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ABSTRACT 

I n  o rder  t o  study the  2 3 8 ~ + n  t o t a l  cross sect ion,  neutron t rans -  

miss ions through 0.076-, 0.254-, 1.080-, and 3.620-cm-thick samples o f  

i s o t o p i c a l l y  enriched 2 3 8 ~  have been measured from 0.880 t o  100.0 keV 

us ing  a t i m e - o f - f l i g h t  technique over a path l eng th  of 150 meters w i t h  

the  ORELA pulsed source and a 13-mm-thick L i -g lass  de tec to r .  The mea- 

surement i s  descr ibed i n  detai l  and both a l i s t i n g  and f i g u r e s  o f  t he  

r e s u l t i n g  transmissions are given. An absolute energy scale accurate 

t o  2 p a r t s  i n  10,000 was establ ished.  





I. INTRODUCTION 

Because accurate t o t a l  and p a r t i a l  neutron cross sec t ions  f o r  2 3 8 ~  

a re  important  f o r  nuc lear  reac to r  design, these cross sec t ions  have been 

ex tens i ve l y  i nves t i ga ted  over the years. I n  the  resolved resonance region,  

nomina l l y  energies below 4.0 keV, the  neutron resonances a re  w e l l  separated 

and can be experimental l y  resolved; consequently, measured cross sec t ions  

a t  these energies have been descr ibed i n  terms o f  i n d i v i d u a l  resonance 

parameters. Th is  parameter izat ion a l lows these cross sec t ions  t o  be 

recons t ruc ted  a t  d i f f e r e n t  temperatures, a1 lows the  ca l  c u l a t i o n  o f  se l  f- 

s h i e l  d ing  fac to rs ,  and a1 1  ows the  determinat ion o f  average resonance 

parameters. These average parameters form the  bases f o r  cross sec t i on  

c a l c u l a t i o n s  a t  energies where the i n d i v i d u a l  resonances a f f e c t  r e a c t o r  

performance, b u t  cannot be exper imenta l ly  resolved. I n  t he  ENDF/B-IV 

compi la t ion  f o r  2 3 8 ~ ,  t h i s  unresolved resonance range spans neutron ener- 

g ies  f rom the  resolved range t o  45 keV. 

Here in we r e p o r t  on the  measurement from 0.880 t o  100.0 keV o f  t h e  

t o t a l  cross sec t i on  o f  2 3 8 ~  from neutron transmissions through 0.076-, 

0.254-, 1.080-, and 3.620-cm samples. I n  p r i n c i p l e  t he  measurement i s  

simple. A pulsed neutron f l u x  from the  Oak Ridge E lec t ron  L inea r  Acceler-  

a t o r  (ORELA) was c o l l  imated onto a  13-mm-thick L i - g l a s s  d e t e c t o r  a t  150 m. 

This  de tec to r  measured the  product  o f  t he  neutron f l u x  and de tec to r  e f f i -  

c iency as a f u n c t i o n  o f  neutron f l i g h t  t ime. A t  42 meters, 2 3 8 ~  samples 

were cyc led  i n  and ou t  o f  t he  beam. Assuming a  constant  f l u x  w i t h  the  

sample-in t ime equal t o  t he  sample-out t ime, t he  t ransmiss ion  Tn(E) i s  

s imply the r a t i o  o f  t he  sample-in f l u x  t o  the  sample-out f l u x .  The 

measurement invo lves  o n l y  a  f l u x  r a t i o ;  no knowledge o f  t he  neutron f l u x  

o r  de tec to r  e f f i c i e n c y  i s  requi red.  Assuming no r e s o l u t i o n  broadening, 

the  Doppler-broadened cross sec t i on  would be g iven  by o(E) = - E ~ [ T ~ ( E ) ] / ~  

where n  i s  t he  n u c l e i  per  u n i t  area o f  t he  sample. 

However, t he  r e s o l u t i o n  broadening cons iderab ly  compl icates the  

ana lys is  o f  the  data because i t  ac ts  on the  t ransmiss ion and n o t  t he  cross 

sect ion.  Consequently, resonance parameters a re  obta ined d i r e c t l y  f rom 



t h e  transmissions, e i t h e r  w i t h  an area ana l ys i s  o r  least-squares shape- 

f i t t i n g .  The parameters u s u a l l y  obta ined from such analyses a r e  neutron 

widths,  resonance energies, and the  p o t e n t i a l  s c a t t e r i n g  radius.  The 

neutron widths are both the  most important  and most d i f f i c u l t  r e s u l t s  t o  

o b t a i n  accura te ly .  

The need f o r  an a d d i t i o n a l  h igh - reso lu t i on  2 3 8 ~  t ransmiss ion measure- 

ment i s  apparent from Fig.  1. I n  t h i s  f i g u r e  the  s-wave s t reng th  func- 

t i o n  - the summed reduced neutron widths d i v i d e d  by the  corresponding 

energy i n t e r v a l  - from var ious measurements i s  p l o t t e d  f o r  0.5-keV 

i n t e r v a l s .  F i v e  t o t a l  cross sec t ion  measurements o f  t he  reso lved reg ion  

up t o  4.0 keV have been publ ished. D e t a i l s  o f  these measurements a re  

1 i s t e d  i n  Table I .  Because the  s t rength  f u n c t i o n  o f  Garg e t  aZ., ' t he  

e a r l i e s t  measurement, i s  sys tema t i ca l l y  much smal le r  than those from the  

recen t  measurements, i t  i s  n o t  shown i n  F i g .  1. The t ransmiss ions o f  

01 sen e t  a2. were on l y  analyzed up t o  1 -087 keV and Nakaj ima e t  a2. do 

n o t  l i s t  neutron widths f o r  many resonances i n  t he  2.5- t o  3.0-keV range. 

Below 1.5 keV the  var ious measurements g i ve  neutron w id ths  which average 

t o  s t reng th  func t i ons  i n  reasonable agreement. From 1.5 keV t o  4.0 keV 

t h e  measurements o r  analyses are d iscrepant .  In p a r t i c u l a r ,  t he  s t r e n g t h  

f u n c t i o n  o f  Rahn e t  aZe3 i s  sys tema t i ca l l y  smal le r  than t h a t  o f  Carraro 

and ~ o l a r , '  23% smal le r  f rom 3.5 t o  4.0 keV. A s t r e n g t h  f u n c t i o n  i n t e r -  

mediate between these was obtained by Nakajima e t  a2. ,4 whereas t h e  very  

recen t  r e s u l t s  o f  Poortmans et a L 5  support  t h e  l a r g e  s t r e n g t h  f u n c t i o n  

o f  Carraro and ~ o l a r . '  The expected7 5% p r e c i s i o n  f o r  2 3 8 ~  neutron 

widths has n o t  been achieved, even when averaged i n t o  s t r e n g t h  func t i ons .  

With inc reas ing  neutron energy the  ex t rac ted  neutron widths and 

r e s u l  t i n g  s t reng th  f u n c t i o n  become more and more un re l  i a b l e  because t h e  

average na tu ra l  resonance width, the  Doppler width,  and t h e  r e s o l u t i o n  

width- a1 1 increase whereas the  1 eve1 spacing remains approx imate ly  con- 

s tan t .  This  problem i s  expected t o  lead  a t  h igh energ ies t o  an under- 

es t ima t i on  o f  t he  s t r e n g t h  f u n c t i o n  which f o r  2 3 8 ~  i s  based on neutron 

w id ths  below 4.0 keV. Nevertheless, F ig.  1 shows the  measured values 

above 4.0 keV. The th reezw4 repor ted  s e t s  o f  neutron w id ths  i n  t h e  4.0- 



ORNL- DWG 77-12593 

ENERGY (keV  

I 

F i g .  1. Comparison of neutron widths on average employing local 
s-wave strength functions calculated for 0.5-keV intervals from a con- 
sistent set o f  levels for the various measurements o f  Refs. 2-6. 
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t o  4.5-keV i n t e r v a l  a l l  agree on an exceedingly smal l  s t reng th  func t i on .  

A t  even h igher  energies on ly  the measurements o f  Carraro and ~ o l a r ~  have 

been analyzed. I f  the  s t reng th  func t i on  above 4.0 keV i s  indeed as sniall  

as i n d i c a t e d  by Fig. 1, i t s  average value from the  reso lved range would 

perhaps requ i re  reduc t ion  which i n  t u r n  would a f f e c t  cross sec t i on  ca lcu-  

l a t i o n  f o r  t he  unresolved range. 

The pr imary purpose o f  t h e  present work i s  t o  o b t a i n  accurate t rans -  

miss ions from which r e l i a b l e  neutron widths can be ex t rac ted ,  both above 

and below 4.0 keV. A secondary goal i s  t o  p rov ide  t o t a l  cross sec t i on  

i n fo rma t i on  i n  t h e  unresolved resonance range where p r e s e n t l y  there  e x i s t s  

a dear th  o f  measurements. 8 

Th is  work i s  an extension o f  t he  prev ious 40-rn measurement6 which was 

analyzed o n l y  up t o  1.087 keV. Above t h i s  energy neutron widths from t h e  

var ious samples o f  t h i s  e a r l i e r  work were d iscrepant ,  which seemed t o  

i n d i c a t e  t he  need f o r  more accurate measurements. The present  transmis- 

s ions are  an improvement over t he  former transmissions i n  severa l  ways. 

1 )  The f l i g h t - p a t h  l eng th  was increased f rom 40 m t o  150 rn improving, 

i n  p r i n c i p l e ,  t he  r e s o l u t i o n  by over a f a c t o r  o f  th ree .  

2 )  A 1 ° B  t ime-overlap f i l t e r  was used removing t h e  low energy Cd 

resonances which confused the  prev ious 40-m spectra.  

3 )  An absolute energy sca le  was es tab l  ished, whereas the  40-m energy 

scale was r e l a t i v e  t o  resonance energies measured by others.  

4 )  The open beam and f o u r  2 3 8 ~  samples were a l t e r n a t e d  i n  and o u t  o f  

the f l u x  f o r  20 cont inuous days, whereas t h e  40-m work cons is ted  

o f  summing many ha l f -day  t ransmiss ion measurements, each w i t h  i t s  

own open beam sampling. This  new procedure assures a common 

energy scale, r e s o l u t i o n  func t i on ,  background source, normal i z a -  

t i o n ,  and open beam f o r  t he  f o u r  t ransmiss ions.  

The nex t  sec t i on  o f  t h i s  r e p o r t  descr ibes t h e  experimental  apparatus 

and procedures. The sec t i on  f o l l o w i n g  exp la ins  t h e  data reduc t i on  t o  

transmissions and the  l a s t  sec t i on  i l l u s t r a t e s  and l i s t s  these r e s u l t s .  



I I. EXPERIMENTAL APPARATUS AND PROCEDURE 

1. Beam L ine  

The measurements were performed on f l i g h t  pa th  number 6 o f  ORELA. 

E i g h t  hundred pulses per  second o f  approximately 140-MeV e lec t rons  were 
9 i n c i d e n t  on t h e  water-cooled tantalum t a r g e t  shown i n  F ig .  2. Slowing 

down i n  t h e  t a n t a l  urn p l a t e s  these e lec t rons  produced bremsstrahl ung which 

i n  t u r n  produced f a s t  neutrons from (y,n) reac t ions .  These f a s t  neutrons 

were moderated down t o  lower energies by the  t a r g e t  cool i n g  water which 

was conta ined i n  a b e r y l l i u m  can w i t h  2 .4 -m- th i ck  w a l l s  as shown. 

Average beam parameters and o the r  cond i t ions  o f  the  measurement a re  l i s t e d  

i n  Table 11. 

Between the  target-moderator assembly and t h e  L i -g lass  de tec to r  t h e  

beam passed through a manually operated f i l t e r  changer, an automatic sample 

changer, and s i x  co l l ima to rs .  The s i x  c o l l i m a t o r s  designated A, B, C, D,  

E, and F were loca ted  2.5, 5.7, 17.6, 37.2, 79.4, and 149.5 rn r e s p e c t i v e l y  

f rom the  ta rge t ,  had minimum c i r c u l a r  aperatures o f  14.75, 13.93, 13.03, 

10.57, 11.27, and 7.76 cm respec t i ve l y ,  and produced a neutron beam w i t h  a 
7.6-cm-dia umbra and 8.4-cm-dia penumbra a t  t he  155-111 de tec to r  p o s i t i o n .  

The beam 1 i n e  was perpendicu lar  t o  and viewed the  e n t i r e  t a r g e t  face except 

f o r  t h e  tanta lum center  which was sh ie lded w i t h  5.1- x 5.1- x  76.8-cm 

copper and l ead  rec tangu la r  shadow bar  p laced a long the  a x i s  o f  c o l l i m a t o r  

A. A t  t h e  5-m s ta t i on ,  between c o l l i m a t o r s  A and B, a  10 -un i t  p o s i t i o n e r  

f o r  beam f i l t e r s  was located.  The 2 3 8 ~  d isks  were mounted i n  a computer- 

c o n t r o l l e d  sample changer l oca ted  a few meters beyond c o l l i m a t o r  D i n  t he  

40-m s t a t i o n .  The beam entrance t o  the  sample changer conta ined an add i -  

t i o n a l  Pb c o l l i m a t o r  which was 12.7 cm long and 9.2 cm i n  diameter.  

The beam 1 i n e  was evacuated except f o r  t he  sample changer and 

apparatus i n  t h e  150-m s t a t i o n .  The sample changer r e q u i r e d  a 0.5-m a i r  

gap which was separated from t h e  vacuum w i t h  .63 mm aluminum f o i  I s .  The 

beam l i n e  i n  t he  150-m s t a t i o n  was f i l l e d  w i t h  he l ium except f o r  two a i r  

gaps w i t h  a t o t a l  l eng th  o f  about 1.5 m and separated from t h e  vacua 
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F i g .  2 .  ORELA Be c l a d  tantalum target assembly. 



TABLE 11. Neutron Beam Parameters f o r  ORELA 

150-111 2 3 8 ~  Transmission Measurements 

w i t h  0.25-mm mylar f o i l s .  Those neutrons which passed through the 6 L i  

detector  and the photomul t i p l  i e r  tube and base were stopped i n  1 i t h i  um- 

p a r a f f i n  blocks 9 rn beyond the detector  a t  the  end o f  f l i g h t  path number 

6. A more complete desc r ip t i on  o f  the beam l i n e  i s  given i n  Ref. 10. 

F l i g h t  Path 

Moderator Composition 

Moderator Thickness 

Beam Bursts per Second 

Electron Beam Power 
( t ime averaged) 

E lec t ron Beam Burst  Width 

Sample Temperature 

Over1 ap F i  1 t e r  

A distance from the neutron producing t a r g e t  t o  the  detec tor  i s  

155.4 m 

Hz0 

3.2 cm 

800 

20 kW 

12 nsec 

294 + 3 O K  

1.53 g/cm2 ' O B  

required f o r  an absolute energy c a l i b r a t i o n .  The distance from the center  

o f  the target-moderator assembly t o  the  center  o f  the  L i -g lass  detec tor  

was determined t o  be 15544156 mm, which i s  the  sum o f  two measurements. 

F i r s t ,  the slope distance from the center o f  the  t a r g e t  t o  the i n t e r i o r  

face o f  the east concrete wa l l  o f  the 150-111 s t a t i o n  a t  the  beam l i n e  

center had been measured by accurate surveying t o  be 150013+4 mm. 11 

Second, the distance from t h i s  p o i n t  t o  the  center  o f  the  L i -g lass  

detector  was measured w i t h  a s tee l  tape t o  be 5428k4 mm. The e r r o r s  on 

these two measurements were added i n  quadrature. 



2. Detector  and E lec t ron ics  

Neutrons were detected w i t h  an 11.1 -cm-diameter, 12.7-mm-thick, 6Li - 
loaded glass s c i n t i l l a t o r 1 *  whose face was o p t i c a l l y  coupled w i t h  a ~ 1 3 -  

mm-thick quartz  l i g h t  p ipe t o  an RCA-4522 phototube operated a t  -2300 

v o l t s .  The detec t ion  e f f i c i e n c y  o f  t h i s  detector  was about 15% f o r  1.0- 

keV neutrons and assuming no s e l f  sh ie ld ing  was propor t iona l  t o  the  

6 L i  (n ,a) t  cross sect ion. The s c i n t i l l a t o r ,  l i g h t  pipe, phototube, and 

base were a l l  mounted i n  the neutron beam. 

Figure 3 shows a b lock diagram o f  the e lec t ron ic  apparatus used t o  

measure the  t i m e - o f - f l i g h t  spectra. Both the f a s t  (anode) and slow 

(dynode) pulse from the photomul t i p 1  i e r  base were amp1 i f i e d  w i t h  b ias  

l e v e l s  se t  on the slow pulses and the  t im ing  performed w i t h  the f a s t  

pulses. The usual fast -s low coincidence s ignaled the  de tec t i on  o f  a 

neutron. Care was taken t o  ensure t h a t  the gamma-flash d i d  no t  d i s t o r t  

the pulse-height spectrum f o r  times corresponding t o  energies below 100 

keV. Neutron t i m e s - o f - f l i g h t  were measured w i t h  an E.G. & G. TDC-100 

m u l t i s t o p  time d i g i t i z e r  which measured the  t ime i n t e r v a l  between a s t a r t  

pulse and the fas t -s low coincidence pulse. S t a r t  s igna ls  were obtained 

from a "gamma-f lash" detector13 t r i gge red  by bremsstrahl ung from the 

e lec t ron  bu rs t  s t r i k i n g  the ORELA target .  The t im ing  r e s o l u t i o n  o f  t he  

neutron detec tor  and associated e lec t ron ics  was about 2 nsec. 

Various f i l t e r - samp le  conf igura t ions  were a l te rna ted  i n  and o u t  o f  

the  neutron beam w i t h  an SEL-810B computer c o n t r o l l e d  sample changer 

where the  beam-in t ime f o r  each con f igu ra t i on  was determined by r e q u i r i n g  

a f i x e d  number o f  processed L i -g lass  events. The r e s u l t i n g  f l  igh t - t ime  

spectra were constructed on a 1 arge-capaci ty, rap id ,  random-access 

magnetic d i sk  attached t o  the SEL-810B computer. Each o f  the  ten  f l i g h t -  

t ime spectra requ i red  52,250 t im ing  channels. Table I I I  gives the f l i g h t -  

t ime channel s t ruc tu re .  An approximate measure (210%) o f  t he  r e l a t i v e  

average neutron f l u x  was obtained us ing the "house moni tor"  which con- 

s i s t e d  o f  a 2 3 5 ~  f i s s i o n  chamber w a l l  mounted i n  the  ORELA t a r g e t  room. 14 

For each sample- f i l  t e r  con f igu ra t i on  o f  each cyc le  the t o t a l  moni tor  

counts, beam bursts,  and L i  -glass events were automatical l y  recorded w i t h  

computer-controlled scalers.  
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Li GLASS 

F ig .  3. Major components o f  data a c q u i s i t i o n  system. 



TABLE 111. Fl ight-Time Channel S t ruc tu re  f o r  ORELA, 

150-m 2 3 8 ~  Transmission Measurements 

Transmissions were measured through 0.076-, 0.254-, 1 .080-, and 

3.620-cm-thick samples formed from 0.076-, 0.254-, 0.381-, 0.445-, and 

2.540-cm-thick d isks .  The prec ise  mean area l  dens i t y  and i s o t o p i c  compo- 

s i t i o n  o f  each d i s k  are given i n  Table I V .  The 0.076- and 0.254-cm 

samples consis ted o f  a s i n g l e  d isk,  the  1.080-cm sample cons is ted  o f  the  

0.254-, 0.381-, and 0.445-cm disks,  and the  3.620-cm sample cons is ted  o f  

the  2.540-cm d i s k  and the 1.080-cm sample. Table V g ives the  mean t h i c k -  

ness o f  these samples w i t h  an est imate o f  the v a r i a t i o n  i n  thicknesses 

over the areas o f  the d i sk .  The e r r o r s  i n  the  mean sample th ickness are 
n e g l i g i b l e .  The sides of each d i s k  were coated w i t h  0.0012+0.0006 g/cm2 

o f  a c r y l i c  laquer15 t o  reduce ox ida t i on  and cor ros ion .  

I 

Energy Range 
(ev ) 

00 + 169438. 

169436. + 9178.1 

9178.1 + 3244.2 

3244.2 + 1428.8 

1428.8 + 510.7 

510.7 -+ 222.6 

222.6 + 109.6 
I 

Number o f  
Channels 

750 

22500 

10000 

6250 

6250 

4000 

2500 

Channel 
Width 
(nsec) 

40 

4 

8 

16 

32 

64 

128 

Time o f  F l i g h t  
Range (psec) 

0 + 30 

30 + 120 

120 4- 200 

200 -t 300 

300 + 500 

500 +- 756 

756 4 1076 



TABLE IV. Disks of 238U for ORELA, 150-111 Transmission Measurements 

a ~ a c h  side coated with 0.0012 k 0.0006 g/crn2 of acrylic lacquer 
(9.1% hydrogen content by weight). 

TABLE V. Samples of 2 3 8 ~  for ORELA 150-m Transmission Measurements 

C 

Nominal 
Thickness 
(cm) 

2. 540a 

0. 445a 

0.381a 

0. ~ 5 4 ~  

0.076~ 

Areal 
Density 
(g/cm2 1 

48.56 

8.556 

7.176 

4.902 

1 .484 

Diameter 
(cm) 

11.13 

11.10 

11.09 

11.11 

11.12 

Norni nal 
Thickness 
(cm) 

3.620 

1 .080 

0.254 

0.076 

% Isotopic Composition 

Thickness 
(atoms/barn) 

0.17536 

0.05208 

0.01239 

0.003760 

2 3 8u 

99.920 

>99.9994 

99.9991 

99.920 

99.920 

Thickness 
Variation 
(atoms/barn) 

0.0013 

0.0012 

0.00012 

0.00008 

236u 

0.012 

- 
- 

0.012 

0.012 

t 

2 3 5 ~  

0.042 

- 
0.0009 

0.042 

0.042 

Inverse 
Thickness 
(barns/atom) 

5.70 

19.2 

80.7 

266 

2 3 4 ~  

0.026 

- 
- 

0.026 

0.026 



4. The Measurement 

Table V I  describes the f i v e  16.5-cm-diameter beam f i l  t e r s  employed 

i n  the measurements. The O B  prevented time overlap o f  the neutron f l u x  

from successive bursts and the Pb attenuated the y - f l a sh  t o  a to le rab le  

leve l .  The Al, Mn, and NaF f i l t e r s  were used t o  help determine back- 

ground leve ls ,  both as a funct ion o f  neutron energy and, more important ly ,  

as a func t ion  o f  2 3 8 ~  sample thickness. 

F ina l  data were taken w i t h  a continuous 20-day measurement cyc l i ng  

the 238U samples and A1-Mn f i l t e r  combination i n  and out of the beam w i t h  

the 40-rn sample changer. The durat ion o f  a complete data cyc le  was about 

30 minutes and consisted o f  transmissions through the fou r  238U samples 

fo l lowed by an open beam measurement, w i t h  each o f  these samples immedi- 

a t e l y  repeated w i t h  the Al-Mn f i l t e r  i n  the beam. Table V I I  l i s t s  the 

number o f  beam bursts f o r  each sample- f i l te r  combination. More informa- 

t i o n  on the background was provided by an add i t iona l  two-day measurement 

which consisted of cyc l i ng  10.2 cm o f  polyethylene, 7.6 cm o f  polyethylene, 

the 0.254-cm 2 3 8 ~  sample, the NaF f i l te r ,  the A1 -Mn f i l t e r  combination, 

and an open beam. The transmission through the polyethylene determined 

the y-ray component o f  the background and the NaF f i l t e r  provided addi- 

t i o n a l  black resonances f o r  the overa l l  background subt rac t ion.  

The time-independent beam o f f  background was measured t o  be 7.3 

cts/sec. F ina l l y ,  the c lock time o f  the cent ro id  of the gamma-flash 

group was measured t o  be 3210+2 nsec. This time i s  used t o  determine the 

zero po in t  on the c lock t iming scale which i s  required f o r  an absolute 

energy cal  i b r a t i  on. 



TABLE V I .  The 16.5-crn-Diameter Beam F i l t e r s  f o r  

ORELA 150-m 2 3 8 ~  Transmission Measurements 

epoxy binder 

b ~ n  0.981 g/crn2 S binder 

'1n 0.935 g/cm2 S binder 

TABLE V I I .  Total Number of Beam Bursts Used f o r  

Each Sample-Filter Measurement 

Areal Density 

1.53 g/cm2 108 

7.21 g/cm2 Pb 

6.86 g/crn2 A7 

.219 g/cm2 Mn 

1.40 g/cm2 NaF 

Function 

Over1 ap 

y - f  1 ash 

Background 

Background 

Background 

F i  1 t e r  

328 g l " ~ a  

6.4 mm Pb 

2.54 crn A7 

46.8 g ~n~ 

300 g N ~ F '  

2 3 8 ~  Sample 

0.076 cm 

0.076 crn 

0.254 cm 

0.254 cm 

1.080 cm 

1 -080 cm 

3.620 cm 

3.620 cm 

open 

open 

F i  1 t e r s  

open 

A1 -Mn 
open 

A1 -Mn 

open 

A1 -Mn 

open 

A1 -Mn 

open 

A1 -Mn 

lo6 Beam Burst 

108.477 

37.887 

119.486 

41.889 

159.048 

65.452 

265.414 

88.893 

103.689 

35.996 

1" ' 



I I I .  DATA REDUCTION 

Various transmi ss ion spectra were determined from t h e  f 1 i g h t - t i m e  

spec t ra  through the  ten sample-f i  1  t e r  combinations. This  data r e d u c t i o n  

r e q u i r e d  the  c a l c u l a t i o n  o f  an o v e r a l l  energy scale and a deadtime co r -  

r e c t i  on and background sub t rac t i on  f o r  each spectrum. From these cor -  

r e c t e d  spectra, t ransmissions were ca l cu la ted  through the  f o u r  2 3 8 ~  

samples bo th  w i t h  and w i thout  t he  A1 -Fin f i  1 t e r  and through the  A1 -Mn 

f i l t e r  w i t h  and w i thou t  t he  var ious 2 3 8 ~  samples. Th is  redundancy o f  

t ransmiss ion i n fo rma t i on  prov ided some i n d i c a t i o n  o f  t he  systemat ic  uncer- 

t a i n t y  i nhe ren t  i n  the  measurement. The steps o f  t he  da ta  reduc t i on  are  

descr ibed below. 

1 Energy Scale 

The n o n r e l a t i v i s t i c  neutron energy E' i n  eV i s  r e l a t e d  t o  t h e  " c lock "  

f l i g h t  t ime t i n  nsec and a pa th  l eng th  L i n  mm by the equat ion 

where to estab l i shes  the  zero p o i n t  on the  "c lock"  t i m i n g  scale. The 

measured d is tance o f  155441+6 mm from the target-moderator cen ter  t o  t h e  

de tec to r  cen ter  i s  used f o r  L i n  Eq. (1) .  Use o f  t h i s  d is tance imp1 i e s  a 

moderation t ime equ iva len t  t o  an increase i n  f l i g h t  pa th  l eng th  o f  16 mm, 

t he  d is tance from t h e  t a r g e t  cen ter  t o  the  moderator face. Also i t  

assumes t h a t  the 6 L i  (n,a) reac t i ons  on average occur a t  t h e  center  o f  t he  

L i -g lass  d isk.  Because o f  these assumptions and t o  account f o r  o t h e r  

systematic e r ro rs ,  the  unce r ta in t y  f o r  L was increased from +6 mm t o  +16 mm. 

Gamma rays t r a v e l  155441 mm i n  518.1 nsec; consequently, t he  gamma- 

f l a s h  "c lock"  t ime o f  321022 nsec requ i red  to = 269552 nsec. The f l i g h t  

t ime o f  the  channel center  was used t o  c a l c u l a t e  the  channel energy. 

I n  add i t i on ,  t he  f i r s t  o rder  r e l a t i v i s t i c  c o r r e c t i o n  



was app l ied  where E and E' were the r e l a t i v i s t i c  and n o n r e l a t i v i s t i c  

energies respect ive ly .  A more complete discussion o f  the energy scale 

f o r  t h i s  measurement can be found i n  r e f .  76. 

2. Dead-Time Correct ion 

A f i x e d  non-extending dead time o f  8264 nsec, l a r g e r  than the  dead 

t ime o f  any o f  the e lec t ron ic  components, was a r t i f i c i a l l y  imposed on the 

counting system. Assuming the same neutron f l u x  i n  each beam b u r s t  per- 

m i t ted  a s t ra ight forward ca lcu la t i on  o f  the dead-time co r rec t ion  using the 

equation 

* 
where Ci i s  the measured events i n  channel i , Ci i s  the dead-time-corrected 

events i n  channel i, T i s  the t o t a l  ORELA beam burs ts  f o r  the  measurement, 

and the summation runs over a l l  those channels j which preceded channel i 

by less  than 8264 nsec. The dead-time c o r r e c t i o n  never exceeded 8.00% 

f o r  neutron energies less than 100 keV. 

3. Backqround Subtract ion 

The background was d i v ided  i n t o  f l  i ght- t ime- i  ndependent and f l  i g h t -  

time-dependent components w i t h  i t s  subt rac t ion  proceeding from the known 

t o  the unknown. F i r s t ,  the  counting r a t e  o f  the  detec tor  system i n  s i t u  

was measured t o  be 7.3 cts/sec w i t h  the ORELA f l u x  o f f .  This f l i g h t  t ime 

independent room background was subtracted from the t e n  spectra. 

Next, the transmissions through the 7.6- and 10.2-cm t h i c k  po ly -  

ethylene samples were analyzed i n  order t o  determine the gamma-ray admix- 

t u r e  measured i n  the neutron f l u x .  Figure 4 shows the 10.2-cm transmis- 

s ion where the smooth curve i s  a v isua l  f i t  using both a f l i g h t - t i m e -  

independent and f l  igh t - t ime exponential decay terms. Be1 ow 100 keV, 

7.6 cm o f  polyethylene e f f e c t i v e l y  attenuates neutrons bu t  no t  gamma 

rays. The exponential decaying background has a h a l f - l i f e  o f  18.4 psec, 

i s  2.23-MeV r a d i a t i o n  from hydrogen capture i n  the water moderator, 

i s  we l l  understood,17 and i s  a s i g n i f i c a n t  background a t  h igh  energies. 
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FLUX THROUGH 10.2 CM OF POLYETHYLENE 

F i g .  4. F l i g h t - t i m e  spectrum o f  " f l u x "  through 10.2 cm o f  
polyethy lene which does n o t  pass neutrons below 100 keV ( f l i g h t  
t imes 2 35 l-sec). The smooth curve i s  a v i s u a l  f i t  w i t h  
A + B x exp(-t/18.4 psec). The exponent ia l  term a t tenuates  w i t h  
polyethy lene as 2.3-MeV gamma r a d i a t i o n .  



Using known1* photon cross sect ions the st rength o f  the exponential source 

was cor rec ted t o  zero polyethylene thickness, normal ized t o  the  p r i n c i  pal 

measurement, attenuated f o r  the various f i 1 ter-sample combinations, and 

subtracted as background. 

The remaining events i n  the transmission d ips o f  resonances thought 

t o  be "black" are  n o t  understood i n  any q u a n t i t a t i v e  fashion; consequently, 

these events were v i s u a l l y  f i t t e d  as a func t ion  o f  f l l g h t  t ime f o r  each 

samp le - f i l t e r  combination and subtracted from the spectra as background. 

To f a c i l  i t a t e  these subtract ions,  the funct iona l  form o f  the background 

was assumed t o  separate i n t o  a f l i g h t - t i m e  shape, independent o f  any 

p a r t i c u l a r  samp le - f i l t e r  combination, and sample and f i l t e r  scale fac to rs  

which m u l t i p l i e d  t h i s  s ing le  shape t o  f i t  the background f o r  a given sample 

o r  a given f i l t e r  i n  the beam. By ad jus t ing  t h i s  shape and these scale 

fac to rs  a quan t i ta t i ve ,  g lobal ,  v isua l  f i t  was obtained which reasonably 

reproduced the general trend o f  the remaining background. I n  p a r t i c u l a r ,  

t h i s  f i t  required a background shape w i t h  both a f l i g h t - t i m e  independent 

term and a f l  igh t - t ime exponential decay term w i t h  a h a l f - l i f e  o f  80 psec. 

The scale fac to rs  were somewhat propor t iona l  t o  the  average transmission 

o f  the  sample o r  f i  1 t e r .  

I n  summary, the t o t a l  background f o r  each t ime channel and spectrum 

was w r i t t e n  as 

BGD = {7.3+13000.0f1f2(2) -t'18*4 + f3f4[9.4+133.3(2) -t/80.0 ] 3 b ~ t  (4) 

where t = channel c lock time i n  usec, b = beam burs t / l o6 ,  and A t  = channel 

width i n  psec. The hydrogen capture y-rays are attenuated w i t h  fl and f2 

where fl = -930, -787, .364, and .034 respec t i ve l y  f o r  the 0.076-, 0.2540, 

1.080-, and 3.620-cm 2 3 8 ~  samples and f2 = .69 f o r  the A1-Mn f i l t e r  combi- 

nat ion. The scale factors f o r  the f i t t e d  background are f3 and f4 where 

f3 = 0.97, 0.88, 0.60, and 0.18 respec t i ve l y  f o r  the  238U samples and 

f4 = '70 f o r  the A1-Mn f i l t e r  combination. With an open beam fl=f2=f3=f4= 

1 .ooo. 



f ab le  V I I I  1 i s t s  the percentage background components o f  the  open beam 

and the  f l u x  through the 3.620-cm sample a t  three energies where the 

transmissions through both the 2 3 8 ~  and the A1-Mn f i l t e r s  appear constant  

w i t h  energy. 

4. Transmission Ca lcu la t ion  

Fol lowing the  background subt rac t ion  o f  Eq. (4) ,  the  spectra were 

d iv ided by t h e i r  number o f  beam bursts given i n  Table V I I  and var ious 

transmissions w i t h  s t a t i s t i c a l  e r ro rs  were calculated.  The r a p i d  c y c l i n g  

o f  the samples and f i l t e r s  i n t o  the  beam f o r  20 days assured t h a t  the  

number o f  beam burs ts  f o r  each spectrum was propor t iona l  t o  the t ime- 

i n teg ra ted  inc iden t  f l u x  f o r  each spectrum. I d e n t i c a l  ( w i t h i n  0.1%) 

spectra l  normal i z a t i o n s  are obtained employing the "house moni t o r t t  counts 

per spectrum. The transmission 5 f o r  each t im ing  channel and 2 3 8 ~  sample 

and i t s  s t a t i s t i c a l  standard dev ia t ion  AT were ca l cu la ted  from the equations, 

and 

where C = sample-in raw events, N = sample-in deadtime-corrected, background- 

subtracted events, B = sample-in beam burs t ,  and d = sample-in deadtime 

cor rec t ion .  The primed symbols denote the corresponding sample-out q u a n t i t i e s  

per channel. Correct ions were made on these transmissions t o  account f o r  

a c r y l i c  coat ings on the  2 3 8 ~  d isk.  The l a r g e s t  co r rec t i on  was 1.0% f o r  t h e  

3.62-cm sample a t  low energies. 

From these transmissions cross sect ions o per channel and sample 

thickness and t h e i r  s t a t i s t i c a l  standard dev ia t ions  Aa were ca l cu la ted  

using the equations, 



where n i s  the  sample areal densi ty  i n  atoms/barn. These ca lcu la ted 

cross sect ions correspond t o  rea l  cross sect ions on ly  i n  regions o f  smooth 

transmission where the reso lu t i on  broadening has no e f f e c t .  The reso lu-  

t i o n  broadening acts on the transmission and not  on the cross sect ion; 

consequently, f o r  most energies the calculated cross sect ion o f  Eq. (6 )  
i s  n o t  the r e s o l u t i o n  broadened cross sect ion, but  i s  on ly  propor t iona l  

t o  the logar i thm o f  the measured transmission. 

Three sets  o f  resu l t s  were calculated: 1) transmissions through the 

0.076-, 0.254-, 1 -080-, and 3.620-cm 2 3 8 ~  samples w i t h  no f i l t e r s  i n  the 

beam; 2) transmissions through the fou r  2 3 8 ~  samples w i t h  the Al-Mn f i l t e r  

combination i n  the  beam; and 3) transmissions o f  the Al-Mn f i l t e r  combina- 

t i o n  w i t h  the  open beam spectra and the spectra through the 2 3 8 ~  samples 

which i n  t h i s  case acted as beam f i l t e r s .  The l a t t e r  two transmission 

sets were used t o  help determine the systematic uncer ta in t i es  i n  the  data; 

whereas, the former transmission set  provided the p r i n c i p a l  resul  t s  which 

are p l o t t e d  and l i s t e d  i n  the next  sect ion. 

TABLE VIII. Percentage Background Components a t  Selected 

Neutron Energies f o r  ORELA 150-m Transmi ss ion Measurements 

Neutron 2 3 8 ~  Hydrogen F i t t e d  
Energy I Sample 1 ;::;ground 1 Capture / Background 

open 
3.62 cm 

open 
3.62 cm 

open 
3.62 cm 



I V ,  RESULTS AND DISCUSSION 

1. The Transmissions 

The transmissions from 1.0 t o  100.0 keV through two o f  t he  f o u r  238U 

samples a re  histogram p l o t t e d  i n  Figs. 5 t o  16. For 2 3 8 ~  t he  resonance 

r a d i a t i o n  widths a re  near 0.023 eV and approximately constant  w i t h  energy, 

the average s-wave and p-wave neutron widths increase w i t h  energy approx i -  

mate ly  as 0.002 fl eV and 1.0 x 10- E ~ / ~  eV, respec t i ve l y ,  and the  Doppler 

broadening FWHM increases as 0.035 eV where E i s  t he  neutron energy a l s o  

i n  eV. Consequently almost a1 1 2381J resonances have n a t u r a l  w id ths  much 

smal l e r  than t h e i r  Doppler widths and the Doppler broadening determines 

the poss ib le  observable widths o f  the t ransmiss ion s t r u c t u r e .  

F igures 5, 6, and 7 show t h e  0.254- and 3.620-cm t ransmiss ions f rom 

1.0 t o  4.0 keV p l o t t e d  i n  0.5-keV i n t e r v a l s .  Our prev ious 40 m da ta  were 

least-squares shape f i t t e d  up t o  1.087 keV, so a s i m i l a r  ana l ys i s  o f  the 

new t ransmiss ions over t h e  energy range o f  Figs. 5, 6, and 7 w i l l  p rov ide  

ORELA 2 3 8 ~  neutron widths f o r  t h e  e n t i r e  resolved resonance reg ion  o f  t h e  

ENDF eva lua t ion .  Below 4.0 keV the  energy r e s o l u t i o n  i s  l e s s  than o r  

rough ly  equal t o  t he  Doppler width.  

F igures 8 and 9 show transmissions p l o t t e d  i n  1 .O-keV i n t e r v a l s  through 

the  0.254- and 3.620-cm samples from 4.0 t o  8.0 keV which i s  an energy range 

equal t o  and immediately f o l l ow ing  the  resolved resonance reg ion .  From 4.0 

t o  8.0 keV our energy r e s o l u t i o n  i s  rough ly  equal t o  o r  g rea te r  than the  
2 Doppler width.  Carraro and Ko la r  analyzed t h e i r  t ransmiss ions t o  5.7 keV, 

whereas Rahn et a2. , 3  Nakajima e t  a t .  ,4 and Poortmans e t  a2. r e p o r t  neutron 

widths t o  around 4.5 keV. Our transmissions should be analyzable up t o  

6.0 keV and perhaps up t o  8.0 keV. A t  8.0 keV the Doppler w i d t h  i s  one- 

e i g h t h  o f  the  average s-wave l e v e l  spacing o f  24 eV. 

Figures 10 through 14 show t ransmiss ions i n  t h e  unresolved resonance 

reg ion  where i n d i v i d u a l  resonance parameters cannot be ex t rac ted  from the  

experimental data, bu t  s t i  11 d r a s t i c a l l y  a f f e c t  t he  c ross  sec t ions .  I n  

p a r t i c u l a r ,  F igs.  10, 11, and 12 show t ransmiss ions through t h e  0.254- and 
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3.620-cm samples from 8.0 t o  20.0 keV p l o t t e d  i n  2.0-keV in te rva ls ,  and 

Figs. 13 and 14 show transmissions through the 1.080- and 3.620-cm samples 

from 20.0 t o  4.0 keV p l o t t e d  i n  5.0-keV i n t e r v a l s .  Over these energies 

the cross sect ions obtained from applying Eq. (6)  d i r e c t l y  t o  the measured 

transmissions i s  very sample thickness dependent. 

To f i r s t  order the reso lu t i on  broadening o f  the transmission spectra, 

ignor ing the small smearing from f i n i t e  channels, can be approximated by 

a Gaussian func t ion  whose width R, FWHM i n  eV, can be w r i t t e n  as 

w i t h  a = ( ~ A L / L ) ~  

and 13 = ( 2 ~ t / 7 2 . 3 ~ ) ~  

where AL i s  the equivalent-distance moderation wid th  i n  mm, A t  i s  the 

e lec t ron  beam burs t  FWHM o f  12 nsec, L i s  the f l i g h t  path i n  mm, and E i s  

the neutron energy i n  eV. Values o f  AL ranging from 25 mm,' which i s  the 

theore t i ca l  est imate from moderation only, t o  50 mm,19 which probably 

includes some detec tor  e f fec ts ,  have been used a t  ORELA. Assuming AL = 

33 mm the reso lu t i on  FWHM a t  40.0 keV i s  24 eV w i t h  equal con t r i bu t ions  

from the equivalent-distance moderation wid th  and the beam burs t  width. 

Figures 15 and 16 show transmissions through the 1.080- and 3.620-cm 

sample from 40.0 t o  100.0 keV p l o t t e d  i n  15-keV i n t e r v a l s .  The unresolved 

resonance region o f  ENDF/B-IV extends t o  45 keV above which a smooth cross 

sect ion i s  assumed. Our transmission through the t h i c k e s t  sample shows 

considerable s t r u c t u r e  which probably ar ises  from the  l a r g e s t  s-wave 

resonances o r  c lus te rs  o f  l a rge  s-wave resonances. A t  100.0 keV our 

reso lu t i on  width i s  i n  the order o f  100 eV, the  Doppler w id th  i s  11 eV, 

and ex t rapo la t ing  from low energies the average s-wave and p-wave l e v e l  

spacings are  about 25 eV and 8 eV, respect ive ly .  The transmissions from 

0.880 t o  100.0 keV through a l l  f ou r  sample thicknesses are l i s t e d  i n  the 

Appendix. 



A t  s u f f i c i e n t l y  h igh neutron energies the  Doppler broadened t o t a l  cross 

sect ion  should be smooth; consequently, the reso lu t i on  func t ion  has no 

e f f e c t  and the t r u e  cross sect ion should be d i r e c t l y  a t t a i n a b l e  w i t h  

Eq. ( 6 )  from any thick-sample transmission. Figure 17 shows histogram 

p l o t s  from 10 t o  100 keV o f  "cross sect ions" from our two thick-sample 

transmissions. I n  pa r t i cu la r ,  the upper and lower histograms are from 

the app l i ca t ion  o f  Eq. ( 6 )  t o  the 1.080- and 3.620-cm transmission, 

respect ive ly ,  a f t e r  averaging over time i n t e r v a l s  corresponding t o  5 keV 

energy i n t e r v a l  s. Assuming an open-beam spectrum smooth w i t h  energy, 

these t o t a l  "cross sect ions" are those which would be obtained from a 

very 1 ow reso l  u t i o n  transmission measurement. The two "cross sect ions" 

converge toward common values w i t h  increasing energy. A t  100 keV they 

d i f f e r  by about 3%. Some o f  t h i s  3% d i f fe rence could be explained by 

systematic uncer ta in t ies  i n  the measured transmissions which are 

discussed i n  the next subsection. 

2. Discussion o f  Uncerta int ies 

Both s t a t i s t i c a l  and systematic uncer ta in t ies  e x i s t  i n  the  measured 

transmissions. The s t a t i s t i c a l  uncer ta in t ies  have been propagated w i t h  

Eq. (5a) f rom the measured events per channel t o  the transmissions and are 

the e r r o r s  l i s t e d  i n  the Appendix. The systematic uncer ta in t i es  a r i s e  

from the deadtime correct ion,  background subtract ion,  sample thickness 

and composition, spect ra l  normalizat ions, and poss ib le  confusion i n  the  

understanding and operat ion o f  the  experimental apparatus. Er rors  from 

the deadtime, sample, and normalizat ions are bel ieved t o  be small. The 

other systematic e r ro rs  are  very d i f f i c u l t  t o  assess. 

Perhaps the best  est imate o f  the t o t a l  systematic uncer ta in ty  o f  the  

data can be obtained from i n t e r n a l  consistency which i s  i l l u s t r a t e d  i n  

Table I X  where cross sect ions from the four  2 3 8 ~  t ransmissions both  w i t h  

and wi thout  the A1 -Mn f i  1 t e r  and the corresponding transmissions through 

the  A1-Mn f i l t e r  a re  1 i s t e d .  These data are averaged over the column-one 

energy i n t e r v a l s  i n  which the transmissions through both the 2 3 8 ~  and the 

A1 -Mn appeared p a r t i c u l a r l y  constant and smooth w i t h  energy. The e r r o r s  





TABLE I X .  Comparison o f  Cross Sections i n  Barns and Transmissions 

w i t h  S t a t i s t i c a l  Uncertaint ies from the Ten Measured Flight-Time Spectra 

Energy 
I n t e r v a l  

1334.1 t o  

1355.1 eV 

3981.6 t o  

4017.6 eV 

60.209 t o  

61 -005 keV 

CJ o f  238U 
wi th  Al-Mn 

1 0 . 4 9 i  .05 

10.61 + . I 1  

10.5 + .5 

9.7 + 1.6 

14.00 + .07 

14.17 + .14 

14.4 + .6 

14.6 + 2.0 

11.98 + .05 

11.92 + . I 2  

11.8 + .5 

10.0 .6 

T o f  A1-Mn 
w i t h  238U 

. 779+  .006 

.771 + -004 

-771 + .004 

.772 + .004 

.772 5 .004 

.769 + .010 

,771 + -005 

,765 + .005 

.772 + .005 

.776 i .005 

.762 + .007 

.766 + .004 

.760 + -004 

-769 + .004 

.766 +_ .004 

Sampl e 
(cm) 

3.620 

1.080 

0.254 

0.076 

open 

3.620 

1.080 

0.254 

0.076 

open 

3.620 

1 .080 

0.254 

0.076 

open 

0 o f  2 3 8 ~  
without Al-Mn 

10.53+ .02 

10.61 + .06 

10.5 4 . 3  
9.7 + .8 

13.91 + .04 

14.04 + .08 

13.3 + .3 

13.0 + 1.0 

11.93 + ,03 

11.94 + .06 

11.2 + . 2  

11.1 + .9 



are statistical only. These data and similar comparisons in other energy 

intervals indicate that at all energies below 100 keV the various trans- 

missions appear to be consistent to about 1.5% of the average or potential 

scatteri ng val ues . Consequently, total systematic uncertainties o f  

c0.014, r0.013, k0.008, and c0.002 are assigned to the 0.076-, 0.254-, 

1.080-, and 3.620-cm transmissions respectively. These transmission 

uncertainties correspond to potential scattering or average cross section 

uncertainties of 54.0, k7.2, 20.3, i0.1 barns respectively. 

In addition, smooth cross sections from the present 150 m measure- 

ments can be compared with those from the previous 40 m measurements 6 

in their region of overlap. This is done in Table X for the 1345- and 

4000-eV interval s where the errors are statistical standard deviations 

only. The agreement between the two measurements through the thickest 

sample is excel lent. Moreover, the 40 m measurements contained a 2 to 

3% systematic discrepancy between smooth cross sections from the 3.620- 

and 1.080-cm samples. In the present measurement this cross section 

difference between the two samples has been reduced to 1.0%. 

TABLE X. Comparison Between Cross Sections from the Present 

150-m Measurements and the Previous 40-rn Measurements 

Energy 
Interval 

1334.1 to 

1355.1 eV 

3981.6 to 

4017.6 eV 

Sampl e 
Thickness 

3.620 cm 

1.080 cm 

3.620 cm 

1 .080 cm 

Cross Section 

150 m 40 rn 

10.53 + .02 b 

10.61 ' .06 b 
13.91 * .04 b 
14.04 2 .08 b 

10.51 .03 b 

10.69 + .I5 b 

13.89 + .ll b 

14.25 5 -30 b 
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APPENDIX 

This appendix 1 i s t s  the fou r  measured transmissions through the 

0.00376-, 0.01 239-, 0.05208-, and 0.17536-atom/barn 2 3 8 ~  samples f o r  

39,239 energies from 99985.11 t o  880.13 eV. The fo l l ow ing  typed 

page i s  the  f i r s t  page o f  t h i s  l i s t i n g .  These and the remaining 676 

pages o f  transmissions are g iven on the three micro f iche sheets con- 

ta ined i n  the  envelope attached t o  the i n s i d e  back cover o f  t h i s  repor t .  

Each l i n e  o f  the  appendix gives the energy o f  the  channel center  f o l -  

lowed by the f o u r  transmission values where each transmission i s  

immediately fo l lowed by i t s  s t a t i s t i c a l  standard deviat ion.  These 

e r r o r s  are s t a t i s t i c a l  on ly  and do not  contain the systematic uncer- 

t a i n t i e s  which have been discussed i n  Sect ion IV-2. The l i s t e d  t rans-  

missions have been corrected f o r  the a c r y l i c  coatings on the 2 3 8 ~  disk.  

These data have been t ransmi t ted  t o  the National Nuclear Data Center 

a t  Brookhaven National Laboratory. 
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