f f i c i e n c y (1 .0 per c e n t ) , t h e uranium mass (0 .5 per c e n t ) , the 

l imit on the homogenuity of the uranium d i s t r ibut i on on the sample (1 .0 per cent) 

and f o r correc t ions (0 .5 per c e n t ) . 

RESULTS AND DISCUSSIONS 

I t should be emphasized that the values given in Tables V, VJ and VII are 

the resul ts f o r the shape of the cross sect ion and may be mult ip l ied by any 

factor des i rab le . However, the numbers as quoted in the tables were normalized 

with absolute values obtained in the present experiments in order to quote cross 

section values. The shape values measured with the BND were normalized with the 

absolute value obtained at 800 keV with the small BND. The shape values measured 
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with the GND were normalized with the absolute value obtained with the c a l l -
s' 

brated vanadium bath* and the values obtained r e l a t i v e to the L i ( h , a ) cross 

sec t ion shape were normalized in turn t o the GND values at 250 keV. • \ ( 

A f i n a l resul t of average values f o r the f i s s i o n cross sect ion over the 

ent i re energy range frdm 35 to 3500 keV was obtained by evaluating an average 

s shape of the cross sec t ion from the data in Tables V, VI and VII , and normal-

i z ing this shape with a l l the absolute values obtained in the present measure-

ments. For th is purpose, eye-guide curves were drawn through the resu l t s of 

the three d i f f e r e n t shape measurements. These shape curves were normalized at 

small overlapping energy ranges to the same value and a weighted average f o r 

the shape of the cross sec t ion in the t o t a l energy range was evaluated. This 

shape was normalized with the absolute values by minimizing the d i f f e r e n c e s 

between the absolute values obtained from the three d i f f e r e n t techniques and 

the shape r e s u l t . This f i n a l resul t from the present measurements i s given in 

Table',XII. • 

The f i n a l resu l t i s a lso shown in Figs . 10 and 12. A ± 3 per cent uncer-

tainty range i s ind icated in Figs . 10, 12 and 15. This e r ror range was a s -

sumed as the uncertainty o f the present measurements from the d i f f e r e n t 

measurements and the agreement between the independent r e s u l t s . Besides some 

f luc tuat i ons which must be expected from the s t a t i s t i c a l contr ibut ions to the 

uncerta int ies o f the s ing le points the agreement between the resu l ts from d i f -

ferent techniques i s wel l Within the uncertainty range o f the present measure-

ments. The results as given in Table XII smooth out s t a t i s t i c a l f luc tuat ions 

but a l so may ignore some real structure which i s smaller than the present un-

certa inty range. However, structure o f l e s s than 2 per cent in the energy 
range above 100 keV should be of no concern f o r reactor purposes. Structure 

235 • 

in . the f i s s i o n cross sec t ion o f U below 100 keV, as known from other measure-

ments (77) , may be superimposed on the present average values * 
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The resu l ts obtained with the GND f o r the shape of the cross sect ion are 

somewhat higher in the energy range above 1 MeV than the values obtained with 

the BND. The d i f f e r e n c e i s systematic but wel l within the uncertainty l i p i t s . 

The measurements with the BND should be more r e l i a b l e in this energy range. On 

the other hand, the agreement in the overlap-range above 500 keV suggests that 

the GND-shape resul ts obtained below 500 keV should be r e l i a b l e within the ir 

uncertainty range. The e f f i c i e n c y of the GND i s much f l a t t e r in th is lower 

range than in the MeV range. 

The present resu l t s as given in Table XII are compared with values o b -

tained by other experimenters in Fig . 1 6 . Only the more recent resul ts ( l a t e r 

than 1965) and avai lab le f o r reference were compared with the present measure-

ments. Older measurements1 are , with few exceptions* UP to a fac tor two higher 

and were displayed at other occasions (26, 29 ) . Fig . 16 shows good agreement 

between these data within the ir respect ive uncertainty ranges. A poss ib le 

exception are some of the values by White (20) in the lower energy range and by 

Kaeppeler (73 ) . 
' • ' 235 

The average of the f i s s i o n cross sec t ion of U over the f i s s i o n spectrum 
252 

of the Cf-spontaneous f i s s i o n process provides a f i r s t check of the in tegra l 

qual i ty and normalization of the present r e s u l t s . The advantage of th i s aver-

age over other integra l ( reactor ) quant i t ies as a -test of the f i s s i o n cross 

' 235 • ' 

sect ion of U i s i t s independence on other nuclear data, including the aver -

age energy of the Cf-spectrum, Using the Maxwellian spectrum 

4> (E) ^ E exp - ~ — , E = 2.2 MeV 4 E .•••• a • 3 a a change of only ± 0 .2 per cent i s caused by a change o f E by ± 10 per cent. 
a 

Similar ly , the d i f f e r e n c e obtained f o r the average cross sect ion i s only 0.5 

235 

per cent i f the cross sec t ion of U outside the range of the present measure-

ments i s changed between i t s extreme poss ib le l i m i t s . Thus, the average of the 



- 2 9 -
2 35 252 

f i s s i o n cross sec t ion of U over the Cf f i s s i o n spectrum depends essen-

t i a l l y only on the absolute values of the d i f f e r e n t i a l cross s e c t i o n . 

The resul t f o r the average of the present measurements over above spectrum 

i s 1.230 barn. This compares wel l with a measurement by Grundle (78) of 1.207 

± 0.052 barn and by Dorofeev and Dobrynin (6) o f 1.22 + 0.08 barn. The l a t t e r 

i s an average over a mock- f i ss ion source spectrum. 
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TABLE I. Physical Description of Fissile Samples. 

Sample Thickness Area F i s s i l e Deposition Backings Used in 
Label in yg/cm2 in cm2 Material Technique in cm Counter 

SR-2-rr-l 400 20 U-̂ l E l e c t r o - Molybdenum 2 T T - G S C 

plat ing 0.013 

S-2TT-2 500 20 U-5 »« " FT-IC 

S-4TT-400 400 1 9 . 6 3 ± 0 . 1 U-3 E l e c t r o -• spraying Vyns 4 I T - G S C 

Ag-1 55 184.1 ± 1 .1 U- l E l e c t r o - S i lver 

p lat ing 0.025 SS-IC-1 

Ag-10 75 1 8 6 . 9 ± 1 . 1 U-2 " " S S - I C - 2 

A g - 2 0 60 1 8 9 . 6 ± 1 . 1 U-2 " 0 . 0 5 0 S S - I C - 3 

S-2TT-4 100 5 U-4 Evaporation St. Stee l FT-IC 0 . 0 2 5 

S-2TT-5 400 11 U-6 " Molybdenum 2 T T - G S C 

0 . 0 1 3 -



TABLE I I . I s o t o p i c Contents and Mass of the F i s s i l e Samples 

Sample 
Label 

F i s s i l e 
Material 

I s o t o p i c Composition in wpc 
2 3 ^ 2 35-q 236-y 2 3 % Mass Assignment in mg of 

S-27T-1 U- l 0.028 99.86 0.068 0.054 

Ag-1 U- l ii it ii + 0 .20 

S-47t-400 . U-3 • 0.168 99.505 0.026 0.301 . : msn + 0 .039 

Ag-10 U-2 0.047 99.564 0.311 0.078 13191 + 0 .28 

Ag-20 U-2 M •58 • it ti 11.24 0 .22 

S-2tt-4 U-4 0.843 93.40 0.317 5.436 0*3$ 5 6 ± 0 .0019 

S-2TT-2 U-5 1.03 98.41 0.457 0,103 — 

S-2tt-5 U-6 0.027 98.37 0.056 1.54 



TABLE III. Energy Ranges and Detectors Used in Shape Measurements. 

: • • n , i"' I, S t a W ' •' . ' ' • • 

400 - 2800 F T - I C S-2TT-2 BND 

35 - 2800 2TT-GSC S-2TT-1 GND - Water 

5 0 0 - 3 5 0 0 " " GND - V0S0,+ Water 4 

500 - 2800 " • " GND - MaSQ,+ Water 4 

160 - 1300 " ' " GND - P a r a f f i n 

35 - 1 1 0 , 250 n ' S -2TT -5 L i - G l a s s 



TABLE IV. 

E f f e c t 

Corrections and Uncertainties of the Final Re.sult Caused by the 
Corrections for Shape Measurements with the BND. 

Range of Corrections 
in per cent 

Uncertainties Caused 
by the Corrections 

in per cent 

Attenuation in Air 

Attenuation in Chamber 

Second Neutron Group 

Inscatter from Fission Counter 

Inscatter from Target 

Inelastic Scattering in Fission Counter 
235 Hon- U Isotopes 

Angular Distribution of Source 

Energy Dependence of Fission 
Counter Efficiency 

BND Efficiency 

Backscatter to BND 

Collimator Transmission 

5 

1 . 5 

0 

1 . 4 

0 „6 

0.0 

0.2 

1.0 

oa 

3 . 4 

0.0 

0 . 5 

12 

2 . 5 

13 

2 . 5 

1.0 

0.2 

l ' i5 

2 . 5 

0 . 5 

1 1 . 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 

1.0 

0.2 

0.2 

0.2 

2.0 

0 . 5 

0 . 3 



iis TABLE V, Results for the Shape of the U Fission Cross Section Measured with the BND 

E ± A E a A G E ± A E ^ a ' A a n n n n . 
in keV in keV in mb in mb in keV in keV in mb in mb 

399 30 1223 44 1700 22 126o| 33 
>1255 . 

499 30 1164 21 1702 22 12491 32 

600 28 , 1107 18 

685 27 1136 20 1750 22 1258 33 

799 27 1134 21 1801 21 12661 33 . H249 

847 12 1115 22 1801 21 12321 32 

867 12 1156 24 , ; 

887 12 1147 25 185p 21 1283 33 

897 12 1157 27 1903 21 1282 33 

917 12 1174 : 24 1951 21 1284 33 

947 12 122Q 27 2000 21 1285 33 

966 12 1217 28 2012 20 1300 32 

997 12 1194 30 2053 20 1285 33 

1017 12 1190 33 2093 20 12681 32 • >1265 ' • 

10.47' ' 12 1170 30 2093 20 \/- v '; i2<&xl 33 

1100 25 1200 26 
1185 23 1205 29 2133 20 1272 : 33 

1401. 23 1196 30 2202 20 1290S 32 
. • • • • v ' v- jl288 ' 

1491 23 120 8i 31 2203 20 12861 35 
}i2i4 • / . 

1492 23 1219J 30 

2253 20 1259 34 

1550 23 1225 32 2302 20 1281 34 

1601 22 1233) 32 2403 19 . 1 3 1 5 32 
>1236 

1601 22 12381 32 2703 18 1243 32 

2803 18 1233 31 

1650 22 1261 33 



TABLE VI. Resul ts for the Shape of the U Fission Cross Section Usin^ the 
GND (W =. Watery P = Paraffin-, Mĥ -Manganese-, V = Vanadium-rModerator) . 

n 
in keV 

± AE n 
in keV 

a 
in mb 

A a 
in mb GND 

Moderator 

35 3 

47 5 

68 5 

84 ' ^ 5 

97 8 

121 8 

141 15 
> 143 

144 j 23 

174) 10 
' 177 

179] 25 

194 ' 23 

218 18 

231 25 

273 35 

282 25 

297 10 

.'493-1 i 
1QQ • 396 

25 

jyy 

427 

JD 

29 
431 

.4341 15 

502 " 31 

509 / 508 16 

514-i 26 

556 28 

593 j 25 
' 599 

604 30 

1409 

1371 

1192 

1179 

1139 
1125 

76 

60 

45 

38 

35 

31 

21 

33 

28 

18 

42 

46 

18 

40 

20 

29 

21 

28 

27 

35 

21 

21 

24 

18 

15 

18 

W 

W 

w 

w 

w 

w 
p 

w 

w 
p 

w 

w 
p 

w 
p 

w 
p 

w 

w 

w 

w 

Mn 

V 

w 
p 

w 



TABLE VI.(Cont9d) 

E . • n 
in keV 

$ AE 
in 

n a 
in mb 

A a 
in mb 

GND 
Moderator 

647 

692 

706 

711 

757 

80?] 

709 

808 

861 

897 

903 
900 

957' 

960 
959 

104 l j 

1103! 

1039 

1106 

1197 
1199 

27 

25 

29 

24 

24 

28 

24 

23 

28 

25 

27 

45 

27 

23 

25 

51 

45 

44 

43 

25 

64 

42 

41 

43 

4 i 

1104 

1102 

1143 

1228 

1210 

1197 

1232 

17 

18 

24 

24 

20 

23 

25 

27 

26 

18 

24 

22 

28 

31 

24 

26 
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TABLE V I . ( C o n t ' d ) 

n 
in k@V 

1507 

3500 

± A E n 
in keV 

40 

40 

40 

55 

74 

73 

44 

35 

33 

72 

70 

53 

28 

68 

67 

66 

64 

61 

45 

30 

58 

53 

a 
in . mb 

1260 

Ac 
in. mb 

2 8 

2 8 

26 

29 

28 

29 

32 

29 

33 

31 

33 

32 

32 

35 

36 

37 

36 

39 

41 

34 

40 

45 

GND 
Moderator 

Mn ; 

V 

w 

w 

V 

V 

w 

Mn, 

Mn 

V 

V 

w 

Mn 

V 

V V 

v 

V 

V 

W , • 

Mn . 

V 

V 



6 TABLE VII . Results from Shape Measurements Relative to L i (n 9 a)T . 

E ± AE a a . : ±Aaf n n n s a f r 

in keV in keV in mb in,„mb in tab 

34.5 5 820 1996 60 

42 5 750 1856 54 

45.5 5 725 1866 54 

60 5 665 1795 52 

75 - 5 635 1737 51 

83 5 630 1629 47 

90 5 625 1579 44 

101 5 625 1589 44 

109 5 630 1574 44 

250 4 3000 : ~'.\.X320. .. 



TABLE VIII . Summary of Absolute Measurements 

E in keV n Fission Detector Foil Neutron Flux Determination 

800 

3500 

500 

448 

530 

574 

638 

650 

552 

554 

602 

600 

FT-IC 

4ir-GSC 

SS-IC-l 

SS-IC-2 

S-2tt-4 Small BND 

S-4tt-400 Large BND 

" Cf-Source Calibrated Vanadium 
Bath 

AG-1 

AG-10 

Associated Ac t iv i ty 

AG-2Q 



TABLE IX. Correct ions , Uncertainties Caused by the Corrections ? and other 
Uncertainties f o r Absolute Measurements. 

Correction and Uncertainty in Per Cent 
Small Detector Large Detector 

E f f e c t (800 keV) (3500 keV) 

Attenuation in Air 7.9 0 .8 3.0 0 . 3 

Second Neutron Group 1.7 0 .2 0 .8 0 .1 

Attenuation in Fiss ion Chamber 2.0 0 .2 0 .7 0 .1 

Inscat ter from Fission Chamber 0 .8 0.4 0 .5 0 .1 
235 Fiss ion in Non- U Isotopes 0.9 0 . 1 0 . 3 0 .1 

BND-Efficiency 4.0 1.0 
( . 

3.3 1.0 

Angular Distr ibut ion of Source Reaction 0,5 0 . 1 

Neutron Return to BND 0.5 0 .3 

BND~Entrance Window 0 .3 

Collimator Transmission 0 .8 0 .2 : 0 .5 0 .2 

Inscatter from Ta-Cup 0.7 0 .3 

I n e l a s t i c Scattering in Backing 0 . 1 0 .1 

Energy Dependence of i 0 . 2 . y 0 . 1 0 . 3 0 . 1 

Fiss ion Counting E f f i c i e n c y (e^) i . 9 0 .5 5 . 1 • 1.0 

Total Contribution from Uncertainties of 
Corrections 1.6 1.5 

Uncertainty of Mass Assignment 0.5 0 .5 

S t a t i s t i c a l Uncertainty of Count Rates 1.2 1.4 

Uncertainty of Background Subtraction 
and Integration of Count Rates 0 .5 0.5 

Uncertainty of Geometrical Factors 1.2 0 .5 

Total Uncertainty of Result 2.4 2 .2 



TABLE X, Corrections f o r Scattered Neutroiis. 

Correction 
E f f e c t from Scattering in per cent 

Inner Sphere 2.5 - 4 .2 

Outer Sphere 0 .3 - 0 .6 

Tef lon Roads 0 .4 

Tef lon Rings 0 .7 

Air Cooling Tube 0 .1 

Target Construction 0 .5 . 

I n e l a s t i c Scattering 0.4 

Total Correction 4.9 > 6.9 



TABLE XI . . Results f o r the Fission Cross Section from the Associated Ac t iv i ty 
Technique 

E n 
in keV 

:± AE n 
in keV Detector 

a 
in mb 

±Aa 
in . mb 

448 

552] 

553J 

600] 

602 j 

644 

553 

601 

60 

60 

50 

59 

52 

65 

Ag 1 

Ag 1 

Ag 10 

Ag 20 

Ag 10 

Ag 1 

1220 

112lf 

1 1 1 0 J 

1116] 

1 1 0 0 J * 
1101 

1116 

1108 

44 

43 

41 

41 

40 

42 

* 
Values previously reported (26) were based on the destruct ive (Colometric) 

235 analysis of the U amount on the spheres only . 



Z J D 

TABLE XII.. Final Results f o r the Fission Cross Section of 'U 
(Uncertainty ± 3 per ceiit) 

n a n a 
in keV in mb in:keV in mb 

35 . 2006 800 1110 

40 1931 840 1120 

45 1856 860 1135 

50 1818 890 1161 

55 1794 .920 1185 

60 1772 950 1214 

70 1710 980 1209 

80 1647 1000 1207 

90 1588 1200 1204 

100 1555 1400 1213 

120 1493 1500 1226 

140 1437 1800 1279 

170 1387 1900 1290 

200 1357 2000 1294 

250 1307 2100 1292 

300 ' 1268 2200 1285 

350 1228 2400 1266 

400 1201 2600 1253 

500 1160 3000 1224 

600 1125 3500 1192 

700 1110 



Figure Captions 

Fig . 1 2TT Gas S c i n t i l l a t i o n Counter and F iss ion Fragment Pulse Height Spectra 
2 Obtained with a 400 yg/cm Uranium F o i l . 

F ig . 2 4TT Gas S c i n t i l l a t i o n Counter and F iss ion Fragment Pulse Height Sum 
2 ' •' ' Spectra Obtained with a 60 yg/cm Uranium F o i l . 

F ig . 3 Spher ica l F i ss ion Counter and F iss i on Fragment Pulse Height Spectra 
2 Obtained with a 60 yg/cm Uranium Depos i t . 

F ig . 4 Fast-Timing I o n i z a t i o n Chamber arid F i ss i on Fragment Pulse Height Spectra 
2 

Obtained with a 100 yg/cm Uranium F o i l . 
235 

F ig . 5 S p e c i f i c U Mass of Material U-3 Obtained by D i f f e r e n t Techniques. 
F ig . 6 E f f i c i e n c y of the Small Black Neutron D e t e c t o r . 
F ig . 7 T ime-o f -F l ight and Neutron Pulse Height Spectra Obtained with the Black 

Neutron Detector . 
F ig . 8 E f f i c i e n c i e s o f the Grey Neutron Detector with a Vanadium Sul fa te So lu -

t ion-Moderator f o r D i f f e r e n t Y-Spectrum Ranges / 
F ig . 9 Schematic Experimental Setup f o r Shape Measurements with the Black 

Neutron Detector and the Grey Neutron Detec to r . 
F ig .10 Results o f Shape Measurements with the Black Neutron Detec tor . 
F ig .11 Tota l Correct ion Applied f o r the Shape Measurements with the Grey Neu-

tron Detec tor . 
Fig .12 Results o f Shape Measurements Obtairied with the Grey Neutron Detector 

and Li -Glass Detec to r . 
F ig .13 . Schematic Experimental Setup f o r Absolute Measurements with the Large 

Black Neutron Detector and the Vanadium Bath. 51 
Fig .14 Cal ibrat ion Factors f o r the Cr A c t i v i t y Measurement with the N a l ( T l ) -

Detec tor . 
Fig.15 Absolute Values Obtained in the Present Experiments and the Final Resul t . • 235 
Fig .16 Comparison of Present Results with Other Data f o r the U F iss ion Cross 

Sec t i on . 
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