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SUMMARY 

Sat i s fac tory  operation of the  ETR with the  GEANP-99M( experiment 
i n s t a l l e d  has been indicated with changes i n  loading and rod withdrawal 
sequence developed i n  t he  ETRC. The var ia t ion  i n  other experimental 
f luxes  i n  t he  ETRC due t o  withdrawal and inse r t ion  of t he  two GEANP ex- 
periments proposed during operation of the  ETR a re  r e l a t i v e l y  small. 
Detailed hor izontal  neutron f l ux  maps within t he  400 g ETR f u e l  elements 
have es tabl ished more accurate constants f o r  extrapolating ETRC f luxes .  
t o  " f u l l  power" ETR values and f o r  determining heat  t r a n s f e r  l imi ta -  
t ions .  Comparison of a black and a gray absorber sect ion on control  
1-08 No.  13 when p a r t i a l l y  inse r ted  as a regulating rod shows a t  most . 
only 7% more f l u x  depression f o r  t he  black sect ion than f o r  t he  gray. 
It has been shown tha t ,  f o r  400 g ETR f u e l  elements, 1% more boron in  
pol-yethylene tapes  i s  required i n  order. t o  be equivalent t o  boron uni- 
formly d i s t r i bu t ed  i n  t he  coolant space. Changing the  metal-to-water 
r a t i o  of t he  f u e l  elements i n  the  ETR from 0.644 t o  1.210 without a 
change i n  charge l i f e  i s  found t o  cause a 20% increase i n  th.ermal neu- 
t ron  f l u x  i n  t h e  i n p i l e  experiments f o r  t he  11% increase i n  u~~~ 
required. 

The v e r t t c a l  thermal neutron f l u x  d i s t r i bu t i on  i n  each ETR f u e l  
element was determined during Cycle 27 f o r  the  clean core and f o r  t he  
depleted core f o r  use i n  experimental design and heat  t r ans f e r  calcula-  
t i ons .  Calculations have been made of the  in tegrated power following a 
junior scram i n  the  ETR f o r  varying rod worths t o  determine the  protec- 
t i o n  afforded by t h e i r  use. Comparisons of calculated and measured 
thermal neutron f luxes  i n  t he  ETRC have been made f o r  var ia t ion  i n  ca l -  
cula t ion techniques and reac tor  physics constants.  

A procedure has been developed t o  inves t iga te  the  nature of damage 
i n  the  f u e l  element p l a t e s  i r r ad i a t ed  i n  t he  M!I'R by using e lect ron 
microscopy of rep l icas  of t he  surfaces a f t e r  metallographic preparation.  
The f u l l  program of 14 capsules containing oxide f u e l  i n  the  f u e l  e l e -  
ment development program f o r  t he  Experimental Gas Cooled Reactor i s  now 
i n s t a l l e d  i n  t he  ETR with t he  t o t a l  burnup now ranging from 500 t o  
2300 ~wd/I" lT .  Fundamental s tudies  of t he  metal-water react ion of alu- 
minum - 23.4 wt% uranium a l l oy  ind ica te  very low react ion r a t e s  up t o  
2300°F. 

Calculations made t o  maximize the  production of u~~~ + from 
thorium slugs without exceeding a given hee.t generation r a t e  ind ica te  
t h a t  t h e  most e f f i c i e n t  method i s  t o  use two d i f f e r en t  Fluxes. 



A preliminary .measurement of t he  ~o~~ thermal cross sect ion indi-  
c a t e s  t h a t  t he  1500 b value makes a s izeable  correct ion i n  t he  calcula-  
t i o n  of f a s t  neutron f luxes  from the  threshold react ion ~ i ~ ~ ( n , ~ ) c o ~ ~ .  
Preliminary t o t a l  cross  sect ion da ta  on and P U ~ ~ ~  have been taken 
with t h e  MTR chopper. 

Crystal  spectrometer measurements on the  var ia t ion  of e t a  f o r  u~~~ 
i n  t he  region 0.01 t o  1 ev have been compared with e t a  values obtained 
from M I 3  f i s s i o n  and t o t a l  cross  sect ion da ta  and with measurements made 
i n  other  l abora tor ies .  Time-of-flight analyses of Bragg beams from Be 
c r y s t a l  planes demonstrate t he  necess i ty  of making such s tudies  pref-  
a to ry  t o  high precis ion measurements. An invest igat ion made i n t o  t he  
system design of t h e  MTR c r y s t a l  spectrometer shielding c a r t  d r ive  t o  
determine the  system response t o  increasing the  dr ive  speed by a f ac to r  
of 10 ind ica tes  t h a t  with appropriate design changes a s tab le  system t o  
meet th-e-reqiiTem2nt-S F i b >  obtained . 

In  t he  MIX nuclear chemistry progrml, r e s u l t s  from t r i p l i c a t e  anal- 
yses of t h e  gas produced i n  highly i r r ad i a t ed  Be a r e  found t o  agree 
with y i e ld s  of these  gases calcula ted from cross sect ions  and t h e  neu- 
t r on  i r r a d i a t i o n  h i s t o ry .  More accurate values f o r  the  half  l i f e  of 
~s~~~~ (2.90 k 0.01 h r )  and f o r  i t s  formation cross  sect ion (3.45 k 0.2 b )  
have been obtained at  t he  MIX. The ac t iva t ion  y i e ld  r a t i o s  of metasta- 
b l e  and ground s t a t e s  f o r  ~ h l -  and 1rlS2 have been determined a t  thermal 
and at low energy resonances. Results  giving comparisons among Au, Mn, 
and Na thermal and resonance f l u x  monitors show good agreement. The 
ac t i va t i on  thermal cross  sect ions  and resonance i n t eg ra l s  f o r  13n147 
going t o  t he  5.3 d and 42 d Fm148 isomers, t he  p i l e  cross  sect ions  of 
both isomers of Pa148, t he  decay cha rac t e r i s t i c  of 23 h r  Pm14', and 
gamma ray &sundances f o r  these  a c t i v i t i e s  have been measured. 

I n  t he  i n e l a s t i c  s ca t t e r i ng  of slow neutrons program, energy and 
angular d i s t r i b u t i o n  measurements of slow neutrons sca t te red  from meth- 
alle have been compared w i t h  t heo re t i c a l  spectra  and condensed t o  t he  
"Scattering Law" presenta t ion proposed by Ege ls ta f f .  

The decay of 15 d E U ~ ~ ~  has been studied t o  produce a l e v e l  scheme 
f o r  ~ d ~ ~ ~ .  Recent measurements were made t o  determj.n.e the  spins  and 
. pa r i t i e s  of some of t h e  previously reported energy l eve l s  using gamma- 
g m a  d i r ec t i ona l  cor re la t ion  techniques. 

The d i f f e r e n t i a l  cross  sect ion of methane was calculated using the  
approximations of ~ r i e ~ e r  and Nelkin which g r ea t l y  simplify the  compu- 
t a t ions ,  and a method which i s  rigorous except f o r  t r e a t i ng  ro ta t ions  
c l a s s i ca l l y .  The two methods agree very wcll f o r  neutron energies up 
t o  0.1 ev, and give good overa l l  agreement wfth da t a  obtained on t h e  
MTR slow neutron ve loc i t y  se lec tor .  . 

I n  IBM-650 program development a "650 Fortran Editor" program t h a t  
operates on a machine without core storage o r  an on-line p r in t e r ,  and an 
ana ly t i c a l  solut ion f o r  a two-region, two-group treatment of an i n f i n i t e  
one-dimensional configuration have been developed. The second program 
has been used f o r  calcula t ing t he  neutron multipl-i.ca.tion i n  sandwiches 
of f u e l  elements, Cd, and moderator t o  develope sa fe  storage and t rans -  
por ta t ion  assemblies. 
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li OPERATIONS TECHNICAL SUPPORT 

1. ETR CRITICAL FACILITY 

1.1 ETRC Mockups of ETR Loading 

1.11 ETR Cycle 26 Loading (J. W. Hensheid, ETRC s t a f f )  Early i n  
1960 (beginning with Cycle 26) the  u~~~ contents of t he  fue l  elements 
and control  rod f u e l  sect ions  i n  the  ETR were increased t o  400 g and 
160 g respect ively  i n  order t o  lengthen the  charge l i f e .  The control  
rod withdrawal sequence was a l s o  revised a t  t h i s  time i n  an attempt t o  
maintain, a s  near ly  a s  possible,  t he  same r e l a t i v e  f l ux  d i s t r i bu t i on  
from the  begirlrlirig t o  the  end of the  cycle.  This rod withdrawal se- 
quence i s  a s  follows : 

(1 )  1, 2, 3, 4 ) s lack  ~ o d s  

(2) 12 

( 4 )  13 Gray Rods 

( 5 )  5, 11, 15 

A l l  i n p i l e  loops o r  t h e i r  nuclear mockups were i n  place then, except 
f o r  the  GEANP-99M7 experiment f a c i l i t y .  To minimize t h e  e f f ec t  which a 
l a t e r  i n s t a l l a t i o n  of t h i s  loop would have on the  core thermal neutron 
f l ux  d i s t r ibu t ion ,  two addi t ional  ETR f u e l  elements were placed i n  t he  
9 x i n .  experimental space t o  approximate thc  e f f ec t  of the  GEAN'P 
t e s t  f u e l  element, with most of the  remaining space being u t i l i z e d  f o r  
i r r ad i a t i on  of loop surveil lance capsules. The r e s u l t s  of some of the  
measurements made i n  t he  ETRC on t h i s  loading have been reported previ-  
ously [I]*. Fig.  I i s  a core diagram showing the  midplane thermal 
neutron (2'200 m/sec) f l u x  d i s t r i bu t i on .  It should be noted t h a t  the  
ac tua l  loading f o r  ETR Cycle 26 d i f fe red  somewhat from the  mockup. I n  
the  ETRC.mockup, control  rod'No. 8 was withdrawn and No. 12 was i n s e r t -  
ed. A t  the  request of GEANP, the  withdrawal sequence of these two,rods 
was-reversed beginning with ETR Cycle 26.. A l ~ o ,  t he  GEANP t e s t  f u e l  . 

element, included i n  the  ETRC mockup, was withdrawn from the  Cycle 26 
loading f o r  ETR ju s t  p r i o r  t o  s ta r tup .  (1n .general,  these  two d i f f e r -  
ences tend t o  cancei one another with regard t o  the  thermal neutron 
f l ux  d i s t r i bu t i on .  ) Another minor di f ference i s  t h a t  the  ETRC loading 
contained a mockup of the  GEANP 33L10 loop, but' i n  ETR, a 4-hole piece 

*Numbers i n  brackets r e f e r  t o  e n t r i e s  i n  Section V I ,  References. 
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-ROD NUMBER 

INSERTED WITHDRAWN F U E L  EXPERIMENTAL 
ROD ROD E L E M E N T  POSITION 

4 X  = 4 HOLE PIECE 
AI = ALUMINUM CORE FILLER PIECE 

Fig. 1 ETRC Mockup. of ETR Cycle 26 Loading 
gives average mid lane thermal (2200 m/sec) 
neutron f lux  (10" n/cm2/sec) extrapolated 
t o  175 Mw. 

occupied t h i s  posi t ion during 
Cycle 26. The charge l i f e  of t h i s  
loading i s  ca lcula ted t o  be 4400 
MWD. 

1.12 GEANP 99W Loop In- 
s t a l l a t i o n  (R .  E. Oswald) I n  
s p i t e  of the  e f f o r t s  mentioned i n  
Section 1.11 t o  minimize t he  e f -  
f e c t  of the  GEANP 99M7 loop in-  
s t a l l a t i on ,  major core changes 
a re  necessary. A l l  of t he  loop 
surveil lance capsules present ly  
located i n  t he  99W f a c i l i t y  a re  
displaced when t h i s  loop i s  in -  
s t a l l ed ;  therefore,  i n  order t o  
continue the  i r r ad i a t i on  program 
with t h e ~ e  capsules, d i f fe ren t  
core locat ions  a r e  required.  
GEANP a l s o  requested a change i n  
the  rod withdrawal program t o  min- 
imize the  var ia t ion  of f l u x  with- 
i n  the  99M7 loop during operation. 

- Measurements have been made i n  
the  ETRC t o  es tab l i sh  a loading 
arrangement which f u l f i l l s  both 
requirements and t o  evaluate the  
operating cha rac t e r i s t i c s  of the  
r e su l  Ling loading.  

Since var ia t ions  i n  f l u x  caused by withdrawing rods a r e  g r ea t e s t  
near the  rod, one method of minimizing f l u x  var ia t ions  i n  the  GEANP 
loops i s  t o  withdraw a l l  rods adjacent t o  these loops p r i o r  t o  c r i t i -  
c a l i t y .  This can be accomplished by merely interchanging sods No. 3 
and 7 i n  t h e  rod withdrawal sequence.. This change i s  not expected t o  
increase  appreciably t he  f l u x  var ia t ions  cmpared t o  those of the  pre- 
sen t  rod withdrawal program. 

The p r inc ip l e  purpose of the  loop surveil lance program i s  t he  de- 
termination of the  e f f e c t s  of f a s t  neutron f l u x  on mater ia ls  used i n  
loop construction.  For the  program t o  be of value it i s  necessary thxL 
these  survei l lance specimens receive an accumulated nvt g rea te r  than 
any loop does. Therefore, t he  core posi t ions  chosen, 18 and N10, a r e  
i n  t he  regions of h ighest  f l u x  (Fig. 1 ) .  Displacing elements i n  t he  
high f l ux  region t o  provide space f n r  t ,hpsp c ~ ~ s I . ~ ? s  has t he  added ad- 
vantage t h a t  it lowers the  thermal neutron f l u x  and consequently t he  
hea t  f l ux  i n  t he  hot-spot regions. I n  f ac t ,  a s  can be observed by 
comparing data  i n  Fig.  1 and 2, the  highest  thermal neutron f l u x  i s  
ac tua l ly  lower i n  t h i s  loading, which contains only 47 elements, than 
it was i n  the  Cycle 26 loading, which contained 31 elements. 

Fig. 2 shows a l s o  t he  complete core loading and the  control  rod 
posi t ions  at  c r i t i c a l i t y .  
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1.13 Thermal Neutron Flux 
Perturbations Caused by GEANP Ex- 
periments (R. E. Oswald) Oper- 
a t ing procedures c a l l  f o r  the 
t e s t  fue l  elements i n  the two 
GEANP loops t o  be raised remotely 
in to  t h e  core region a f t e r  the 
ETR i s  at 100 Mw and i n  some cases 
a f t e r  xenon equilibrium i s  reached. 
Later i n  the cycle it i s  a lso  of- 
ten  the case tha t  these t e s t  ele- 
ments a re  remotely lowered from 
the core. It i s  important t h a t  
other sponsors who have experi- 
ments i n  the reactor know what 
changes the inser t ion or  removal 
of the GEANP elements cause t o  
the thermal neutron f lux  i n  the 
regions &ere t h e i r  experiments 
are  located. These ef fec ts  have 
now been measured i n  the hTRC. 

It i s  almost cer tain tha t  a t  
one time or another during ETR 

~ i g .  2 ETRC Mockq of 47-element loading operation only one of the two 
with GEAIV 9 x 9 Loop gives average mid- 
lane thermal (2200 m/sec) neutron flux 

GEANP loops wi l l  contain a fue l  

n/cm2/sec) a t  173 ,. Fuel elements at other times 
contain 400 g flS5 and 2.16 g natural boron, e i ther  both loops, or neither, 
and control rod fue l  sections contain 160 g w i l l  contain a fue l  element. 
fls5 and 0.71 g natural boron. Therefore the e f fec ts  of three 

d i f fe rent  changes have been de- 
termined: the inser t ion of a 
GEANP element i n  the 66~13 loop, 

the removal of the GEANP 99M7 element, and the combined ef fec t  of the 
two. The measurements were made i n  a mockup of the loading &scribed 
i n  Section 1.12 with the reac t iv i ty  changes compensated by equal dis-  
placements of rods No. 5,  9, and 14. This procedure duplicates the net 
change tha t  would be experienced i n  the ETR since the reactor i s  c r i t i -  
ca l  on t h a t  s e t  of rods i n  the rod withdrawal sequence. 

The percentage changes i n  the thermal neutron f lux  throughout the 
core effected by the GEANP fue l  element changes a re  shown i n  Fig. 3. 
It can be seen tha t  the e f fec t  on the thermal neutron f lux  d is t r ibut ion  
of removing the GFANP 60-1 element from the ggM7 loop i s  re la t ive ly  
s m a l l .  The reac t iv i ty  effect  of t h i s  change i s  approximately -0.2$ Ak/k. 
The ef fec t  on the  thermal neutron f lux  dis t r ibut ion of the inser t ion of 
the GEANP F-4 element i n  the 6 6 ~ 1 3  loop i s  a l so  re la t ive ly  s m a l l  every- 
where except i n  the immediate v i c in i ty  of the loop i t s e l f .  The reac- 
t i v i t y  e f fec t  of t h i s  change i s  approximately +0.6$ Ak/k. The greatest  
change t o  the thermal neutron flux occurs with the F-4 element i n  the 
66~13 loop and the 99247 loop empty, a s  shown i n  the diagram. 

S t a t i c  dis t r ibuted poison techniques were used t o  balance rod 
worths and thus determine excess react ivi ty .  The r e su l t s  are  as 



follows: (1)  the combined worth 
of rods No. 5, 9, and 14 above the 
c r i t i c a l  posit ions i s  3.446 k / k ,  
(2)  the combined worth of rods 
NO. 6, 8, and 16 i s  3.146 k / k ,  
and (3) these s i x  rods give the 
t o t a l  excess reac t iv i ty  of 
6.5$ Aklk. 

d-ROD NUMDCR 
PPW-8 -S I IO  

INSERTED 
ROD 

BB 17 
WITHDRAWN FUEL EXPERIMENTAL 

ROD ELEMENT POSITION 

4 X -  4 HOLE PIECE 
AI - ALUMINUM CORE FILLER PIECE 

It has been found tha t  a 
lo s s  i n  excess reac t iv i ty  of nom- 
ina l ly  146 Ak/k occurs when a 
loading i s  transferred frm the 
ETRC t o  the ETR. An additional 
reac t iv i ty  lo s s  due t o  the build- 
up of equilibrium xenon i n  the - - - 

ETR (- 446 k / k )  occurs within 24 
h r  a f t e r  s tar tup.  Thus, the 
available excess reac t iv i ty  f o r  
the proposed loading i s  only 
1.546 &/k as  compared with 4 t o  
746 &/k f o r  all previous 400 g 
ETR losings. From an operational 
standpoint t h i s  means t h a t  the 

Fig. 3 B C  Mockup of 47-element loading a b i l i t y  t o  override xenon a f t e r  a 
shows neutron f lux changes due to  insertion spurious scram is considerably and removal of GEANP fue l  elements. In  each 
fue l  element, the top number i s  the per cent less than in past There- 
change caused by removing GEANP 60-1 from fore, although the thermal neu- 
99W; the middle number i s  the per cent tron f lux  dis t r ibut ion,  tho rod 
change caused by insert ion of GEANP F-4 i n  
66~13;  and the bottom number i s  the per cent program, and the charge l i f e  
change caused by insertion of GEANP F-4 i n  (" 2700 m) are satisfactory, 
6 6 ~ 1 3  and removal of GEANP 60-1 from 99~7. the low xenon override potent ial  

will undoubtedly eliminate con- 
sideration of t h i s  loading f o r  
actual ETR operation. I f  the u~~~ 

content of the fue l  elements were increased, so as  t o  give greater  ex- 
cess react ivi ty ,  t h i s  loading would be quite sat isfactory.  

1.2 Thermal Neutron Flux Distribution Within a 400-Gram Fuel Element 
(A.  D. Mackley, W.  L. Schrader) 

The thermal neutron (2200 m/sec) f lux  data from a large number of 
the f lux  runs reported by the ETRC group must be extrapolated t o  a core 
puwer uf 177 MW f a r  use i n  reactor calculations.  An accurate extrapo- 
l a t i o n  requires, of course, a complete knowledge of the f lux  dis t r ibu-  
t ions  within the fueled regions of the core. Since it i s  impra.c,t.ical 
t o  obtain a cmple te  knowledge of the f lux  i n  every core measurement, 
the f lux  usually i s  monitored only i n  a standard posit ion (geometric 
center) i n  each fue l  element. The thermal neutron absorption i s  much 
greater  i n  the fueled region of a 400-g element than it i s  i n  the non- 
fueled regions adjacent t o  and between fue l  elements, with the r e su l t  
t h a t  the f lux a t  the center of the element i s  lower than Lhe average 
f lux  within it. Extensive f lux  measurements have been made i n  order t o  



correlate  the f lux  dis tr ibut ion within a fue l  element with the f lux  at  
the standard position. Prior  measurements having demonstrated tha t  the  
ve r t i ca l  f lux prof i le  i s  essent ia l ly  constant throughout the core, these 
studj-es were limited t o  the horizontal flux dis tr ibut ion.  

Thirty gold f o i l s  on l u c i t e  wands were dis tr ibuted approximately 
uniformly at  the reactor midplane through the fueled region of each 
monitored element. Cadmium r a t ios  were determined f o r  each point sepa- 
r a t e ly  and applied t o  the f o i l  activation i n  the  conventional manner t o  
determine the thermal neutron f lux  fo r  each point. Flux dis tr ibut ions 
within elements were measured i n  t h i s  manner i n  11 different  core posi- 
t ions which were considered representative of the core i n  general. 
Fig. 4 and 5 show two representative thermal neutron f lux  dis tr ibut ions 
observed a t  the midplane and demonstrate the existence of the expected 
thermal neutron f lux  gradients. It i s  convenient t o  define an "aver- 
age-to-standard rat io" as  the  r a t i o  of the average midplane thermal neu- 
tron f lux  t o  the thermal neutron flwr a t  the standard position. The 
ra t ios  measured i n  the 11 elements monitored range fram 1.0 t o  1.2 with 
a mean value of 1.13. Indivfdual values depend upon the  loca l  core 
components. The 11 positions studied were so selected tha t  t h e i r  mean 
value should be representative of the mean value f o r  all positions i n  
the  core. Therefore, the fac tor  1.13 i s  used i n  extrapolating f lux  
data t o  higher power levels .  

I n  order t o  determine the maximum heat f lux i n  an element, it i s  
also necessary t o  know the maximum thermal neutron f lux  within it. A 
measure of the thermal neutron f lux  peaking, which a r i ses  frcm the pro- 
nounced gradients, may be obtained by a comparison of the maximum mid- 
plane thermal neutron f lux  t o  the average midplane thermal neutron flux. 
The observed values f o r  t h i s  "maximum-to-average rat io" range from 1.2 
t o  1.8 f o r  the 11 elements monitored and have a mean value of 1.5. An 
e f fo r t  was made t o  associate high and low values with part icular  re- 
gions of the core but no correlation was found. 

SIDE PLATE 

elm-s ,I,, 

Fig. 4 Midplane thermal neutron flux dis- Fig. 5 Mdplane thermal neutron flux dis- 
tribution i n  the fuel  region of an ETR fuel  tribution i n  the fue l  region of an ETR fue l  
element with 400 g u~~~ i n  position Ng . element with 400 g u''' i n  position 1-10. 



1.3 Thermal Neutron Flux Perturbations i n  ETR Due t o  P a r t i a l  Inser t ion 
of Control Rod No. 13 (R.  E. Oswald. J. W. Henscheid) 

To allow more ve r sa t i l e  operation of the ETR, it has been proposed 
t o  modify control rod No. 13 t o  permit it, a s  well as control rod No. 
10, t o  be used as a regulating rod. The gray (nickel) absorber section 
of control rod No. 13 would be replaced with a black (boron-stainless 
s t e e l )  absorber t o  increase i t s  worth closer t o  tha t  of No. 10. I n  
order t o  evaluate the e f fec t  which t h i s  change makes on the thermal 
neutron f l u x  i n  adjacent experiments, three f lux  runs were made i n  the 
ETRC i n  a mockup loading of E2R Cycle 29. I n  the f i r s t  run, shim rod 
No. 13, before modification, was f u l l y  withdrawn (36 in .  ) . I n  the sec- 
ond run it was positioned at 29.5 i n . ,  the lower l i m i t  when operated as 
a regulating rod. I n  the t h i r d  run the  gray absorber section of the 
rod was replaced with a black absorber and the  rod was again positioned 
at 29.5 i n .  

I n  each of the three runs, ve r t i ca l  thermal neutron f lux  prof i les  
were measured a t  the center of f u e l  posit ions H I 1  and Jll and along the 
north face of the fue l  canis ter  i n  the PW loop (66 513) .  These pro- 
f i l e s  a re  shown i n  Fig. 6, 7, and 8. The two columns on the r ight  side 
of each f igure  give a point-by-point comparison of the perturbing ef-  
f e c t  of the  p a r t i a l l y  inser ted rod with black and with gray absorber 

RELATIVE THERMAL FLUX PPCO-6-381" 

Fig. 6 Vertical thermal neutron f lux  pro- 
f i l e  on north face of the PW fuel  canister  
i n  position 66~13. The two columns of f ig-  
ures l i s t  comparative perturbation e f fec ts  
of the rods inserted t o  29.5 in .  

PERTURBATION 
BLACK GRAY 

RELATIVE THERMAL FLUX ppm-s-sl lr  

Fig. 7 Vertical thermal neutron flu pro- 
f i l e  i n  position Jll. The two columns of 
figures l i s t  comparative perturbation ef- 
fec ts  of the rods inserted t o  29.5 in .  



sect ions .  These data  show t h a t  
the  black absorber sect ion causes, 
a t  most, only 7%. more f l u x  depres- 
sion than the .  gray absorber. 

. . 

1.4 React ivi ty  ~ ~ u i b a l e n c e  of 
Boron-Polyethylene Tapes and 
Boric Acid Solution (E.  F. 
Aber ) 

Boron-impregnated polyethyl- 
ene tapes  and l u c i t e  wands a re  

ROD NO. 13 used a t  t h e  ETRC t o  mock up re-  
a c t i v i t y  e f fec t s ,  t o  .uniformly 
poison t he  core, and as standards 
i n  the  assaying of f u e l  assem- 
b l i e s  f o r  boron content. Both 
tapes  and wands a re  cut  t o  a 
length of 36 in . .  and a r e  supported 
i n  the  water channels of a f u e l  

0 1.0 2.0 3.0 
' RELATIVE THERMAL FLUX PPCO-8.3,14 

assembly by aluminum o r  p l a s t i c  
t abs  a t  t he  top.  Width, thick- 
ness, and boron content of tapes  

Fig. 8 Verti 'cal thermal neutron f lux  pro- currently in use at the ETRC are f i l e  i n  posi t ion H11. The two columns of 
f igures  l i s t  comparative perturbation e f -  given i n  Table 1. 
f e c t s  of the  rods inse r ted  t o  29.5 i n .  

From r e a c t i v i t y  equivalence 
measurements made previously [2 1, 
it was concluded t ha t ,  f o r  the  

conditions of t h a t  experiment, boron-impregnated tape i s  equivalent t o  
boron i n  solut ion.  Since t h a t  time t he  f u e l  element u~~~ content has 
been increased from 256 t o  400 g with a corresponding increase i n  f l u x  
peaking a t  t he  f u e l  element s ide  p l a t e s  (see Section 1 . 2 ) .  I n  most 
measurements i n  which boron tapes  a r e  used it i s  des i rab le  t h a t  the  
boron occupy the  same space a s  t he  fue l ,  o r  a s  an acceptable ' a l t e rna t ive  
occupy space which has an average f l u x  equal t o  the  average f l u x  of t he  
f u e l  region.  Since the  f l u x  p r o f i l e  i n  an element i s  not f l a t ,  t h i s  
condition may be hard t o  achieve. I n  order t o  evaluate t h e  e f f e c t s  
t h a t  could be expected when t h i s  condition i s  not  achieved, it was de- 
cided t o  compare again t h e  r e a c t i v i t y  e f f ec t  of the  tapes  with t h a t  of 
t he  bor ic  acid  solut ion and t o  check 'the e f f e c t  of varying t he  distri- 
bution of tapes within an element. 

For the  ' reference standard, a stock solut ion of bor ic  ' acid  of 
known concentration was prepared and d i lu ted  t o  obtain various concen- 
t r a t i o n s  of boron. An unborated f u e l  element was made water-t ight  t o  
contain t he  solut ion and a second unborated f u e l  element was used with 
t he  tapes .  ,Reac t iv i ty  measurements confirmed t h a t  these  two elements 
have t h e  same r e a c t i v i t y  e f f e c t s  without boron added. The same core 
l a t t i c e  pos i t ion  (J-11) was used f o r  all measurements. C r i t i c a l i t y  
runs were made with no boron, 1.5 g boron, and 3.0 g boron i n  t he  bor ic  
acid  solution.  The number of tapes  of each type was adjusted t o  ap- 
proximate these boron contents.  



Table 1 

DATA ON BORON-IMF'RENATED POLYETHYLENE TAPE 

Nominal weight-percent of boron 

1 w t %  3 wt$ 5 wt% 2 wt% ( l u c i t e )  

Width, i n .  0 .84 1 .OO 0 .84 1.07 
Thickness, i n .  0 .019 0.018 0.018 0.064 

Boron per  36-in. tape, g 0.0868 0 -253 o .396 0.222 * 
Standard deviation (1))  g f 0.01359 + 0 ,0169 f 0.0077 - - - 

No. of tapes 36 18 12 6 8 4 14  7 

Total  boron, g 3.13 1.56 3.29 1.52 3.17 1.58 3 .11 1.55 * 
Standard deviation (2 ) ,  g, 2 0 . 0 4  20.03 k 0 . 0 6  2 0 . 0 4  f 0.02 ?I 0.02 - - - - 

* 
Standard deviation of chemical aIialysis values. 

' (1 )  For one tape 

(2)  . For the  number of tapes l i s t e d  



Fig. 9 Reactivity comparison using Rod No. ieasuement made using a l a rge  
7 of boron impregnated polyethylene tapes 
and boric acid solution. number of unborated tapes shows 

no de t ec t ab l e , e f f ec t .  

Fig. 9 shows No. 7 control  
rod pos i t ion  a s  a function of bo- 
ron content i n  the  f u e l  element; 
t he  r e a c t i v i t y  change i s  l i n e a r  
with respect  t o  rod pos i t ion  i n  
t h i s  por t ion of the  rod. The re -  
s u l t s  show t h a t  a lW$ grea te r  
amount of boron i n  the  tapes  i s  
required t o  obtain the  same re -  
a c t i v i t y  e f f e c t  a s  with bor ic  
ac id  solut ion.  This ind ica tes  
t h a t  se l f -shie lding and per tu r -  
bation e f f e c t s  of boron i n  the  
tapes  a r e  not negl igible  a t  boron 
concentrations of 1 .5  t o  3 . 0  g 

The boron content of t he  
polyethylene tapes was determined from chemical analyses of a number of 
samples of each type of t ape . .  These r e s u l t s  a r e  shown i n  Table 1. The 
standard deviation of e r r o r  associated with the  t o t a l  boron contained 
i n  several  tapes ( a s  used i n  these meas ements) i s  smaller than t h a t  
of an individual  tape by a f ac to r  of 1 ? n a s  shown i n  t he  t ab l e .  The 
boron content of the  l u c i t e  s t r i p s  was determined from p r i o r  r e a c t i v i t y  
comparisons with polyethylene tapes  i n  t he  ETRC, hence no e r r o r  l i m i t s  
have been assigned. The e r ro r  i n  t he  bor ic  acid  -solution i s  estimated 
t o  be no more than f 0.9% f o r  the  solut ion containing 3 g boron and 
+ 1.2% f o r  the  solut ion containing 1 . 5  g boron. These include weighing 
e r rors ,  volumetric e r ro rs ,  and e r ro r s  due t o  impuri t ies  and water con- 
t e n t  i n  t he  H3BO3 c ry s t a l s .  The standard deviation of e r r o r  associated 
with No. 7 rod posit ioning f o r  c r i t i c a l i t y  i s  + 0.035 i n .  
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1.5 Effect  of I nc r ea s ing  t he  Metal-Water Ratio of ETR Fuel ~ l e m e n t s  
. . -( J. W. Henscheid) 

A t  t h e  request  of Plant  Engineering, nuclear measurements have 
been made on some e f f ec t s  of increasing t he  number of f u e l  p l a t e s  i n  
the  ETR f u e l  element from 19 t o  29. With no change i n  u~~~ content t he  
increased metal-to-water volume r a t i o  (1.210 compared t o  t h e  present 
0.644) would r e s u l t  i n  a decrease i n  t he  excess r e a c t i v i t y  and charge 
l i f e  of t he  ETR core.  Consequently, measurements were made i n  t he  ETRC 
t o  determine the  increase i n  f u e l  content, which would give t he  same 

I 5  2 0 2 5 3 0 S 5 tapes .  The r eac t i v i t y  e f f e c t  of 
BORON CONTENT lg romsl  P P C o  0 J"' 

the  polyethylene i n  the  tapes  ap- 
pears t o  be negligible,  s ince  a 

BORIC ACID SOLUTION 

A I WEIGHT PERCENT TAPES 

A 2 WEIGHT PERCENT TAPES 

0 3 WEIGHT PERCENT TAPES 

5 WEIGHT PERCENT TAPES 

per  f u e l  element volume. Posi- 
t ioning of tapes within t he  f u e l  
element has an extreme e f f e c t  
equivalent t o  a 6% change i n  bo- 
ron content .  This e f f ec t  i s  a l s o  
shown i n  Fig.  9 f o r  four  5-wt% 



charge l i f e  a s  t h e  present ETR core gives .  They included extensive 
thermal neutron f l u x  measurements since a change i n  the  neutron energy 
spectrum was an t ic ipa ted .  

Conciusions drawn from these  measurements a re :  

(1) Changing the  metal-water r a t i o  of t he  f u e l  elements 
from 0.644 t o  1.210 w i l l  require an 11% increase i n  

. . u~~~ (443-g f u e l  elements and 180-g control  rod f u e l  
sec t ions )  t o  maintain the  same charge . l i f e  a s  t h e  
present ETR core has. 

( 2 )  ~ h e r m a i  neutron f l u x  i n  most of t he  i n p i l e  experi- 
ments w i l l  increase  approximately 20% due t o  t he  
increased, f a s t  leakage. 

1 . 5 1  React ivi ty  Measurements and Calculations Measurements were 
made i n  t h r ee  separate runs i n  a mockup loading of ETR Cycle 27. I n  
t he  f i r s t  run 36 aluminum s t r i p s  were inse r ted  i n  each of the  51 fu,el 
elements (two s t r i p s  per  water channel). The s t r i p s  were 2s aluminum 
with nominal dimensions of 36 x .1 x 0.040 i n .  The metal-water r a t i o  of 
these  "loaded" f u e l  elements i s  1.210. No change was made i n  t he  met- 
al-water r a t i o  of the  control .  rod f u e l  sections., since. .the"proposed re -  

design would change. t h i s  r a t i o  
only very s l i gh t Iy .  ' C r i t i c a l  rod 

V . W . S . > , , ~  

-ROD NUMBER 

INSERTED WITHDRAWN FUEL EXPERIMENTAL 
ROD ROD ELEMENT POSITION 

4 X  = 4 HOLE PIECE 
AI = ALUMINUM CORE FILLER PIECE 

Fig. 10 Comparison of average midplane 
thermal (2200 m/sec) neutron f lux  (1014 
n/cm2/sec) f o r  M/W = 0.644 (middle number). 
The bottom number shows the  per cent change 
f o r  increasing .M/W from 0.644 t o  1.210. 

posi,tions were .as shown i n  Fig.  10. 

For the  second run, one-half 
of the  aluminum s t r i p s  were. re -  
moved from each f u e l  element ( m i - .  
f ormly ) , giving a metal- water 
r a t i o  of 0.927. Simultaneously, . 
the  core was uniformly poisoned 
with s t r i p s  of boron-impregnated 
polyethylene tapes  t o  compensate 
f o r  t he  increase i n  r e a c t i v i t y  
due t o  the  aluminum removal. Thus 
the  c r i t i c a l  rod posi t ions  f o r  
t h i s  run were e s sen t i a l l y  t he  same 
as f o r  t he  f i r s t  run. 

A t h i r d  run.was made a f t e r  
removing all the  remaining a lu-  
minum s t r i p s .  The metal-water 
r a t i o  i s  then t h a t  of a standard 
fue l  element, 0.644. Additional 
uniform boron poisoning was i n -  
ser ted t o  compensate f o r  the  in -  
crease i n  r e a c t i v i t y  and t he  
c r i t i c a l  rod posi t ions  were again 
t he  same. . . 

. . 

The r e a c t i v i t y  p, held-, down 
by the  uniform boron poisoning 



(equivalent t o  r e a c t i v i t y  l o s t  due t o  higher metal-water r a t i o ) ,  was 
calculated using t he  re la t ionsh ip  

where 

A C i s  t he  macroscopic absorption cross sect ion of 
a the  uniform boron poisoning homogenized over 

t he  core and 

C i s  t he  t o t a l  macroscopic absorption cross sec- 
a t i o n  of t he .  core (homogenized) and includes 

f u e l  elements, control  rod f u e l  sections,  and 
gray absorber sect ions .  

Some of t he  core constants used i n  these  calcula t ions  a r e  l i s t e d  
i n  Table 2 along with the  calculated excess r e a c t i v i t i e s  f o r  t he  l a s t  
two runs. 

The .increased f u e l  content required t o  compensate f o r  t he  reac.- 
t i v i t y  l o s s  associated with an increase i n  metal-water r a t i o  was c d -  
culated using t h e  equation: 

where 
I 

M.is t he  u~~~ f u e l  content of the  core, 

p i s  t he  r e a c t i v i t y  l o s s  (calcula ted by use of Eq. l ) ,  and 

f i s  t he  thermal u t i l i z a t i o n  f ac to r  associated with a 
given metal-water r a t i o .  

Table 2 shows the  new f u e l  element and the  control  rod f u e l  sect ion 
u~~~ content determined from t h i s  re la t ionsh ip .  Inasmuch a s  t h e  value 
of f i s  a l s o  increased, a reca lcu la t ion  of AM with a median value f o r  f 
'wi l l  give s l i g h t l y  higher u2" contents than shown i n  Table 2 .  For a 
metal-water r a t i o  of 1.210, u~~~ contents f o r  f u e l  elements and control  
rods a re  calcula ted t o  be about 480 &nd 195 g, respect ively .  

Study of the  problem without benef i t  of experimental da ta  reveals  
t h a t  the  l o s s  i n  reac t iv i ty ,  r e su l t i ng  from an increase i n  metal-water 
r a t i o ,  i s  due primarily t o , a n  increase i n  t he  f a s t  leakage. Consider 
t he  th ree  core loadings all i den t i ca l  except f o r  t h e i r  metal-water (M/w) 
r a t i o s .  Core 1 has M/W = 1.210 and keff = 1; Core 2 has M/W = 0.927 
and keff > 1; Core 3 has M/W = 0.644 and keff > 1. The c r i t i c a l  equa- 
t i o n  can be wri t ten:  



Table. 2 

CORE CONSTANTS, REACTIVITY MEASUREBENTS, AND RESULTS OF CALCULATIONS 
FOR THREE M/W RATIOS I N  ETRC 

Core Constants Run No. 1 Run No. 2 Run No. 3 (standard core) 

Total  u ~ ~ ~ ,  g 22,000 22,000 22,000 

M/W 1.210 0.927 . 0.644 

C ( f u e l  element ) j ' cm-l 
a. 

0.1623 0.1629 0.1634 

C ( f u e l  section-), cm-I 
a 0.0756 0.0756 .o .0756 

-1 C (gray sect ion) ,  cm 
a 

0.1060 0'. 1060 0.1060 

* 
c (core),  cm-' 
a 

 boron tapes) ,  cm-' 0 0.0040 0.0074 

k (boron tapes.), $ &/k 0' 
ex 2.7 5 .o 

f (without boron tapes )  0 -727 0.724 

Loss i n  Be,, $ Ak/k 5 - 0  2.3 

u~~~ increase t o  
make up l o s s  i n  k 403 0 1833 

exJ 

$ increase i n  u~~~ 18.3 8 -3 - - 
New f u e l  element mass, g 473. 433 400 

NCW ' f ue l  sect ion mass, g 190 1273 160 
New  core), cm-l 0.1637 0 1537 - - 

I 

New  core), ern" 0 :12 42 0.1137 - - 
a 

New f 0 759 0 -740 - - 

* n ( f e )  C ( f e )  c n ( f s )  za ( f s )  + n(gs)  za(gs) 
c (core) = ' 

a 
a n ( f e )  + n ( f s )  + n(gs)  . 

n ( f e )  i s  t h e  number of f u e l  elements i n  the  core, 

n ( f s )  i s  t h e  number of f u e l  sect ions  (withdrawn rods), s~lld 

n(gs)  i s  t h e  number of gray sect ions  ( inse r ted  rods).:  



and the  product E p a r e  assumed t o  be constant f o r  a l l  three  cores, 
and 

I 
L = t ( 1  + 'BdL4)  

(thermal non-leakage probabi l i ty)  

- B ~ T  
.L = e 
f 

( f a s t  non-,leakage probabi l i ty )  

These l a s t -  th ree  f ac to r s  a r e  evaluated i n  Table 3 using some con- 
ventional  approximations. From t h i s  t ab l e  it i s  apparent t h a t  t h e  
dominant f ac to r  i n  determining the  change i n  keff i s  t he  f a s t  non-leak- 
age probabi l i ty ,  Lf, with some e f f e c t  being caused by t h e  small change 
i n  f ,  i . e . ,  

keff  
= constant x f L . 

f . 

I n  Core 1, keff = 1, f Lf = 0.565, and constant = 1.77. The quan- 
t i t y  keff can then be calculated f o r  Cores 2 and 3  a able 3 ) .  Although 
the  values a re  somewhat l a rge r  than those found experimentally, the  
t ab l e  does show t h a t  the  e f f ec t  i s  due almost e n t i r e l y  t o  the  f a s t  leak- 
age, Lf, compared t o  changes t h a t  a r e  noted i n  all o ther 'va r iab les .  

1.52 F l u  Measurements During Runs 1 and 3, thermal i leutro~l f l u x  
measurements were made t o  determine t he  change i n  the  f l u x  dis t r ibut ior l  
i n  the  experiments a s  well a s  i n  the  f u e l  elements. The measurements 
were made using gold f o i l s  and bare and cadmium-covered gold wires.  I n  
general,  t he  f l u x  monitors were placed t o  provide a f a i r l y  complete 
f l u x  map of the  reac tor  midplane. I n  R u n  No. 1 the  monitors were a f -  
f ixed  t o  aluminum s t r i p s  and i n  R u n  No. 3 t o  l u c i t e  wands. As expected, 
the  cadmium r a t i o  f o r  gold decreased when t he  metal-water r a t i o  was in -  
creased, the  thermal f r ac t i on  of t he  t o t a l  f o i l  ac t iva t ion  decreasing 
approximately 10%. Pr io r  measurements with bare and cadmium-covered 
uranium f o i l s  have shown t h a t  epithermal neutrons account f o r  11% of 
t he  t o t a l  f i s s i o n  r a t e  i n  a standard 400-g f u e l  element. For f u e l  e l e -  
ments with a metal-water r a t i o  of 1.210 it i s  estimated t h a t  epithermal 
neutrons w i l l  account f o r  13% of the  t o t a l  f i s s i o n s .  

Fig. 10 a l s o  shows a comparison of the  thermal flux maps made i n  
Runs No. 1 and 3. I n  both cases t he  f l u x  values were extrapolated t o  
t h e  operating power l e v e l  of t he  ETR (175 ~ w ) .  On the  average t he  
thermal f l u x  i n  the  f u e l  elements decreased about 5% with the  increase 
i n  metal-water r a t i o .  This i s  due t o  the  s l i g h t l y  higher epithermal 
f i s s i o n  r a t e  and t he  23% average increase i n  thermal f l ux  i n  t he  con- 
t r o l  rod f u e l  sect ions .  

Table 4 shows a comparison of the  thermal f luxes  measured i n  the  
experimeiital faci l i 'Lies  f o r  t he  two runs. The general and s i g n i f i -  
cant ly  higher f luxes  i n  the  core with t he  higher metal-water r a t i o  a r e  
due t o  the  increase i n  f a s t  neutron leakage. This very f a c t  accounts 



Table 3 

ETRC CALCUTED CORE CONSTANTS 
FOR TIWEE M/W FiATIOS 

Core 3 
Constants Core 1 Core 2 (standard Core) 

M/W 1 .21  . 0.927 0,644 
c ( t o t a l ) ,  cm-l 
a. 

0.1445 0.1450 0.1454 

k e f f  (ca lcu la ted)  

keff  
(experimental) 

* Approximated using 30 x 30 x 36 i n .  parallelepiped.  



. . Table 4 . . . . ,. . . :. : 
.. . .. 

, . . .  . . . 

COMPARISON OF ETRC M I D P T  THEMAL, NEUTRON FLUX IN VEBIMENTS . . 

, 2 
FOR M/W RATIOS OF,, 0.644 AND'. 1.2:10 .. ' .. . . . . . I I. , : .  . . . i  . . .. . ~ 

. . ... . . . 

. Run 3 
M/W = 0.644 Run 1' Comparison of 

(standard core) M/W = 1.210 Runs .l and '3  

'Thermal Thermal Thermal Thennal 
Thermal F l u ,  Thermal Flux, Fraction; 

Position* Fraction 1014 n/cm2sec Fraction 10" n/cm2sec $ change ,;;2ge 

Average i n  
Fuel Elements 0.534 

Average i n  
Control 'Rods 

0.615 3.23 u .t;15 

KAPL (F-10) 0.502 . 1.10. . 0.507 1.21 - . +2. +lo 

G w  ( 6 6 ~ 1 3 )  ' ' ' 

. . 

GEH 11-2 ( 6 9 ~ 7 )  '' 

SE 0 -719 3.03 0.750 3 -29 +4 +9 

NW 0.726 2.17 . 0.735 2.70 + 1 +24 

* ETR Orientation 



f o r  t he  l o s s  i n  excess r e a c t i v i t y  when t he  metal-water r a t i o  i s  in -  
creased.  The small and inconsis tent  changes i n  thermal f rac t ions  ( f rac -  
t i o n  of t o t a l  a c t i va t i on  of gold caused by thermal neutrons) shown i n  
t h e  t ab l e  a r e  within experimental e r r o r  and a re  not considered t o  be 
p a r t i c u l a r l y  s i gn i f i c an t .  

1.53 Conclusions One aspect of t h i s  metal-water r a t i o  experiment 
which has not  been taken i n t o  account i s  the  increased importance of 
t he  withdrawn control  rods i n  Run No. 1. It was pointed out e a r l i e r  
t h a t  the  metal-water r a t i o  i n  t he  proposed control  rod f u e l  sect ions  i s  
p r a c t i c a l l y  t he  same as i n  the  present f u e l  sect ions  and t h a t  therefore  
no change was  made i n  t h e  metal-water r a t i o  i n  t he  f u e l  sect ions  during 
t h i s  experiment. 

The midplme thermal neutron f l u x  i n  the  withdrawn control  rods 
i s ,  on t he  average, &bout 23% grea te r  i n  Run  No. 1 than i n  Run No. 3 
( see B5.g. 10 a.nd Table 4 ) .  According t o  perturbation theory, control  
rod worths a re  roughly proportional  t o  the  square of t he  thermal neu- 
t r on  f lux .  One car1 then est imate t h a t  t he  rod worths f o r  Run No. 1 a r e  
roughly 5% g rea t e r  ( i  .e.,  1.232 = 1.51) than f o r  Run  No. 3. Experi- 
mental evidence t o  support t h i s  est imate i s ,  unfortunately, r a the r  
meager. The worth of No. 15 rod, determined by period measurements, 
was found t o  be 0.37% Ak/k i n  Run No. 3 and 0.49% Ak/k i n  Run No. 1, o r  
an increase  of about 32% i n  rod worth. 

I n  Run No. 3 ( t h e  so-called standard core) t he  excess r e a c t i v i t y  
held  down by t he  inse r ted  rods i s  about 7.6% Ak/k plus  the  5% Ak/k held 
down by t h e  boron tape poisoning, f o r  a t o t a l  of 12.6% Ak/k. R u n  No. 1 
contained no boron poisoning bu t  the  inse r ted  rods were i den t i ca l  t o  
those i n  Run No. 3 .  On the  ba s i s  of a cunservative est imate t h a t  these  
rods, when withdrawn, w i l l  be 25% more e f f ec t i ve  tharl i n  Run No. 1, the  
excess r e a c t i v i t y  would be 9 .4% Ak/k. Thus t he  rlet l o s s  i n  r e a c t i v i t y  
going from Run No. 3 t o  Run No. 1 would be the  di f ference between only 
12.6 and 9.5 o r  3 .l% &/k r a the r  than t he  5% Ak/k or ig ina l ly  calcula ted 
Using the  same method a s  before t o  ca lcu la te  the  increased u'"" ulass t o  
compensate f o r  t h i s  loss ,  445-g f u e l  elements and 180-g control  rod 
f u e l  sect ions  would be recommended. 

.Although the  excess r e a c t i v i t y  of t he  core with t he  new f u e l  e le -  
ments would be the  same a s  t h a t  f o r  the  present core, the .charge l i f e  
of the  new core may be somewhat longer.  This i s  due t o  the  f a c t  t h a t  
t he  r e a c t i v i t y  l o s s  per  megawatt-day w i l l  decrease when the  t o t a l  f u e l  
mass i n  t h e  core i s  increased.  However, considering t he  small (11%) 
incr.ease i n  f u e l  content and t h e  approximate nature of t he  calcula t ions ,  
t he  e r ro r  i n  assuming equal charge l i v e s  i s  probably s m a l l .  

2 .  THERMAL NEUTRON FLUX MEASlJRE3ENTS I N  ETR CYCLE 27 
Radiation Measurements Group 

The v e r t i c a l  thermal neutron f l ux  t raverse  i n  each f u e l  element of 
t he  ETR w a s  determined with a clean core ( 0  MWD) and t h e  depleted core 



(4467 MWD) fo r  Cycle 27 from the measured ac t iv i t i e s  i n  i r radiated 
40-mil diameter cobalt wire. The measurements were at a reactor power 
of about 1 Mw, as calculated from coolant temperature and flowrate. 
The low power of values were extrapolated t o  the operating power of 
175 Mw. 

A l l  co60 ac t iv i t i e s  were corrected f o r  neutron f lux  depression and 
self-shielding effects  by using the measured factor  of 1.18. The co5' 
cross section used i n  calculating the fluxes was 36.3 b. Corrections 
f o r  the resonance contribution t o  the co60 ac t iv i ty  have a lso  been made. 

The maximum-flux, the average flux, and the maximum-to-average 
r a t i o  were calculated f o r  each fue l  element i n  the clean core ( ~ i g .  11) 
and the depleted core ( ~ i g .  12).  

3 . WCULATION OF ETR JR . SCRCLM ROD EFFECTS 
S. R.  Gossmann, K. V.  Moore 

Since control rod No. 13 i s  t o  be converted f o r  possible regulat- 
ing rod use (see Section 1.3))  the Jr. scram rod may be e i ther  control 

MAXIMUM 4 X -  4 HOLE PIECE 
YZX AVERAGE AI - ALUMINUM CORE 

MAXIMUM/AVERAGE RATIO FILLER PIECE --. - - 

I = DATA MISSING 

XYZ MAXIMUM 4 X -  4 HOLE PIECE 
YZX AVERAGE Al = ALUMINUM CORE 

FILLER PIECE ZXY MAXIMUM/AVERAGE RATIO I - DATA MISSINO 

Fig. 11 Thermal neutron f lux measurements Fig. 12 Thermal neutron f lux  measurements 
i n  W Cycle 27 i n  the clean core showing i n  ETR Cycle 27 i n  the depleted core showing 
maximum thermal neutron flux, average ther- meximum thermal neutron flux, average ther- 
m a l  neutron flu (10" n/cm2/see), and the m a l  neutron flwc (1014 n/cm2/sec), snd the 
maximum-to-average ra t io .  maximum-to-average ra t io .  



rod No. 10 or  No. 13 depending on which i s  not used i n  the servo con- 
t r o l  system. The two rods are  not worth the same i n  reac t iv i ty  (No. 13 
i s  worth 3% &/k and No. 10 i s  worth 2% Ak/k) thus requiring calcula- 
t i on  of the integrated power following a Jr. scram f o r  varying rod 
worths t o  determine the protection obtained by t h e i r  use. 

The d i f f e r e n t i a l  equations describing the space independent time 
behavior of the reactor were solved by the Electronic Different ial  Ana- 
lyzer  (EDA) . These are : 

where 

R = d!d (dol lars)  
B 

L i s  the  prompt neutron l i fe t ime 

f3 i s  the delayed neutron f rac t ion  from the emitters C 
i 

n ( t )  i s  the neutron concentration or  reactor power 

n i s  neutron concentraliun a t  t = 0 
0 

p ( t )  i s  the  reac t iv i ty  

Di, ri(t) are  auxi l i ia ry  variables introduced f o r  con- 
venience i n  scaling 

C i ( t )  i s  the  concentration of the delayed neutron 
emitters of the ith group 

and where the i n i t i a l  conditions a re  

Fig. 13 shows the interconnection of curuputing elements required 



Fig. 13 Computily element interconnections to solve the differential equations for the 
Epi rod drop study. 

TOTAL ROD WORTH (raactivity Xt rrco-w-a8ro 

t o  solve these d i f f e ren t i a l  equa- 
t ions  on the EDA. The rods are  
assumed t o  fa l l  3 f t  with an ac- 
celeration of 3 g which corre- 
spond t o  a drop time of 0.25 see. 
Because of the  short  drop time 
the  problem was solved i n  "slow 
timen, 10 times the  actual  time. 
However, the scaling i s  shown i n  
" rea l  time" i n  Fig. 13 f o r  con- 
venience. The rod worth i s  as- 
sumed t o  be a l i nea r  function of 
rod position. 

The r e su l t s  of this study 
are  given i n  Fig. 14, where the 
energy release during the rod 
drop vs  the t o t a l  rod worth i s  
p l o t t s .  It i s  interest ing t o  
note the rather  large decrease i n  
t h i s  energy release a t  f i r s t  with 

Fig. 14 The calculated energy release from 
only 7$ l e s s  energy release f o r  

Wle Bill during rod drop as a function of rod 3% to those 
worth. Rod b o p  t ime is 0.23 nec for 3 ft X O X ~ ~  2$ + 

drop. The acceleration is assumed to be 3 g 
and the power level at t = 0 is 175 Mw. 



4. KCB MAGNET GASKET MATERIAL TEST I N  GABMA RADIATION 
B. G. Nelson 

Measurements have been made on a number of materials which were 
considered f o r  use a s  gaskets t o  sea l  the MTR magnets against water 
leakage i n  a high radiation f i e l d .  Among those tha t  were considered as  
possible materials for  t h i s  application were the l i n e a r  polyethylene 
materials and the epoxy resins .  

Checks were made on some of the character is t ics  of a material  with 
the trade name designation of "Epoxy 2662" as w e l l  as  the same material 
loaded respectively with boron, lead, and iron. Spot checks of the 
charac ter i s t ics  of these materials a re  given i n  Table 5. I n  addition 
t o  these l i s t e d  r e s u l t s  there were no detectable changes i n  the  physical 
s izes  of the samples fo r  a t o t a l  radiation dosage of 3.6 x lo8 R. 

It should be noted tha t  these checks are  essent ia l ly  f o r  two 
points on a curve. For any broad usage of these materials i n  radiation 
f i e l d s  a more comprehensive t e s t  of these character is t ics  should be 
made. The epoxy data  are  given here as  a reference of a single check 
made on t h e i r  radiat ion character is t ics .  Since the epoxy material  has 
n o  apparent advantage over the l inea r  polyethylene, the polyethylene 
has been chosen f o r  the  gasket material  with good experimental resu l t s .  

Table 5 

MEAS- CIIARACTERISTICS OF EPOXY mSIN WITH GAMMA-RAY RADIATION 

Material 

EPOXY 2662 

E ~ O V  2662 

2662 

Epoxy 2662/~oron 

Epoxy 2662/~oron 

Epoxy 2662/~oron 

Gamma-ray 
Dosage, R 

0 

1.8 x lo8 
3.6 x lo8 

0 

1.8 x lo8 
3.6 x lo8 

Hardness, 
Rockwell - R 

119 

121 

121 

Total Compression 
Load, l b  



II. REACTOR PHYSICS AND ENGINEERING 

1. COMPARISON OF TWO-DIMENSIONAL DIFFUSION TREORY CALCULATIONS 
WITH ETRC FLUX MEAS-S 

R. A. Grimesey, J. W. Henscheid 

Additional comparisons of calculated and measured thermal neutron 
fluxes have been made f o r  the E;TRC mockups of Cycles 26 and 27 i n  the 
EX% [3].  Both measurement? and calculations were made with a f u l l  com- 
plement of experiments i n  the core. Two- and four-group calculations 
were made with the two-dimensional IBM-704 Diffusion Code PDQ-03 [k], 
using X-Y geometry. The maximum number of mesh points available i n  the 
code i s  7500 and the max imum number of nuclear compositions i s  35. 
Both of these fac tors  l i m i t  the amount of d e t a i l  which can be included 
i n  the description of the core loadings. 

Because the inp i l e  tubes of the experiments a re  heavy absorbers of 
thermal neutrons, they were included as separate compositions and homo- 
genized independently of the experiments. The experiments were homo- 
genized over 36 in .  ve r t i ca l ly  and over the approximate areas they 
occupy i n  the horizontal cross section of the core.  The cyl indrical  
inp i le  tubes and experimental regions were represented as  squares of 
the approximate area they occupy i n  the core. 

The fue l  elements, shim fue l  sections, and gray rod poison sections 
were homogenized as separate compositions because they have widely vary- 
ing thermal properties.  I n  the 7387 mesh point representations f o r  
Cycle 27 the aluminum side p la tes  were included separately from the 
fue l  p la tes  i n  order t o  include the side plate  peaking of thermal f lux  
i n  the fue l  elements. This e f fec t  a l so  enables steeper thermal flux 
gradients across the fue l  region and experiments t o  be obtained. 

The thermal constants f o r  the 35 compositions were averaged over a 
Maxwellian thermal spectrum a t  a temperature of 20°C. The f a s t  group 
constants were obtained from Muft  111 [5] with a homogeneous f i s s ion  
spectrum f o r  both the fue l  regions and experiments. Thermal self-shield- 
ing factors  were obtained from a double P-1 transport  code [61 f o r  the 
fue l  elements, and the P-3 transport  code [7] was coupled with the d i f  - 
Eusion theory f o r  the experiments. The accuracy of the self-shielding 
factors  f o r  the experiments i s  questionable because of the inherent 
l imitat ions of the one-dimensional P-3 model f o r  the very heterogeneous 
experiments. 

The compkrison of midplane thermal fluxes a t  175 Mw with the ETRC 
measurements i s  given i n  Fig. 15 through 19. Fig. 15, 16, and 17 in- 
dicate  the comparison of the calculated and measured thermal f lux  a t  



TOP VALUE ETRC MEASUREMENTS 
CENTER VALCIF: P O 0  CALCULATIONS 
BOTTOM VALUE. PERCENTAGE DIFFERENCE WlTH EXPERIMENTAL 

VALUE AS BASE 

TOP VALUE ETRC MEASUREMENTS 
CENTER VALUE' PDO CALCULATIONS 
BOTTOM VALUE: PERCENTAGE DlFFtRtNCE WlTH EXPERIMENTAL 

VALUE AS BASE 

Fig. 15 Experimental and calculated mid- Fig. 16 Bcperimental and calculated mid- 
plane thermal neutron (2200 m/sec) flux for  plane thermal neutron (2200 m/sac) flux for  
Cycle 27 (10" n/cm2/sec) normalized t o  173 Cycle 27 (loL4 n/cm2/sec) normalized t o  175 
Mw. Calculations are based on a two-neutron Mw. Calculations are  based on a two-neutron 
energy group model with 4225 mesh points. energy group model with 7387 mesh points. 

the center of each fue l  element over t h e  cure f o r  Cycles 26 and 27. 
The comparison here i s  limited i n  tha t  no measured thcrmaJ. f lux  shapes 
across the fue l  elements are  available and steep thermal f lux gradients 
are  present. The measurements were made with a single f o i l  i n  the cen- 
t e r  water channel of each fue l  element. 

Fig. 18 and 19 indicate the  same comparison across the center of 
the 10 row and 9 row i n  Cycles 26 and 27, respectively. The 9 row of 
Cycle 27 contained only fue l  elements and gray rods while the 10 row of 
Cycle 26 contains four experiments. Five f o i l s  i n  each fue l  element 
were used i n  the measurements across the 9 and 10 row. The agreement 
across the 9 row of Cycle 27 i s  good i n  tha t  the calculated thermal 
f lux  shape agrees i n  general with the measurements. However, it i s  
seen tha t  the f lux  gradients are  not as  steep i n  the calculations as  
indicated i n  the measurements. This i s  due t o  three factors:  

(1) The homogenization scheme used. 

(2) The numerical approximations t o  the derivatives 
used i n  the machine program. 

(3) The inaccuracy of diffusion theory near in terna l  
boundaries . 



TOP VALUE: ETRC MEASUREMENTS 
CENTER VALUE: Pea CALCULATIONS 
BOTTOM VALUE : PERCENTAGE DIFFERENCE WITH EXPERIMENTAL 

VALUE AS BASE. 

Fig. 17 Experimental and calculated mid- 
plane t h e m e  -neutron (2200 m/sec ) f lux fo r  
Cycle 26 n/cm2/sec) to '75 Fig. 18 &periment* c&cdated thermal *. mculations are based On a two-neutr0n neutron (ZOO m/sec) flux dong  the NO. 10 energy group model with 4225 points* row of Cycle 26 t o  175 &. C a l -  

cula1;ions are based on a two-neutron energy 
group model with 4225 mesh points. 

The problems using the  two- and four-energy groups with the 7387 mesh 
give a be t te r  f i t  than the two-energy group 4225 mesh. The machine 
time necessary f o r  the f ine  mesh problems was about double tha t  f o r  the  
coarse mesh. 

The 10 row of Cycle 26 indicates the comparison across typical  
experiments. The calculated f lux across the KAPL-33 and WAPD-34 ex- 
periments i s  much lower than are the measured values. A number of 
factors  which are being investigated at  present can account f o r  t h i s .  
The use of the same f a s t  and them& neutron spectrums i n  the experi- 
ments tha t  are character is t ic  of the fue l  regions w i l l  generate lower 
thermal fluxes i n  the experiments than actually i s  the case. Both of 
these experiments are  highly heterogeneous i n  the ve r t i ca l  dimension and 
the f lux  measurements were made only a t  the midplane. Since the con- 
t en t s  of the experiments were homogenized i n  the ve r t i ca l  dimension f o r  
the calculations, the calculated fluxes were based on average nuclear 
properties while the measurements represent point values. This l a t t e r  
fac tor  alone can account f o r  wide discrepancies i n  the  comparisons. 

FurLher calculations are  being carried on a t  present t o  obtain 
more r e a l i s t i c  models f o r  the generation of f a s t  and thermal constants 
and self-shielding factors  f o r  the experiments i n  order t o  more 



- EXPERIMENTAL 
CALCULATED ( 4  GROUP. FlNE MESH1 
CALCULATED (2 GROUP, FlNE MESH) 
CALCULATED (2 GROUP. COURSE MESH) 

SHIMROO POISON 

SHIMROD FUEL 

- 
CENTER OF ETRC ( Na 9 ROW) rrm-m-arze 

Fig. 19 Ekperimentd and calculated thermal 
neutron (2200 m/sec14flux along the No. 9 
row of C'ycle 27 (10 n/cm2/sec) normdized 
t o  175 bfw. Calculations were made with 7387 
mesh points. 

accurately calculate thermal f lux 
i n  the Eai. 

2. RTEL ELEMENT DEVELOPMEXW 
W. C. Francis 

Work i n  Fuel Element Devel- 
opment during the second quarter 
has been devoted mainly t o  (1) 
fabrication of new fue l  plates,  
involving as variables both fue l  
and cladding material f o r  tes t ing  
i n  the MZli, (2) continued irradi- 
ation of 22 fue l  canpositions i n  
the L-51 position of the WR, 
(3) preliminary hot c e l l  exami- 
nation of 10 cmpositions same of 
which have been i rradiated t o  70$ 
burnup of the u ~ ~ ~ ,  (4) develop- 
ment of techniques f o r  electron 
microscopc observation of the 
nature of damage i n  the plates,  
and ( 5 )  preparation of a report 
summarizing the progress of the 
program. 

2.1 Sample Fuel Plate  Fabrication (G. W. Gibson, B. G .  ~ a r l s o n )  

The f e a s i b i l i t y  of fabricating fue l  p la te  samples i n  the range of 
variables shown i n  Table 6 was investigated with sat isfactory tech- 
niques being developed for  all but the p la tes  with very th in  cladding. 

Table 6 

SAMPLE FUEL P U T E  VARUl3LES 

Core Com~ositions Cladding 

Material Thicknccs ( in .  

18 - 30 wt$ 

U-A1 Alloy 

Material ( A l )  Thickness ( i n . )  



The aluminum powder a l l oy  M 257 with 5% A1203 was used a s  cladding 
mater ia l .  This mater ia l  has good corrosion res is tance t o  deionized wa- 
t e r  and excel lent  high temperature mechanical p roper t i es .  The d i f f e r -  
ence i n  the  proper t ies  of the  M 257 a l l oy  and the  1100 aluminum p ic tu re  
frames and cores caused the  cores and p ic tu re  frames t o  elongate much 
more than the  cladding during ro l l i ng .  However, once the  proper s t a r t -  
ing thicknesses of t he  various components were determined these  p l a t e s  
were fabr icated without t rouble .  

The X 8001 and X 8002 aluminum a l loys  contain varying amounts of 
i ron  and nickel .  These a r e  of i n t e r e s t  t o  the  f u e l  element development 
program because of t h e i r  corrosion res is tance t o  high.temperature dei -  
onized water. Generally, the  fabr ica t ion  of p l a t e s  o f - e i t h e r  of these 
compositions can be accomplished by conventional procedures; however, 
cladding a s  t h i n  a s  0.006 i n .  presents some d i f f i c u l t i e s .  The problem 
i s  t o  prevent t h e  core ends from breaking through the  t h i n  cladding. A 
number of r o l l i n g  schedules have been t r i e d  but  i n  a l l  cases the  clad- 
ding has ruptured. 

2.2 Sample Fuel P l a t e  I r r ad i a t i on  af~d Testing (0 .  K .  Shupe, M. Hatch, 
D. D .  J e f f r i e s )  

Sample f u e l  p l a t e s  from 22 d i f f e r en t  compositions have been i r r a -  
d ia ted i n  the  MTR L-51 posi t ion.  Some of these  have been i n  t he  reac- 
t o r  f o r  14 cycles f o r  an estimated burnup of t he  u~~~ of 70 t o  80%. 
These p l a t e s  ind ica te  no v i sua l  rad ia t ion  damage. Sample p l a t e s  repre- 
senting 10 compositions with f u e l  burnups from 5 t o  70% were sent  t o  
the  MTR Hot Cell  f o r  pos t - i r rad ia t ion  examination. These have been 
photographed, weighed, measured, and cut  f o r  metallographic examination. 

2.3 Development of Techniques f o r  Electron Microscope Observation of 
The Nature of Damage i n  Fuel P la tes  ( J .  M., Beeston, D. D.  J e f f r i e s )  

The nature of damage i n  the  f u e l  element p l a t e s  i s  being inves t i -  
gated by e lect ron microscopy of rep l icas  of t he  surfaces of the  i r r a -  
d ia ted  f u e l  p l a t e s  a f t e r  metallographic preparation.  Procedures f o r  
preparation of the  rep l icas  a re  reported i n  the  l i t e r a t u r e ;  however, 
only a s m a l l  percentage of the  t o t a l  r ep l i ca  i s  recovered on the  micro- 
scope screens.  One s tep i n  a procedure using ce l lu lose  ace ta te  f o r  
rep l ica t ion  involves the  dissolut ion of the  ce l lu lose  ace ta te .  It has 
been found t h a t  a re f lux  technique using acetone a s  solvent gives good 
recovery i f  the  118 i n .  squares of the  r ep l i ca  a r e  placed on a micro- 
scope screen which i s  then placed on a refluxing screen. The refluxing 
screen i s  posit ioned v e r t i c a l l y  so t h a t  a s  t he  cooled re f lux  dissolves  
the  ce l lu lose  aceta te ,  t he  solut ion dra ins  away from the  rep l ica .  The 
r ep l i ca  tends t o  remain i n t a c t  on the  microscope screen. 

A repor t  [8 ]  has been issued summarizing the  progress i n  t h e  Fuel 
Element Development Program,. 



3. EGCR FUEL EUBENT DEVELOPMENT , . 

W. C. Francis, J. R .  McGeachin, E. H. Porter ,  M. W. Ell ingford 

The ETR por t ion of the  oxide f u e l  development program f o r ' t h e  Ex- 
perimental Gas Cooled Reactor i s  now operating a t  f u l l  capacity with 14 
capsules. Six  of these  capsules were inse r ted  i n  the  ETR i n  June 1959, 
four  during December 1959, and the  remaining four  during May 1960. The 
t o t a l  burnup f o r  t he  capsules a s  of t h e  end of t h i s  quar ter  ranges from 
500 t o  2500 Mwd/MT, which compares with a burnup objective of 3000 t o  
13,000 Mwd/MT. Of t h e  capsules present ly  i n  the  reactor ,  f i v e  a r e  
scheduled f o r  1600°F operation. A l l  of the  capsules t o  be i r r ad i a t ed  
a t  1 6 0 0 ~ ~  and th ree  of those t o  be i r r ad i a t ed  a t  1300°F have a 0.012 i n .  
thermal b a r r i e r  gas annulus. The remaining s i x  capsules have a 0.005 i n  
thermal b a r r i e r  gas annulus. Three types of U02 p e l l e t  geometries a re  
a l s o  involved: sol id ,  cored, and cored with Be0 bushing. The f u e l  
lengths  range from 5 t o  6 i n .  

I n  addi t ion t o  the  four  capsules inse r ted  during the  quar ter  th ree  
capsules were moved t o  a higher f l ux  region. Because of f l u x  uncer- 
t a i n t i e s  i n  the  ETR, only one of the  capsules t o  be i r r ad i a t ed  a t  1 6 0 0 ~ ~  
has been operated a t  maximum design temperature. It i s  expected t h a t  
s t a r t i n g  with Cycle 30 ( ~ u l ~  1960) a f l u x  increase w i l l  enable a l l  cap- 
su les  t o  be operated a t  t h e i r  design temperature. The burnup r a t e s  
w i l l ,  however, f o r  most cases be l e s s  than design. However, t he  design 
value of 35,000 ~ t u / h r - f t 2  of sample i s  ac tua l ly  a maximum value since 
only small increases  above t h i s  value (e .g .  15%) can cause melting of 
some of t h e  f u e l  cores.  Reactor posi t ions  f o r  t e s t i n g  were therefore  
se lected conservatively. 

4 . METAL-WATER REACTION PROGRAM 
W. F. Zelezny, D. E. Willi&ls 

~ n t e r e s t  i n  m,etal-water react ions  has been stimulated by consid- 
e r a t i o n , ~  of reac tor  sa fe ty .  I n  the  event of an extreme power excursion 
0.r a loss-of'-coolant accident i n  a water-cooled reactor ,  molten metal 
could 'be brought i n  contact with water o r  steam wi th ' t he  p o s s i b i l i t y  of 
an explosive react ion.  .An experimental program has been ca r r ied  out 
with the  0 b ~ e c t i v e  of measuring the' react ion r a t e  between water vapor 
and molten a lq inum o r  aluminum-uranium a l loys  t o  determine whether an 
explosive hazard ' ex i s t s  from t h i s  source. Arautomatically-recording 
thermobalance technique has ,been used i n  making these  measurements. 

The procedure followed i s  t o  br ing t he  metal sample (contained i n  
a v i t r i f i e d  alumina c ruc ib le )  t o  temperature i n  the  furnace port ion of 
t he  thermobalance with a flowing pur i f i ed  argon atmosphere present.  
When the  sample reaches the  desi red temperature, a flow of water vapor 
i n  place of the  argon i s  introduced and weight recordings a re  made pe- 
r i od i ca l l y  as the  argon i s  replaced by water vapor. Weight gains ob- 
served i n  t h i s  manner represent oxygen pickup by t h e  molten metal. I n  
all cases it i s  found t h a t  t he  weight gain vs  time p l o t s  thus obtained - 



ind ica te  t h a t  t he  oxidation follows a l i n e a r  r a t e  l a w .  To accurate ly  
obtain the  slope of t h i s  l i n e  (and hence t he  react ion r a t e )  a l e a s t  
squares f i t  of t h i s  da ta  was made t o  a s t r a igh t  l i n e .  

Runs were made at various temperatures using an aluminum - 23.4 wt$ 
uranium a l l oy  t o  approximate reac tor  f u e l  p l a t e  composition. For com- 
parison, a similar s e r i e s  of runs was made using 99.99% pure aluminum.. 
The react ion r a t e s  ( i n  terms of gram weight gain per  cm2 per  sec)  thus 
obtained a r e  shown graphical ly  i n  Fig.  20 and 21, respect ively .  The 
confidence l i m i t s  i n  these  graphs a re  based on a 95% confidence l eve l .  
It w i l l  be observed t h a t  each curve shows a maximum react ion r a t e  i n  
the  neighborhood of 1 8 0 0 ° ~ ,  and t h a t  most of t he  d i f f i c u l t y  i n  obtain- 
ing reproducible r e s u l t s  a l so  occurred i n  t h i s  temperature range. The 
decl ine  i n  react ion r a t e s  above 1800°F i s  surpr is ing and has not  ye t  
been explained conclusively. Possibly the  oxide coating becomes more 
coherent and protect ive  above t h i s  tempera1;ur.e. 

Blank runs were made with A.1-U samples i n  a flowing argon atmos- 
phere at 2000°F t o  determine whether any l o s s  of weight due t o  v o l a t i l -  
i za t ion  of t he  aluminum was taking place .  No weight change was observed; 
hence it was concluded t h a t  the  d.ec1ine i n  react ion r a t e s  above 1800°F 
i s  r e a l  and not due t o  v o l a t i l i z a t i o n  of the  sample. 

TEMPERATURE (OF) P P C O - B - , ~ ~ ~  

Fig. 20 Reaction rate of aluminum-23.4 wt$ Fig. '21 Reaction rate of 99.95$ purity alu- 
uranium alloy with water vapor at one dtmos- mtnum with water vapor at one atmosphere 
phere pressure as a function of temperature. pressure as a function of temperature. 



It w i l l  be noted t h a t  these  a r e  very low react ion r a t e s .  Using 
t h e  react ion r a t e  obtained from Fig.  20 f o r  the  A1-U a l l oy  a t  1 6 5 0 " ~ ,  
it has been calcula ted t h a t  t h e  r a t e  of heat  generation corresponding 
t o  t h i s  r a t e  of oxidation would require  about 93 sec t o  r a i s e  a spher- 
i c a l  molten drople t ,  0.01 cm i n  diameter, from 1600 t o  1700°F. The 
drople t  of A1-U a l l o y  i s  assumed t o  r eac t  with water vapor under con- 
d i t i ons  of no hea t  l o s s .  These exceedingly low react ion r a t e s ,  together 
with the  decl ine  i n  react ion r a t e s  a t  higher temperatures, could not 
alone cause a runaway, explosive react ion.  Attention should therefore  
be turned t o  more l i k e l y  metal-water reac tor  hazards i n  t he  t r ans i en t  
condit ions of a clean oxide-free ( i f  poss ible)  molten metal su r face  i n  
contact with e i t h e r  l i qu id  water o r  water vapor. 

This p ro jec t  i s  being terminated a t  the  end of FY 1960. A repor t  
summarizing t he  work i s  i n  progress and publication i s  expected during 
t h e  t h i r d  quar ter  of t h i s  year.  . . 

5 .  THORIUM PROGRAM 
D. A.  Millsap 

Calculations of t he  heat  production i n  i r r ad i a t ed  RD-1 type tho- 
rium slugs have been made with consideration f o r  maximizing t h e  produc- 
t i o n  of u~~~ + before exceeding a saf.e heat  generation r a t e .  
Using the  geometry of the  RD-1 type slug, a s  assumption t h a t  gamma heat-  
ing of reac tor  o r ig in  i n  t h i s  range va r i e s  l i n e a r l y  with neutron flux,  
and concentrations of thorium irradiat ion-decay products calcula ted 
using an IBM .program [9 I ,  t h e  maximum allowable u~~~ content a:nd t h e  
corresponding i r r a d i a t i o n  times were determined f o r  a maximum heat  gen- 
e ra t ion  r a t e  of 500,000 ~ t u / h r - f  t2 f o r  the  various thermal neutron 
f luxes  between .lo1= and lo1* n/cm2sec. 

The contr ibutors  t o  t h e  hea t  generation i n  t he  slug, with a sur-  
face  area  of'  0.2025 f t 2 ,  and t h e  heat  generation formulas determined 
a r e  : 

where 

Ql = G m a  heat  generation. r a t e  f o r  the  Th232 (n, y )  
Th233 reaction,  ~ t u / h r - f t ~ - ~  of i n i t i a l  



C1 ,= Ratio of a t  an i r r ad i a t i on  time t o  i n i t i a l  
, ~ h 2 3 2  

Q2 = Beta heat  generation r a t e  from decay of "Th233, 
Btu/hr-ft21g i n i t i a l  ~h~~~ 

C2 = Ratio of ~h~~~ a t  an i r r ad i a t i on  time t o  i n i t i a l  
rn232 

Q = Beta heat  generation r a t e  from decay of pazs3, 
Btu/hr-f t2-g i n i t i a l  Th232 

C3 = Ratio of a t  an i r r ad i a t i on  time t o  i n i t i a l  
. rn.232 

r& = u~~~ f i s s i o n  heat  generation r a t e  ~ t u / h r - f t " - ~  
i n i t i a l  

C4 =. Ratio of u~~~ at  an i r r ad i a t i on  time t o  i n i t i a l  
Th232 

Q6 = Gamma heat  generation r a t e  from reac tor  origin,  
~ t u / h r - f t ~ - ~  i n i t i a l  

# = Unperturbed thermal neutron flux,  n/cm2-sec 

I n  general,  the  maximum concentratiorls of T11233 and pa2" a r e  
reached before the  t o t a l  heat  generation from the  contributions above 
exceeds t he  value 500,000 ~ t r / h r - f t 2 .  An approximation can be made 
where t he  maximum values off C1, C2, and C& a re  used and thus determine 
an expression f o r  the  maximum allowable u~~~ concentration a s  a func- 
t i o n  of # and P, t he  perturbation f ac to r .  This concentration i s  

Where the  i n i t i a l  thorium content i s  assumed t o . b e  t he  1655 g , 

t i c a l  of the  RD-1 slug, t h i s  reduces t he  above equation t o  GloGable 3 u2 content i n  grams, G, before exceeding a t o t a l  heat  generation r a t e  
of 500,000 ~ t u / h r - f t 2  : 

. . 
The summary of the  information obtained from . these  ;al=ulations 

f o r  assumed values of thermal neutron f l u x  i s  shown i n  Table 7. Sev- 
e r a l  points  of i n t e r e s t  a r e  apparent from these  data :  (1) For thermal 
neutron f luxes  l e s s  than 3  x 1013 n/cm2-sec, s lugs  can be l e f t  5.n the  
reac tor  i nde f in i t e ly  without exceeding the  nominal heat  generation r a t e  
l i m i t  s e t ,  The disadvantage i s  t h a t  a long i r r ad i a t i on  time i s  required 
tdo produce a des i rable  u~~~ + paz3' content .  (2)  Effect ive  f luxes  of 
4 or  5 x 1013 seem t o  be about optimum since t he  des i rab le  y i e ld  of 
u~~~ + can' be obtained before exceeding the  heat  generation r a t e  
l im i t a t i on  wj.th favorable i r r ad i a t i on  times. ( 3 )  Some time savings can 



Table 7 

SUMMARY OF IRRKDIATED ~BORIUM SLUG CALCULATIONS 

Max Number 
Max 16, 5-day cycles 

Perturbed Allowable before 300,000 Actual Actual 
Flux f133 ~onc, Max u~~~ ~tu/lt~-hr Heating u~~~ Content Content 

1013 n/cm2sec '$ Initial Th Content, g is exceeded ~tu/ft~-hr at this time, g at this time, g 

1 4.354 72.06 - - <<500, ooo ~ 0 . 0 ~  - - - .  

2 2 .141 35.43 - - ~~500, 000 QO .o* - - 
3 1 .403 23.22 - - ~500, 000 QO .o* - - 

'I 0.5599 9 -29 12 b96, 000 .9.20 2.44 

8 0.4809 7.96 9 487, OOC~ 7.73 2 7.7 
. . 

9 0.4194 . 6.94 I k72, 000 6.48: . . '3 -07 '7 

10 0.3702 6 .13 6 477, OOC 5.80 3 -27 

* 
It has been shown that the concentr~tion of u~~~ can never exceed about 1.2% [lo]. 



be obtained by i r r ad i a t i ng  the  slugs i n  higher f luxes  u n t i l  the  maximum 
heat  generation r a t e  i s  reached and then char ing t he  slugs t o  lower 
f luxes  u n t i l  a des i rable  y ie ld  of LJ2= + Pa2" i s  reached. 

6.  NEUTRON FLUX MEASUREMENT TECHNIQUES 

Thermal Neutron Cross Section 

The f a s t  neutron f luxes  1101 i n  t he  MTR and ETR a re  now being 
measured by i r r ad i a t i ng  nickel  and calcula t ing the  f a s t  f l ux  from the  
production of ~o~~ i n  the  threshold react ion ~ i ' ~ ( n , ~ )  ~ 0 ~ ~ .  Although 
a discrepancy between f a s t  f luxes  measured with nickel  over various 
i r r ad i a t i on  times ha.d, heen suspected, it was not ve r i f i ed  u n t i l  t he  re -  
s u l t s  from a complete ETR f l ux  mapping program had been obtained. The 
discrepancy appeared conclusively between measurements made with N i  
i r r ad i a t ed  f o r  short  times i n  the  ETR during Cycle.27 and N i  i r r ad i a t ed  
f o r  a complete cycle.  The di f ference was alarmingly large ,  i . e . ,  up t o  
lo&. 

Obviously, then, n ickel  cannot be used t o  accurately measure the  
in tegrated f a s t  f l ux  i n  the  MTR or  ETR without discovering the  cause of 
t he  di f ference and making a correct ion.  I n  the  be l i e f  t h a t  CoS8 might 
have a l a rge  thermal neutron cross section,  a program was i n i t i a t e d  t o  
measure t he  cross sect ion and the resonance i n t eg ra l  i n  several  reactor  
locat ions .  Preliminary r e s u l t s  show t h a t  the  t o t a l  absorption cross 
sect ion of coS8 i s  1650 + 150 b.  This value was determined from meas- 
urements made i n  t he  L-45, A-38 and VH-2 f a c i l i t i e s  of the  MI'R where 
t he  cadmium r a t i o s  f o r  t h i n  cobalt  a r e  about 8, 11 and 9, r e s  ect ively ,  
and the  thermal neutron f luxes  a r e  about 4.5 x 1014, 2.5 x loP4 and 
2.0 x 1014 n/cm2-sec, respectively.  

This cross  sect ion w a s  calculated from the  burnout of coS8 i n  a 
measured thermal neutron f lux .  The C O ~ ~ ,  made by i r r ad i a t i ng  N i  i n  a 
f a s t  flux, was re - i r rad ia ted  f o r  burnout without separation from the  
N i .  The amount of addi t ional  formed i n  t he  sample during t he  
burnout i r r ad i a t i on  was determined by including an i den t i ca l  unir radi-  
a ted piece of n ickel  i n  the  capsule. Subtracting the  induced coS8 
a c t i v i t y  i n  t h i s  sample from the  t o t a l  a c t i v i t y  i n  t he  sample a f t e r  
i r r ad i a t i on  gave the  amount of a c t i v i t y  remaining from the  i n i t i a l  
amount. Cobalt monitors placed near the  N i  samples provided da t a  from 
thermal f lux  calcula t ions .  The samples i n  each s e t  ( 1  sample each of 
N i ,  CoS8 i n  N i ,  and Co-A1 a l loy)  were placed within 1/4 i n .  of each 
other during i r r ad i a t i on  so t h a t  they would all receive the  same nvt.  
The 1650 b value i s  t he  average from 40 s e t s  of measurements. The r e s -  
onance i n t e g r a l  i s  probably l e s s  than 3000 b.  A correction f o r  the  
resonance neutron contribution t o  t he  ~o~~ burnup was made assuming 
t h a t  ~o~~ i s  a l / v  detector .  



Future plans  f o r  work on thi 's program include. .addit ional  measure.-.. 
ments of t he  ~0~~ cross  sectLon and Tesonance i n t eg ra l  so tha* correc- 
t i o n s  may be applied t o  f a s t  f l u x  values.  .A search f o r  another .' - 

threshold react ion su i tab le  f o r  f a s t  f l u x  measurements t h a t  m i  h t  be 
subs t i tu ted  f o r  ~ i ~ ~ ( n , ~ )  i s  being made. The react ion Tig6(n,p) 
S C ~ ~  i s  being invest igated a s  one favorable case. 



-Ill. NUCLEAR. PHYSICS. 

1. CROSS SECTIONS PROGRAM 
M. S. Moore 

1.1 Crystal  Spectrometer Measurements of Eta f o r  u~~~ (J. R.  smith) 

The s t a t u s  of the  mea.s~.lrements of the  var ia t ion  of e t a  f o r  u~~~ i n  
the  region 0.01 t o  1 . 0  ev i s  represented i n  Fig.  22. Included a r e  the  
ea r ly  BNL da ta  I11 1, the  Harwell da ta  [12 1, and data  obtained at  the  
MTR by various techniques. The MTR d i r e c t  measurements. were a l l  made 
on the  c ry s t a l  spectrometer~using various c ry s t a l  planes and f i l t e r s  
f o r  second order corrections a s  indicated i n  the  legend of the  diagram. 

The computed points  a r e  from the  measurements'of f i s s i o n  and t o t a l  
cross sect ions  made on t he  MTR 
f a s t  chopper by Moore, Miller ,  
and Simpson [13]. The so l i d  l i n e  
i s  ca.lc~~_l.ated from. parameters 

X BNL 
B HARWELL - MULTILEVEL F I T  

2. I 1 1 1 1  1 1 1 1  I I I l l  
0.01 0.1 1.0 

NEUTRON ENERGY l e v )  ,,,.,.,,,, 

Fig. 22 Eta for  uZ3? from 0.02 t o  1 .0  ev. 
This Plot represents data from BNL, Hamell, 
and the MTR. The MPR data were taken on the 
MTR Crystal: Spectrometer, 

given by the  m u l t i l e v e 1 , f i t  t o  
the  chopper data  [14]. The pr in-  
c ip le  fea tures  of t h i s  curve a r e  
the. following : 

The curve i s  f l a t  
within 1% between 
0.01 and 0 .1  ev; 
Some runs show a 
s l i g h t  pos i t ive  
s lope;  others a 
s l i g h t  negative 
slope.. 

( 2 )  Both t he  MTR c rys t a l '  
spectrometer da t a  
and t he  computed 
data  show a r i s e  a t  
0 . 3  t o  0 .4  ev t h a t  - 
i s  higher than t h a t  
shown by the  Harwell 
data .  The mul t i level  
f i t  does not show t h i s  
r i s e ,  a l s o  it does not. 
f i t  the  f i s s i o n  and 
t o t a l  cross  sect ion 
da ta  i n  t h i s  region. 



Both t he  pos i t i ve  slope and t he  peak at 0.3 t o  0 .4  ev a r e  consis- 
t e n t  with t he  exis tence of a negative energy resonance. 

1 .2  Manganese Bath f o r  Absolute Eta Measurements on u~~~ and pu2=' 
(R. G .  Fluharty, J. R. Smith, S .  D.  Reeder, E. H. Magleby) 

The Mn bath tank has been i n s t a l l e d  and aligned a t  t he  c r y s t a l  
spectrometer and a s e r i e s  of i r r ad i a t i ons  begun. These a r e  intended t o  
be data  runs on both u2== and F'u2?' a s  compared t o  t he  exploratory i r r a -  
d ia t ions  made previously.  "The present runs a r e  being made a t  0.057 ev 
with the  10il planes of Be a s  the  monochromator, using i r r ad i a t i on  
times of about 16 h r .  Both the  NaI s c i n t i l l a t i o n  counter and t h e  52- 
tube Geiger counter system a re  being used t o  count the  Mn a c t i v i t y .  
Neither has a s  ye t  demonstrated c l ea r  superiori ty. '  

1.3 Prompt Gamma-Rays from Fiss ion of u~~~ (M. S. Moore, R.  R .  spencer) 

The P E R  c r y s t a l  spectrometer was used f o r  s tudies  of the  prompt 
f i s s i o n  gamma spectrum of u ~ ~ ~ .  An attempt was made t o  determine t he  
dependence of t he  prompt f i s s i o n  gamma spectrum on the  spin s t a t e  of 
t he  f i s s ion ing  nucleus, by comparing t he  gamma spectra obtained by i r r a -  
d ia t ing  t h e  sample with thermal neutrons and with neutrons of 1.8 ev, 
which correspond t o  the  f i r s t  l a rge  resonance i n  u ~ ~ ~ .  

The da ta  obtained are  being analyzed. Since a s ingle  N a I  ( ~1 )  
c r y s t a l  s c i n t i l l a t i o n  spectrometer was used i n  these measurements, the  
observed spectrum does not give t he  ac tua l  f i s s i o n  gamma spectrum. An 
attempt i s  being made t o  cor rec t  the  observed.. spectr~rm by making meas- 
urements with a Compton anti-coincidence sh ie ld  arourid the  N a I  c r y s t a l .  

1 .4  Coherent I n e l a s t i c a l l y  Scattered Neutrons i n  Bragg Beams from a Be 
Crystal ( R .  R.  Spencer, R .  M. Brugger) 

Time-of-flight analyses of the  Bragg beams produced by sca t te r ing  
from the  Be (101) and Be (103) planes were made i n  an attempt t o  de tec t  
t he  presence of neutrons i n  those beams which had undergone coherent 
i n e l a s t i c  sca t te r ing .  The experimental apparatus f o r  these  measurements 
consis ts  of a 3600 r p m ,  s t r a igh t  s l i t ,  slow neutron chopper mounted on 
t h e  arm of t he  MTR c rys t a l  spectrometer, and a 1024-channel time ana- 
l y z e r .  By mounting t he  chopper a s  c lose  a s  possible t o  the  c r y s t a l  
t ab le ,  a f l i g h t  path of 208 cm between the  chopper and detector  i s  
obtained. The de tec tor  i s  a BF3 proportional  counter (1-in.  diameter 
f i l l e d  t o  a pressure of 65 cm ~ g )  mounted so t h a t  the  uncertainty of 
t he  f l i g h t  path introduced by the  detector  i s  only one inch.  A mag- 
n e t i c  pick-up provides the  i n i t i a t i n g  pulse f o r  the  analyzer.  

Measurements at  several  Bragg angles on t he  Be (101) beam f a i l e d  
t o  show any neutron groups which can be a t t r i bu t ed  t o  coherent i n e l a s t i c  
s ca t t e r i ng .  Similar  measurements taken a t  a Bragg angle of 23" 22'  on 
t he  Be (103) planes show a resolved neutron group which i s  in te rpre ted  
as a coherent i n e l a s t i c  sca t te r ing  e f f e c t .  The f i r s t - o r d e r  Bragg 



n e u t r o n s . ~ a t ~ ' t h i s  m g l e  have an 
energy of 0.125 ev. .--The resul t - .  
ing data, .plotted as.number of 
neutrons -vs. f l . igh t  time, a r e  shown - 
i n  Fig.  23. The da ta  have been 
corrected f o r  r o to r  transmission 
and detector  eff ic iency.  A con- 
tinuous background which . increases 
slowly with decreasing f l i g h t  
times has been subtracted.  

Neutron groiips corresponding 
t o  f i r s t ,  second, and higher order 
~ r a ~ ~  ref lect ion6 appear i n  Fig.- 
23 a t  f l i g h t  times of: 428,' 214, . 

' 

and 162 psec, respect ively .  The 
small neutron group between the  
500 and 550 psec f l i g h t  times can- 
not be explained a s  a Bragg e f f e c t .  
Arrows i n  thi .s  f igure '  ind ica te  
the  f l i g h t  6imes at  which Bragg 
neutrons from planes i n  poss ible  
c r y s t a l l i t e s  would be expected. 
None of these planes correspond :, 

- 

closely  t o  t he  observed group. - 
Fig. 23 Neutron'counts f l i g h t  time i n  
I.lsec f o r  the  Be (103) beam a t  a Bragg angle Therefore, it i s  l i k e l y  t h a t  t h i s  

group was produced by coherent of 21O22'. Arrows ind ica te  ~ o s i t i o n s  a t  - - 

which planes i n  s m a l l  c r y s t a l l i t e s  might i n e l a s t i c  sca t te r ing .  The r e l a -  
contribute neutrons by Bragg re f l ec t ion  at t i v e  i n t e n s i t i e s  of the  f i r s t  
t h i s  angle. order Bragg neutrons, second order 

Bragg neutrons, and t h i s  group of 
i n e l a s t i c a l l y  sca t te red  neutrons 
a r e  100 :1.3 :0.2. 

Neutrons sca t te red  coherently and i n e l a s t i c a l l y  from a c ry s t a l  
must s a t i s f y  t he  equations : 

and 

where and are  t he  i n i t i a l  and f i n a l  propagation vectors; .E and E 
0 - 0 

a re  the  i n i t i a l  and f i n a l  energy of the  neutrons, T i s  a vector i n  the  
reciprocal  l a t t i c e ,  and hv and q a r e  the  energy and momentum of the  
waves i n  the  c ry s t a l .  For very s m a l l  values of q the  dispersion r e l a -  
t i on  v (q)  i s  determined by u l t rason ic  measurements. Since t he  magni- 
tude of k i s  not known f o r  t h i s  experiment, v (q)  was extrapolated 

0 from the  u l t rason ic  measurements and the  above equations applied t o  
f i nd  t he  values of ko. Consistent r e s u l t s  a re  obtained with i n i t i a l  
energies between 0.058 and 0.0711 ev. For these energies ? or ig ina tes  
from the  (102) point  of reciprocal  space. Both longi tudinal  and t rans -  
verse acoust ical  w 8 . v ~ ~  hetawem t h e  (100) and (001) d i rec t ions  can be 



contr ibut ing.  The 1 a t t i c e . i ~  de-excited and. the  neutrons gain energy. 
The f l i g h t  time of neutrons a t  which t he  contributions from the  t rans -  
verse  and longi tudinal  acoust ical  exc i ta t ions  i n  t he  (001) d i rec t ion  
a r e  expected, a r e  indicated i n  Fig. 23. 

1 . 5  Total  Cross Section Measurements of and Pu241 (F.  B. Simpson, 
0 .  D.. Simpson) 

The t o t a l  cross  sect ion measurements of a d  Pu241 a re  con- 
t inuing.  The ener region of 0.02 t o  0.20 ev has been covered f o r  
both Pu239 and Pu2". These preliminar data  a re  presented i n  Fig.  24 
and 25. I n  order t o  determine the  Pu24' cross sect ion it i s  necessary 
t o  know o t  f o r  both p~~~~ and h 2 4 0 .  The p lo t  of p re l iminaryda ta  on 
Pu241 i n  Fig.  25 was determined by using the Oak Ridge values f o r  the  
t o t a l  cross  sect ion of Pu240 and the  MIX values f o r  p ~ ~ ~ ~ .  .Both the  
Pu23' and Pu2*l. ~ ~ m p l e s  a.re thick.  ( tramsmission < 16) f o r  the  low en- 
ergy region presented here.  

The high reso lu t ion  t o t a l  cross sect ion measurements on with 
t h e  45-m f l i g h t  path a r e  continuing, and resonance parameter determi- 
nations a r e  i n  progress from the  thermal region t o  10 ev. 

NEUTRON E N E R G Y  (ev)  Psm-B-s-o NEUTRON E N E R G Y  ( e v )  PPm.s-)l,o 

Fig.  24 Total  cross  sect ion of p~~~~ from Fig. 25 Total  cross section of Pu2*l from 
0.02 t o  0.125 ev. These measurements were 0.02 t o  0.20 ev. These measurements were 
taken with the  Ml'R f a s t  chopper using a taken with the  MIX f a s t  chopper using a 
f l i g h t  path of.16 meters and a resolut ion f l i g h t  path of 16 meters and a resolut ion 
of 2 pec/meters .  of 2 pet/-meters. 



1.6 Fiss ion Cross Section of Pu241 (T.  Watanabe, R .  P.  chuma an) 

The noble gas s c i n t i l l a t i o n  fission'chamber has been assembled and 
pressure t e s t ed  s a t i s f a c t o r i l y  . Glass. (mult i- lead) headers present ly  
i n  use w i l l  be replaced by headers having longer leads  t o  f a c i l i t a t e  
t he  i n s t a l l a t i o n  of photomultiplier tubes. 

Counter charac te r i s t i cs  are present ly  being measured by counting 
f i s s i o n s  produced by monochromatic.low energy reutrons from the  MTR 
c rys t a l  spectrometer t e s t  bench and from u~~~ elect ropla ted on N i  f o i l  
(0.38 mg/cm2). Only one of the  e igh t  subchambers i s  being used f o r  t h i s  
t e s t i ng  purpose. I n  addition, a  f a s t  discriminator system i s  a l so  be- 
ing evaluated along with these  measurements. 

The problem of e lect ropla t ing a uniform layer  of f i s s i l e  mater ia l  
onto nickel  f o i l  over an area  of 3 x  1.75 i n .  i s  being invest igated.  
u~~~ and u~~~ f o i l s  having dimensions of 3 x 1.75 i n .  have been pre- 
pared by e lect ropla t ing.  The boundary between f i s s i l e  mater ia l  and 
backing mater ia l  i s  well defined; however, non-uniformity of the  l ayer  
of f i s s i l e  mater ia l  i s  qu i te .ev iden t .  A technique of e lec t rop la t ing  a  
more uniform layer  i~ now undergoing study, 

Fast  Chopper Improvements Simpson, 0 .  D .  

The heavy-sample changer mounted on the  d r i f t  tube has been com- 
ple ted and checked out f o r  automatic operation. With t h i s  i n s t a l l a t i on ,  
it i s  poss ible  t o  take cross sect ion da t a  on an extremely heavy o r  
bulky sample by cycling it i n  and out of the  neutron beam. It i s  a l so  
used t o  block the  neutron beam automatically with a s t e e l  and B4C slug, 
thus enabling a  room background t o  be measured during each run, 

2. NUCLEAR CKEMISTRY 
W.  H .  Burgus 

. . 

2 . 1  Beryllium Gases Experiment ( R  . L. ~ r o m ~ )  
. ' 

In  addi t ion t o  the  sample of Be mentioned i n  the  previous quar te r ly  
repor t  [151 two addi t ional  Be samples, taken from the  highly- i r radia ted 
t e n s i l e  strength coupon, were melted, t h e i r  neutron-induced gases col-  
lec ted,  and t o t a l  gas volumes measured. Mass analyses have been 
obtained f o r  a l 1 , t h r e e  gas samples and t h e  calcula ted gas contents com- 
pared with the  measured values.  These comparisons a r e  shown i n  Table 8. 
The measured y ie lds  from Sample 2 a r e  somewhat open t o  question because 
o f , t h e  introduction of a i r  i n t o  the  sample p r i o r  t o  mass analysis .  

The da t a  of Table 8 show t h a t  t he  t o t a l  gas y ie lds  of the  th ree  
samples a r e  i n  f a i r  agreement but t h a t  all three  a re  a t  l e a s t  2% 
higher than were calculated.  The l a t t e r  disagreement i s  i n  p a r t  due t o  
f a i r l y , l a r g e  uncer ta in t ies  i n  the  measured f luxes  and calculated f a s t  
and thermal nvt values, and i n  p a r t  due t o  uncer ta in t ies  i n  the  cross 



Table 8 

COMPARISON OF CALCULATED AND MEASURED GAS CONTENTS 
OF NEUTRON-IRRADIATED BERYLLIUM 
FROM TENSILE S'IRENGTH COUPON 

Calculated Measured Yield 
, . Yields Sam l e  1 Sample 2 Sample 3 
cc/cc Be v/o cc/cc Be v/o cc/Cc Be v/o 

sect ions  used i n  t he  calcula t ions .  Of t he  individual  i sotopic  compo- 
nents,  (HI )  d i f f e r s  most s t r i k ing ly  from i t s  calcula ted value. The 5 measured (H )2 content i s  higher by a f ac to r  of > 5 than was calcula ted.  
The most l i k e l y  explanation of t h i s  i s  t h a t  the  measured ( H  consis ts  '12 of a small amount of induced plus  a l a rge  amount of ( H  )2 impu- 
r i t y .  The source of the  impurity i s  r e a l l y  not known. Par t  of it 
could have been present i n  the  un- i r radia ted Be but  it i s  thought more 
l i k e l y  t h a t  t he  ( H ' ) ~  had a r i s en  from another source - perhaps from 
absorbed water not thoroughly evaporated by drying before the  Be was 
melted. I n  t h i s  case, the  hydrogen would have escaped a s  a gas while 
t he  oxygen would have remained with the  molten beryllium (ac t ing  a s  a 
"ge t te r" ) .  It should be noted t h a t  although i s  apparently anoma- 
lous ly  high it s t i l l  contr ibutes  only s l i g h t l y  (< 5%) t o  t he  t o t a l  gas 
volume and r e s u l t s  i n  small e r ro r .  

The 60 samples of high pu r i t y  vacuum-cast Be a r e  continuing i r r a -  
d ia t ion  i n  t h e  ETR. Meanwhile spec i f ica t ions  have been drawn up and 
b id s  advert ised f o r  a cu t t ing  device f o r  use i n  the  MTR Hot Cell  which 
w i l l  permit cu t t ing  samples from MTR r e f l e c t o r  p ieces .  Certain pieces 
of the  MTR r e f l e c t o r  can now provide samples of t he  highest  nv t - i r ra -  
d ia ted Be ava i lab le .  When avai lable ,  these  samples w i l l  be put  t o  
i m e d i a t e  use i n  swelling and gas content measurement experiments. 

2.2 Half-Life of ~s~~~~ and Cross Section f o r  I t s  Formation by Neutron 
Activation (B. Keisch) 

Four more ha l f ' - l i r e  determinations of C S ' ~ * ~  were made by each of 
t he  two methods previously described i n  d e t a i l  [16]. Br ie f ly  these 
consis t  of i r r a d i a t i n g  Cs, quickly purifying by F ~ ( o H ) ~ ,  scavenging, 
and prec ip i ta t ion  of CsI.Bi13, d issolut ion of the  l a t t e r  compound i n  
NaOH ,solution,  removal of t h e  resu l t ing  ~i ( 0 ~ ) ~  prec ip i ta te ,  and evap- 
ora t ion of a small a l iquo t  of the  Cs-containing supernate f o r  f3 counting 



on an end window proportional counter. For y counting decay of the 127 
kev y peak is followed on a scintillation y crystal spectrometer. The 
data of all 10 determinations have now been analyzed with the aid of 
the IBM-650 computer by a weighted least squares analysis method. The 
results, which now provide a very accurate value for the half-life, are 
~iven in Table 9. 

Table 9 

HALF-LIFE OF cs13"" 

Experiment No. Method . Half-life, hr 

1 y-counting 2.89 

y-counting 

7- counting 

Average for. 7 T 
112 

@-counting 

@-counting 

@-counting 

@-counting 

@-counting 

Average for @ T 
1 / 2  

Two additional determinations of the total neutron activation 
cross section for formation of ~s~~~~ were made as previously described 
[161, and two determinations were made of the effective cross .section 
due to epi-Cd neutrons in order to correct all previously obtained val- 
ues to thermal. .The results are given in Table 10 and all have been 
corrected for K/L/M ratios (which had not previously been applied).. 

Yield Ratios of Isomeric Pairs by Neutron Activation .(B. ~eisch) 

Additional measurements are being made of isomeric pair yield 
ratios. Such information can lead to a better understanding of nuclear 
reaction mechanisms in terms of shell structure theory. 

Monoenergetic neutrons of 1.1 ev energy provided by the MTR crys- 
tal spectrometer .were used to irradiate a 2-mil rhodium foil in order 



Table 10 . . 

NEUTRON ACTIVATION CROSS SECTION FOR FORMATION OF csla4* 

-- - - -- 

Experiment Total o r  epi-cadmium Cross Section,b 

t o t a l  

t o t a l  

t o t a l  

t o t a l  

5 epi-cadmium 0.48 + .05 
6 epi  - cadmium 0.48 + .05 

Average f o r  t o t a l  act . ivation cross  sect ion = 3.45 * 0.2 b 

Average f o r  cross  sect ion 'due t o  epi-cadmium neutrons = 
0.48 + 0.05 b 

Thermal ac t iva t ion  cross sect ion ( f o r  Maxwellian spectrum) 

t o  determine t he  y i e ld  r a t i o  ~ h ~ ~ ~ / R h ~ ~ ~  with neutrons of energy corre- 
sponding t o  t h e  f i r s t  resonance (1.26 ev) i n  rhodium. The y ie ld  r a t i o  
obtained (0.081 + 0.001) was the  same a s  t h a t  obtained with epi-Cd neu- 
t rons  (0.080 2 0.001) but  was s l i g h t l y  d i f f e r en t  than t h a t  obtained 
with thermal neutrons (0.075 k 0.002). Since the  contribution t o  the  
thermal neutron cross  sect ion oy the  f i r s t  resonance i s  over 90% ( a s  
calcula ted from the  s ingle  l e v e l  Breit-Wigner formula), the  small d i f -  
ference i n  y i e ld  r a t i o  between thermal and the  f i r s t  resonance indicates  
t h a t  the re  must be a l a rge  di f ference i n  y ie ld  r a t i o  between the f i r s t  
resonance and the  negative energy resonance which i s  assumed t o  account 
f o r  the small remainder of the  thermal cross sect ion.  This suggests 
t h a t  the spin s t a t e  of the  compound nucleus formed by combination of 
the  t a rge t  (Rh103, I = 112) and a neutron i s  d i f f e r en t  f o r  these two 
resonances. The indicat ion t h a t  a t  t he  f i r s t  resonance the  y ie ld  r a t i o  
increases over t he  thermal value a l so  suggests t h a t  t he  spin of t he  com- 
pound nucleus a t  the  f i r s t  resonance i s  probably J=l ( I  + 1/2),  and 
t h a t  a t  t he  negative resonance i s  probably J = O  ( I  - 1/2) ,  s ince the  
spin of t he  isomer i s  5 while t h a t  of t he  ground s t a t e  i s  1.   res sum- 
ably  a compound nucleus of spin 1 would favor the  ground s t a t e  l e s s  
than t h a t  of a compound nucleus of spin  0 because of t h e  smaller spin 
di f ference between t he  compound nucleus and excited s t a t e . )  The assign- 
ment of J = I + 1/2 f o r  t he  f i r s t  resonance agrees with t h a t  of Sa i l o r  
[17] which i s  based on a neutron resonance sca t te r ing  method. 

Previously determined r e s u l t s  f o r  the  y i e ld  r a t i o  ( Y )  of the  i so-  
mers Ir 1s2m and Ir1s2 f o r  thermal and epi-Cd neutrons show a l a rge  
e f f ec t  - Ye i - C d / ~ t h  = 0.68 t 0.01. Because 1rlS1 has two la rge  reso- 
nances (0.6T ev and 5.4 ev) i n  the  epi-Cd region, both of. which made 



s ign i f ican t  contributions ( the  higher one contributes 1% .or more to: 
the  t o t a l  e f f ec t  i n  t h i s  region),  a determination of y ie ld  r a t i o  was 
made' using both 20-mil .Cd and 12-mil s i l ve r ,  covers, simultaneously. , 
( s i l v e r  has a l a rge  resonance a t  5.2 ev. ) The r e su l t ,  Y(cd + &)/ydd = 
0.99 * 0.01, ind ica tes  t h a t  the  compound nucleus spin s t a t e s  f o r  these 
resonances a re  the  same, and t h a t  t h i s  spin i s  d i f f e r en t  from t h a t  f o r  
the  negative energy resonance. 

2.4 Neutron Flux Monitors (R.  P. Schuman, J. R.  ~ e r r e t h )  

Further work has been done on t he  comparison of f l ux  monitors i n  
VG-7. Two s e t s  of i r r ad i a t i ons  were made. I n  each s e t  the  monitors 
consisted of Au a s  0.503 wt% Au i n  Al alloy,  Mn a s  Mn sponge, and Na 
i n  the  form of Na2C03. For each se t ,  two i r r ad i a t i ons  were made, one 
unshielded and one i n  an 0.8-mm-thick Cd shield.  A l l  i r r ad i a t i ons  were 
made f o r  the  same length of time with the  MTR running a t  constant power. 
The ac t iva t ion  of the  monitor? was determined by absolute gamma count- 
ing.  The proper t ies  assumed f o r  the  f l ux  monitors a r e  l i s t e d  i n  
Table 11. 

Table 11 

PROPERTIES ASSUMED FOR nux MONITORS 

Gamma Rays Counted . 

Abundance of Thermal 
Activation Energy, ' Unconverted Activation Re's onance 

Element Product kev Gamma rays,% Cross Section,b Integral ,b  

Mn 2.576 h r  MnS6 845 98 13.3 
AU 2 . 6 9 8 h r  412 96 -36 98.8 1558 

Na 15 h r  2,750 100 

After  correct ing f o r  the  resonance act ivat ion,  the  thermal neutron f l u x  
was determined from the  Au an'd Mn, t he  two monitors agreeing qu i te  well .  
The resonance ac t iva t ion  per  I n  E i n t e rva l  was determfned from Au, as-  
suming a resonance i n t eg ra l  of 1558 b .  Table 12 summarizes the  thermal 
and resonance f l u x  obtained f o r  the  various monitors. The resonance 
i n t eg ra l  f o r  the  Mn and Na were obtained r e l a t i v e  t o  the  Au. Table 13 
l i s t s  the  thermal ac t iva t ion  cross sect ions  and t he  resonance i n t eg ra l s  
f o r  the  various monitors. The ,thermal ac t iva t ion  cross section 
(0.583 b )  and the  resonance i n t eg ra l  (0.331 b )  f o r  Na may be compared 
with t he  values of 0.536 b and 0.24 b l i s t e d  by Hughes and Schwartz 
[1.81 and by Macklin and Pomerance [19], respect ively .  

It should be noted t h a t  the  values of t he  thermal and resonance 
f luxes  i n  the  VG-7 f a c i l i t y ,  given i n  Table 12, should not necessar i ly  



agree between. Runs No.. 1 and No. 2.  This i,s because t he  whole neut.ron 
f i e l d  of the  MTR r i s e s  v e r t i c a l l y - a s  the  burnout proceeds during.the:  
f ue l  cycle, so t h a t . t h e  .posit ion of VG-7, r e l a t i v e  t o  the  "active" p a r t  
of the  reactor ;  i n  gffect 'undergoes change. 

. . 

Table 12 

THERMAL ANDRESONANCE FLUX I N V G - 7  
. .  . 

RU NO. 1 Run No. 2 , .  
Thermal Flux, Resonance Flux, Thermal Flux, Resonance Flux, 

Monitor n/cm2-sec n/cm2-sec n/cm2-sec n/cm2-sec 

AU 1.01 x 1013 . 1.76 x 1ol1 9.70 x 1o12 1.83 x l o l l  

Table 13 

THERMAL ACTIVATION CROSS SECTIONS 
AND RESONANCE ACTIVATION INTEGRALS FOR Au, Mn, and Na 

Thermal Activation Resonance, Cadmium' Ratio i n  VG-7 
Nuclide Cross Section,.b ln tegra l ,b  ' ~ u n  No:l RunNo. 2 

A ~ ? - ~ ~  standard standard 4.63 4.36 

Mn55 standard 11.2 70.6 68.2 

2.5 Alpha Experiment (c .  H.  Hogg, J. R .  Berreth,. R .  P. Schuman, 
R .  G .  Fluharty) 

The i r r ad i a t i ons  of samples of pure u ~ ~ ~ ,  uZ3' - u~~~ mixture, 
u233 - u~~~ mixture, Au-A1 al loy,  Co-A1 al loy,  Zn, and Sb f l ux  monitor 
have been completed, having received an estimated nvt of 1 .2  x 
n/cm2. The samples a r e  now cooling, t o  allow the  13-d cs13= t o  decay 
away-and t o  permit the.samples t o  become.coo1 enough to .handle .  .After 
a t o t a l  of about 3 months decay, the  capsule w i l l  be opened and the  
r a t i o  of csla7 a c t i v i t y  t o  t o t a l  f i s s i o n s  w i l l  be determined by cesium 
radiochemical separations p lus  gamma counting, along with mass spec- 
t romet r ic .de temina t ion  of t he  number of f i s s i o n s  t ak in  8. place.  The. 
experiment w i l l  a l s o  be used t o  compare the  u~~~ and u2 f i s s i o n  and 
capture. cross sect ions  i n  the  MTR L-55 posit5on p i l e  f l ux .  



2.6 Decay of 5.3-d Pm148 and 42-d Pm148 - (J. R. Berreth, R. P. Schuman, 
R. L. Heath, C. W. Reich, E. A. ~ates) 

Additional beta and gamma abundance data have been obtained for 
both Pm148 isomers. The abundances of the 5.3-d Pm148 beta- and gamma- 
rays .are summarized in Table 14. 

Table 14 

ABUNDANCES OF BETA AND GAMMA-RAYS 
IN 5.3-d Pm148 

Radiation Abundance , % 
2.6 Mev f3- 4 5 
2.1 Mev f3- 14 
1.1 Mev @ -  41 
1.46 Mev y 24 

0 -91 Mev y 1'7 

0.55 Mev y 

The gamma abundances were deter- 
mined on ion-exchange purified Pm 
samples by scintillation spectrom- 
etry and were corrected for the 
42-d contributions. The 
total beta disintegration rate 
was determined by end window beta 
counting and corrected for the 
contributions of 53-hr h147 
42-6 hlQ8, and 2.66-hr Pml4? ob- 
tained by gamma counting and beta 
decay curve analysis. Analysis 
of alumin~rm absorption curves 
showed high energy beta-rays 
(+.6 Mev + 2.1 ~ e v )  and a lower 
energy beta-ray (-1.1 Mev ) in 
approximately the amount expected 
from the gamma abundances. 

- 

2.26 Mev y 0 .05 
The gma-ray a.hiind.ances of ' 

the 42-d Pm148 were determined 
with the purified Pm samples after 
all the 5.3-d Pm148 had decayed. 

The abundances are summarized in Table 15. Because of the small ratio 
of 42-d Pm"48 to 2.66-hr ~m~~~ activity in the sample, only very ap- 
proximate beta abundance data could be obtained from the end window 
beta counts; however, analysis of beta decay curves did show that the 
550 and 620 kev gamma-rays are approximately 100% abundant. After all 
the original 5.3-d Pm148 had decayed, aluminum absorption curves showed 
a small amount of high energy beta (- 2.6 ~ e v )  decaying with a - 42-d 
half-life. The samples also showed a low abundance 1460 kev gamma-ray. 
Since the spin difference between the two isomers must be quite large 
in order for both isomers to exist with fairly long half-lives, it is 
very improbable that both isomers have appreciable beta decay branches 
leading directly to the ground state of ~ m ~ ~ ~ .  Consequently, the high 
energy beta in the 42-d Pm148 must arise either from beta decay to a 
low level, high spin state in ~m~~~ (an unlikely possibility), or from 
the decay of 5.3-d Pm148 produced by an isomeric transition decay 
branch in 42-d Because of the presence of the 1460-kev gamma- 
ray in approximately the expected abundance, as well as the 2.6-~ev 
beta, it seems likely that the 42-d Fm148 decays by a 5% abundant iso- 
meric transition branch to 5.3-d Pm148. The expected gamma abundances 
for 42-d l ' ~ n ~ ~ ~ ,  assuming the isomeric transition branching, are also 
listed in Table 15. 

Analyses of the decay curves taken on the Pm samples give half- 
lives of 5.3 + 0.1 ila.ys and 42 * 2 days f o r  the isomers, in good 



agreement with .the l i t e r a t u r e  values [20, 21, 22 I .  Af ter  more decay 
points  have been obtained, the  decay da ta  w i l l  be analyzed-using the  
IBM-650. 

Table 15  

ABUNDANCES OF BETA AND GAMMA-RAYS I N  42-d Prn148 

Radiation 

2.6 Mev p- 

x-ray 

85 kev y 

105 kev y 

185 kev y 

280 ' kev y 

420 kev y 

550 kev Y 

620 kev y 

720 kev y 

920 kev y 

1020 kev y 

1460 kev y 

Abundance r e l a t i v e  t o  
average of 620 and 550-kev 

g&ma-rays*, % 

Abundance assuming 
5% isomeric t r a n s i t i o n  

branch t o  5.3-d Prn148,% 

From 5.3-d Prn148 

95% (plus  a l i t t l e  from 
5.3-d Pm148) 

19% (plus  a l i t t l e  from 
5.3-d 

23 

From 5.3-d Prn148 

* Includes rad ia t ions  from 5.3-d Prn148 due t o  isomeric t r a n s i t i o n  
decay of 42-d Prn148 

2.7 Decay of Pm149 ('J. R .  Berreth, R .  P. Schuman, E .  A .  ~ a t e s )  

I n  order t o  obtain more accurate ly  the  amount of second order cap- 
t u r e  product (53-hr h14" ) i n  the  i r r ad i a t ed  Prn14T samples, some pure 
53-hr F'ml4' w a s  produced and i t s  end-window be ta  counting e f f ic iency  
obtained by comparing end-window be ta  counts with 4-rr be ta  counts. The 
abundance of the  285 kev y was a l s o  determined. The 53-hr Prn14' was 
produced by i r r a d i a t i n g  pure Nd2O3 i n  the  VG-7 posi t ion of t he  ITFR, 
then, a f t e r  allowing 15-min ~d~~~ t o  decay, Nd was separated from Pm by 
a heated Dowex 50 cat ion column eluted with a hydroxy-isobutyric ac id .  
The pur i f i ed  Nd was then allowed t o  stand overnight t o  allow the  r e -  
maining 1 .8-hr  ~d~~~ t o  decay t o  53-hr F'a149, then Pm and Nd were again 



separated on an ion exchan e column. The F'm f ract ion,  a c t i v i t y  wise, 
was near ly  pure 53-hr Pm14'. A sample of the  F'm14' was 47r counted, 
then, was mounted i n  the  same fashion a s  the  i r r ad i a t ed  samples, 
and counted on an end-window counter through various aluminum absorbers. 
It was a l so  gamma counted on a 7 - sc in t i l l a t i on  spectrometer. Decay of 
t he  sample shows it t o  be e s sen t i a l l y  pure F'm14'. The 'abundance of the  
285 kev Pm14' gamma-ray was 3.6 + 0.3%. 

2 .'8 Activation Cross Sections f o r  F'm147 and the  Pm148 Isomers (J. R .  
Berreth, R.  P. Schuman) . v 

Additional cross sect ion da ta  have been obtained f o r  the act iva-  
t i o n  of 2.66-yr F'm147 t o  42-d F'm148 by i r r ad i a t i ng  both un- 
shielded and i n  the  Cd shie ld ,  i n  the  VG-7 posi t ion of the  MTR. The 
thermal ac t iva t ion  cross  sect ion i s  i n  good agreement with the  value 
previously reported; however, t he  resonance i n t eg ra l  i s  considerably 
higher. The be s t  present values a re  given i n  Table 16 .  The thermal 
f luxes  were determined by Au,,Mn, and Co monitors. The resonance f l ux  
was determined with a gold monitor assuming a resonance i n t eg ra l  of 
1558 b f o r  gold [19 1. 

Table 16 . 

Thermal Cross Resonance 
Reaction Section, b Integra1,b 

Activation t o  5.3-d 122 1700 

Activation t o  42-d Fmi48 108 1460 
~ o t d  ac t iva t ion  230 31-60, 

An addi t ional  determination of the  ac t iva t ion  cross sect ions  of 
the  two Pm148 isomers has been made. The cross sections,  l i k e  those 
reported l a s t  quar ter  [231, a r e  p i l e  cross sect ions  based on the  p i l e  
f lux  a s  determined with Co monitors. The Pm147 ac t iva t ion  cross sec- 
t i ons  used a r e  those given i n  Table 16, and the  assumption i s  made t h a t  
the  r a t i o  of resonance t o  thermal f l ux  seen by the  samples ( i n  the  L-55 
posi t ion of the  MTR) i s  1/30. The amounts of 2.66-yr Pm147, 5.3-d 
prnl.48 , 42-d Pm148, and 53-hr F'm14' were determined by s c i n t i l l a t i o n  
counting, end window be ta  counting, and analyses of decay curves. The 
cross sect ions  a r e  based both on the  amounts of the  two isomers and on 
the  amount of 53-hr Prnl4'. The r e s u l t s  of the  two determinations a r e  
summarized i n  Table 17. 



. PILE ACTIVATION CROSS SECTIONS 
OF THE F'a148 ISOMERS TO 53-hr Prn14' 

Isomer F i r s t  Determination,b Second Determination,b 

5.3-d Prn148 - 0 - 1,600 
42-d 18,000 20,000 

3. INELASTIC SCATTERING OF SLOW NEUTRONS PROGRAM 
R. M. Brugger 

Data f o r  t he  i n e l a s t i c  sca t te r ing  of neutrons from methane were 
obtained with t he  MTR phased ro to r  ve loc i ty  se lector ,  and the  curves 
d20/d.E-dCl and d2a/dh-dQ were reduced from these  da ta .  The da ta  were 
compared with t heo re t i c a l  spec t ra  and were a l s o  condensed t o  the  "Scat- 
t e r i ng  Law" presenta t ion proposed by Egelstaff  [24].  A cold neutron 
f a c i l i t y  was i n s t a l l e d  at  t he  HG-5 hole of' the  WIH and 90" sca t te r ing  
d a t a  were obtained f o r  vanadium. 

3 .1  Scat ter ing of Neutrons by Methane (P. D. ~ a n d o l ~ h )  

Methane gas i s  being studied a s  p a r t  of a program of i n e l a s t i c  
sca t te r ing  of slow neutrons from hydrogenous mater ia ls .  Cross sections,  
d i f f e r e n t i a l  i n  energy and angle, a re  obtained. These can be compared 
with theor ies  based on pa r t i cu l a r  molecular models, converted t o  t he  
"Scattering Law" presenta t ion o r  used d i r e c t l y  t o  ca lcu la te  neutron 
moderating processes.  Further, such cross sect ions  can be used t o  ob- 
t a i n  the s ca t t e r i ng  kernels  or  the  t ranspor t  cross  sect ions  f o r  t he  
material ,  two i n t e g r a l  values t h a t  a r e  more fami l ia r  than the  "Scat- 
t e r i n g  Law" presenta t ion t o  reactor  engineers. 

Methane was chosen a s  a beginning i n  t h i s  program f o r  two reasons: 
F i r s t ,  s ince  it i s  i n  the  gaseous s t a t e ,  t he  dynamics of t he  system 
should be reasonably amenable t o  theore t ica l  ca lcula t ion.  Secondly, it 
i s  one of the  simplest  hydrogen-containing organic molecules. Previous 

-- slow neutron s tud ies  on methane include t o t a l  cross  sect ion measure- 
ments [25 1 and measurements of angular d i s t r i bu t i ons  [26 ] of sca t te red  
neutrons. 

In  t he  present  measurements, energy d i s t r i bu t i ons  of scat tered 
neutrons have been taken simultaneously a t  e igh t  s ca t t e r i ng  angles from 
16.5 t o  8 3 O ,  and with incident  neutron energies of 0.023, 0.07, and 0 .1  
ev. For a given incident  energy, a t ime-of-f l ight  spectrum was obtained 
f o r  a room temperature sample a t  each of the  e igh t  sca t te r ing  angles as 
well  as a forward beam spectrum, and recorded simultaneously i n  t he  
4096 channel t ime-of-fl ight  analyzer. Fig.  26 shows a spectrum of raw 



data,  corrected f o r  background, 
a t  a neutron energy of 0.07 ev 
and a t  a sca t te r ing  angle of 26'. 
Background corrections t o  the  
da ta  a r e  made by running an evac- 
uated sample can i n  the  beam. 
Recent measurements show t h a t  t h i s  
provides a b e t t e r  correct ion than 
the  previously used method of sub- 
t r a c t i ng  a run obtained with Cd. 
i n  the beam. The new method cor- 
r e c t s  f o r  f a s t  background, - a i r  
sca t te r ing  i n  t he  forward beam, 
and t o  a l a r g e e x t e n t  f o r  t he  
Bragg sca t te r ing  caused b y ,  the  
polycrysta l l ine  nature of t h e  a lu-  
minum sample can. The aluminum 
sample cans a r e  2 118 i n .  i n  d i -  
ameter, have a w a l l  thickness of 
0.032 in . ,  and a r e  f i l l e d  t o  
pressures from 50 t o  110 p s i .  The 

0 5 0 0  I 0 0 0  1500 
TIME OF FLIGHT, (mic roseconds)  -,,,2 pressure i s  adjusted t o  make t he  

methane approximately a 10% sca t -  
terer . The subtraction of empty 

Fig.  26 ~ ime-of - f l igh t  spectrum of 0.07 ev holder da ta  from the  sample da ta  
neutrons scattered a t  an angle of 26O from 
methane a t  room temperature. does not always completely sub- 

t r ac t  t he  Bragg contribution,  i n -  
d ica t ing  t h a t  the  sample cans d o  
not have a t r u l y  random or ienta-  
t i on .  of microcrystals .  Cans with 

0.010 i n .  walls a r e  being constructed t o  reduce' the sca t te r ing  . 
e f f ec t s .  

The conversion of the  data  t o  a cross sect ion i s  based on calcu- '- 

ated counter e f f i c i enc i e s  normalized a t  one energy t o  the  beam monitor, 
and f luxes  obtained from the  beam.monitor s e t  up at  the  sample pos i t ion .  
Fig.  27 shows the  da ta  of Fig. 26 reduced t o  a cross sect ion i n  barns 
per ev s teradian and t o  barns per  Angstrom s teradian.  Fig.  28, 29, and 
30 show the  experimental cross sect ions  f o r  each of the  e igh t  angles at 
the  incident  energies OiO25, 0.07, and 0.10 ev. I n  these f igures ,  t he  
beam monitor spectrum gives the  energy resolut ion.  These data  a r e  not 
corrected fo r -an-angula r  resolut ion.  The so l i d  curves shown on the  
spectra  a r e  discussed i n  Section 3.3. 

3 .2  The "Scattering Law" Presentation (c .  A. Coombes, P. D.  ~ a n d o l ~ h )  

The "Scattering Law" introduced by Egelstaff  [24] can a l so  be used 
t o  present the methane da ta .  The sca t te r ing  law s ( a ,p )  i s  defined by 



Fig. 27 The da ta  of Fig; 26 convert.ed. to:: ( a )  a cross section i n  barns per angstrom 
steradian, and (b)  barns per: ev steradtan.. 

where 

and 

Energy t r ans f e r  , 
B = %IT 

\ 

d2cf i s  the  d i f f e r e n t i a l  croas sect ion per ev. s teradian a t  - 
dndE the  angle 8 ( ~ i ~ .  28, 29, and 30 ) ,  

. . 

a i s  the  bound atom cross  sect ion f o r  hydrogen (81 b ) ,  
b  

k and k' a r e  t he  incident  and sca t te red  wave numbers, 

i s  Bol tman ' s  constant, 

T i s  t he  absolute-  temperature of the  sample ( 2 9 7 3 ~ ) )  

and 

M i s  t he  e f fec t ive  mass of t he  sample (3.22 neutron masses). 
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Fig.  28 Experimental cross sections f o r  
scat ter ing of 0.025 ev neutrons from methane 
a t  room temperature as  a function of wave- 
length of the  8catL;eleJ. neutroas. The so l id  
curves are  theore t i ca l  f i t s  t o  the  data.  

The e f f ec t i ve  mass M f o r  
methane was determined by aver- 
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aging the  mass tensor components Fig. 29 Ekperimental cross section fo r ,  

suggested by Sachs and Te l l e r  scat ter ing 0.07 ev neutrons from methane a t  
room temperature, p lot ted a s  a function of 

[ 2 7 ] .  Egelstaff  [ 2 8 ]  suggests wavelength of the  scat tered neutrons. The 
using a mass equal t o  the  most so l id  curves are  theore t i ca l  f i t s  t o  the  
e f fec t ive  atom of the  molecule, data.  

i . e . ,  M = 1. This does not 
change the  shape of the  "Scattering Law" curves, but  t r ans l a t e s  them. 
Thus, the  "Scattering Law" can be obtained from the  d i f f e r e n t i a l  cross  
sect ion by dividing the  measured cross sect ion by t he  appropriate fac- 
t o r s  given i n  Eq. ( 1 ) .  One of t he  main advantages of using t he  "Scatter-  
ing Law" i s  t h a t  it condenses t he  four-dimensional da ta  (d2a/dndE, k, 
k t ,  8 )  i n t o  th ree  dimensions [s(a ,p) ,  a ,p] ,  i . e . ,  the  da ta  f o r  all inc i -  
dent energies, f o r  a l l  energies of the sca t te red  neutrons, and f o r  a l l  
sca t te r ing  angles can be shown as a family of curves on one graph. 
Also, once t he  "Scattering Law" has been determined, it can be used t o  
ca lcu la te  t he  d i f f e r e n t i a l  cross sect ion a t  unmeasured energies.  Egel- 
s t a f f  has defined t h e  "Scattering Law" i n  such a manner t h a t  s ( a , p )  
should be an even function of f5; thus, f o r  a given energy t rans fe r ,  
energy gains and energy losses  should l i e  on the  same curve. 

Using t he  methane data,  the  "Scattering Law" has been calculated 
a s  a function of a f o r  d i f f e r en t  energy t r ans f e r s .  The r e s u l t s  a r e  
shown i n  Fig.  31. On each graph, the  r e s u l t s  f o r  th ree  d i f f e r en t  i n c i -  
dent neutron energies a re  presented. S t a t i s t i c a l  uncer ta in t ies  range 
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Fig. 30 Ekperimental cross section's, for 
scattering 0.10 ev neutrons from methane at 
room temperature, plotted as a function of 
wavelength of the scattered neutrons. The 
solid curves are .theoretical fits to the 
data. 

Fig. 31 The "Scatkering Law" presentation 
of the methane data. 

from 3 t o  3@. A t  a given energy 
t he  l a r g e s t  uncer ta int ies  occur 
a t  the  l a r g e s t  values of a. The 
smooth curves a r e  the  "Scattering 
Law" f o r  a per fec t  gas [28]: 

By comparing the  da ta  t o  t h e  per fec t  gas formula it i s  seen t h a t  the  
methane "Scattering Law" i s  very close t o  t h a t  of a per fec t  gas with an 
effe 'ct ive mass of 3.22 neutron masses. The da ta  a r e  not  accurate 
enough a s  ye t  t o  determine whether o r  not r o t a t i ona l  and v i b r a t i o n a l .  
s t a t e s  a r e  introducing a departure from idea l  gas.  The main e f f e c t  
o f ' v ib r a t i ona l  s t a t e s  i s  t o  lower the  value of s ( ~ , B )  at the  l a rge r  
values of a. 

One noticeable cha rac t e r i s t i c  of the  graphs i s  t h a t  t he  experi- 
mental da ta  corresponding t o  t he  energy losses  consis tent ly  l i e  s l i g h t l y  
above the  da ta  corresponding t o  the  energy gains.  A t  present,  t he  rea- 
son f o r  t h i s  e f fec t  i s  not known. Appreciable a i r  sca t te r ing  of the  
neutrons between the  sample and detectors ,  and e r ro r s  i n  energy c a l i -  
bra t ion could cause a s p l i t t i n g  of t he  "Scattering Law" curves. 



3.3 Comparison of Experimental and Theoretical  Scattered Neutron 
Spectra f o r  Methane (H.  L. McMurry, P. D. Randolph, C .  A.  ~oombes) 

A t heo re t i c a l  expression has been derived f o r  t h e  sca t te r ing  cross 
sect ions  of neutrons on gases which a r e  d i f f e r e n t i a l  i n  energy and .angle 
( see  Section 4 ) .  The assumption i s  made t h a t  the re  i s  a  continuum .of 
r o t a t i ona l  s t a t e s  present i n  t he  energy range of i n t e r e s t  bu t  t h a t  no 
v ibra t iona l  s t a t e s  a r e  exci ted.  

The r e s u l t s  of the  theory a s  applied t o  the  sca t te r ing  of neutrons 
from methane a r e  shown a s  t he  so l i d  curves i n  Fig. 28, 29, and 30. The 
main features  t o  be noticed a re :  

( 1 )  A t  forward angles the  experimental measurements y ie ld  
higher cross sect ions  than t he  theory. A s  t he  angles 
ge t  l a rge r  t he  agreement becomes b e t t e r .  

( 2 )  The widths a t  half  maximum of t he  t heo re t i c a l  p r o f i l e s  
a r e  a t  l e a s t  a s  wide a s  the  experimental widths. 

( 3 )  A t  forward angles the  experimental maxima occur a t  
longer wavelengths than the  t heo re t i c a l .  

The disagreement i n  t he  cross  sect ion values at  forward angles 
could be p a r t i a l l y  a t t r i bu t ed  t o  an e r r o r  i n  measuring the  absolute 
counter e f f i c ienc ies ,  and p a r t i a l l y  due t o  incomplete subtraction of 
the  Bragg sca t te r ing  contribution of the  sample holder.  Since t he  sca t -  
t e r ing  l a w  presentation of the  data  ( sec t ion  3 .2 )  i s  a  f a i r l y  smooth 
curve it i s  unl ikely  t h a t  the  e r ro r  i n  obtaining t he  counter e f f i -  . 
ciencies  i s  very l a rge .  To reduce t he  e f f e c t s  of Bragg scat ter ing,  
sample holders with 0.010 i n .  walls  a r e  being made t o  replace those 
with 0.032 i n .  walls .  The t heo re t i c a l  p r o f i l e s  shown have not been 
broadened by t he  energy resolut ion of the  apparatus. Since t he  theo- 
r e t i c a l  widths without energy resolut ion broadening a r e  already a s  
l a rge  a s  the  experimental widths, t he  theory pred ic t s  too broad a spec- 
trum. Also, it i s  t o  be noted t ha t ,  e spec ia l ly  a t  forward angles, t he  
maximum of the  t heo re t i c a l  wavelength p r o f i l e  occurs at t h e  wavelength 
of the  incident neutrons, whereas t he  experimental maximum i s  a t  longer 
wavelengths. A t  l a rge  angles t he  discrepancy i s  not a s  pronounced. 
This experimental s h i f t  t o  longer wavelengths could be caused by any 
process t h a t  tends t o  increase  the  apparent number of energy l o s s  pro- 
cesses, such a s  double o r  p lu r a l  sca t te r ing  i n  the  t a rge t  mater ia l  o r  
air sca t te r ing  of t he  neutrons between the  t a r g e t  and the  detectors .  
These would r e s u l t  i n  f a l s e  t ime-of-fl ight  indicat ions  s ince  t h e  neu- 
t r on  f l i g h t  path would be increased. 

The conclusion t h a t  can be drawn a t  t h i s  stage i s  t h a t  though ex- 
perimental e r ro r s  could be causing discrepancies i n  t he  maximum values 
of the  cross  sect ion and a  s h i f t  of t he  maximum to . l onge r  wavelengths, 
the  theory i s  not completely correct  since a t  l e a s t  f o r  forward angles 
it pred ic t s  too broad a spectrum. 



3 . 4  Velocity Selector  Modifications , 

3.41 Rotating Collimator Posi t ion Change (P . D. ~ a n d o l ~ h )  The 
i n s t a l l a t i o n  of t he  permanent shielding around t he  sca t te r ing  room and 
t he  f i t t e d  shie lding around the  ve loc i ty  se lec tor  resu l ted  i n  appreci- 
ably reduced backgrounds, t he  most noticeable change being i n  the  re -  
duction of room background. The f a s t  background, resu l t ing  from f a s t  
neutrons i n  t h e  reac tor  beam penetrat ing some o r  a l l  of the  ro tors  when 
they a r e  closed, and from sca t te r ing  by the  ro to r s  ins ide  the  s ca t t e r -  
ing room and from t h e  sample, was a l s o  reduced. Further background 
reduction can bes t  be accomplished by reducing t h i s  f a s t  background 
component. 

The p a i r  of r o t a t i ng  coll imators spaced 0.5 m apar t  was sh i f t ed  
0.5 m c lose r  t o  t h e  reac tor  and t o  t he  f i r s t  chopper. This removed the  
second coll imator from i t s  pos i t ion  a t  t he  beam entrance t o  the sca t -  
t e r i ng  room, thus reducing the  background e f f e c t  of neutroils sca t te red  
from it when i n  the  closed pos i t ion .  Also, ~ i n c e  the  ro t a t i ng  c o l l i -  
mators a r e . l oca t ed  c loser  t o  the  f i r s t  chopper, they close e a r l i e r  i n  
t h e  cycle so t h a t  they introduce more mater ia l  i n  the  beam a t  the  time 
t he  detectors  a r e  counting t he  slow neutrons sca t te red  from the  sample. 
This move has r e su l t ed  i n  a reduction of the  f a s t  background by a fac-  
t o r  of about two. 

3.42 Shielded Counter Racks (P. D.  ~ a n d o l ~ h )  Aluminum cans 
f i l l e d  with B4C have been i n s t a l l e d  t o  reduce t he  number of sca t te r ing  - 
room background neutrons enter ing the  ve loc i ty  s e l ec to r  de tec tors .  
These cans a r e  mounted on the  counter support racks.  They place a 
l aye r  of B4C 0.5- in . - th ick on the  top, bottom, and a t  the  back of t he  
counters. Also, t he  B4C covers the  f ron t  of the  counters except f o r  an 
18-in.-high band facing t he  sample. I n s t a l l a t i o n  of the racks I s  
planned f o r  e a r ly  August. 

3.43 Differences i n  BF3 Detector. C h a r a c t e r i ~ t i c s  (I< .  A. s t rong)  
A shipment of 80 BF3 counters (18-in. ac t ive  length, 15116-in. ins ide  
diameter, 0.006-in. center  wire, and f i l l e d  with enriched BF3 t o  a 
pressure of ,120 cm H ~ )  has been received, and an i n t eg ra l  b i a s  curve 
has been run on each counter. During t e s t s ,  it was found t h a t  the  gain 
requirelr~e~lts  were g r ea t e r  f o r  these  counters than f o r  the  counters now 
i n  use on the  ve loc i t y  -se lector .  This d i f ference ind ica tes  a d i f f e r -  
ence i n  counters t h a t  were supposedly s imilar ,  poss ibly  i n  gas pressure 
o r  the  s i z e  of t he  center  wire. To obtain 5he needed gain, two pre- 
ampl i f iers  were connected i n  s e r i e s ,  replacing a s ing le  one. Sa t i s -  
fac to ry  b i a s  curves were obtained with t h i s  modification. Ten of these 
counters a r e  p resen t ly  i n  use with the  cold neutron f a c i l i t y .  

3.44 4096 Channel Analyzer (R. B.  ~ e n n e d ~ )  Modification of t he  
4096 channel analyzer i s  i n  progress t o  el iminate in terangle  feedback, 
i . e . ,  the s to r ing  of information from one angle i n  t he  storage locat ions  
of another angle. This feedback i s  caused by random input pulses which 
a r e  not of su f f i c i en t  amplitude t o  s e t  the  angle s t o r e r  f l i p - f l ops  t o  
t h e  correct  angles.  This in terangle  feedback i s  being eliminated by 
i n s t a l l i n g  t r i gge r  c i r c u i t s  (which give an output pulse of constant 
amplitude when driven with an input pulse of 6 v o r  more) f o r  each 



angle.  The t r i gge r  c i r c u i t s  w i l l  not t r i gge r  with an input of l e s s  
" 

than 6 v .  Since the  angle s t o r e r  f l i p - f l ops  w i l l  be driven with con- 
s t an t  amplitude pulses from the  t r i gge r  c i r c u i t s ,  they w i l l  be s e t  t o  
the  correct  angles, el iminating t h i s  source of the  in terangle  feedback. 

3.5 Rotor Transmission Calculations ( K .  A. Strong, R .  M. ~ r u ~ ~ e r )  

To f a c i l i t a t e  the  design of r o to r s  which a r e  more e f f i c i e n t  sca t -  
t e r e r s  of f a s t  background neutrons, t he  t heo re t i c a l  transmission of the .  
ve loc i ty  se lec tor  ro to rs  i s  being studied by means of a recent ly  de- 
veloped IBM computer program. This program i s  designed t o  determine how 
many neutrons between 1 and 20 Mev a r e  transmitted by t he  ro to r s  of t he  
ve loc i ty  se lec tor  and en te r  t he  experiment a s  f a s t  background. 

The path lengths through each mater ia l  i n  the  ro to r  have been com- 
puted f o r  a s e t  of 15  p a r a l l e l  paths p through the  ro to r  a t  various 
angles t o  the  beam. For a given s e t  of r o to r  mater ia ls  m, with corres-  
ponding path lengths Xp, cross  sect ion da ta  u ~ ,  and a given incident  
f l u x  RE, the  program m l l  compute t he  transmission a s  a function of 
angle. The following a r e  t he  basic  calcula t ions:  For a given angle a, 
the  number of neutrons ( T ~ ~ )  of energy E t h a t  ge t  through path p i s  

where m i s  t he  material ,  N i s  the  i n i t i a l  number of neutrons i n  t he  
pa r t i cu l a r  path Incident og the  rotor ,  i s  t he  number of atoms per  
cm9 of mater ia l  m, and Xp, i s  the  path length i n  mater ia l  m f o r  a par-  
t i c u l a r  path. p .  

The nbmber of neutrons f o r  a l l  energies t h a t  ge t  through path p i s  

where R i s  the  weighting f ac to r  f o r  each energy i n t e rva l .  
E 

The, number of.' neutrons t h a t '  g e t  through all paths i s  

P E -= % Xpm . 
= C  ,C R N e l  , , .E 0 



Final ly ,  t h i s  r e s u l t  i s  normalized t o  u n i t  f l u x  by 
m 

.This program should f a c i l i t a t e  design of ro to rs  f o r  optimum re -  
duction of f a s t  background when ro tors  o f . d i f f e r e n t  design are.made 
from d i f f e r en t  mater ia ls .  

MTR Cold Neutron F a c i l i t y  (R. M. Brugger, R.  E. ~chmunk) 

A cold neutron f a c i l i t y  has been i n s t a l l e d  a t  t h e  MTR and prelimi- 
nary i n e l a s t i c  sca t te r ing  da ta  have been obtained. This f a c i l i t y  w i l l  
be used t o  make survey measurements of i n e l a s t i c  sca t te r ing  events, 
with the r e ~ u l t  t h a t  t he  ve loc i ty  se lec tor  time w i l l  be conserved f o r  
more de t a i l ed  measurements. With t h i s  f a c i l i t y  the  present ly  proposed 
experiments include t he  measurements o f :  (1) the  ro t a t i ona l  s t a t e s  of 
water and methanol, ( 2 )  continuation of t he  d i s p e r ~ i o n  curve measwe- 
ments f o r  s ing le  c ry s t a l s  of Be, (3) a check of t he  frequency d i s t r i -  . ,  

bution of vanadium, and (4 )  preliminary measurements of samples t o  be 
used on t he  ve loc i t y  se lec tor .  

The M!I!R cold neutron f a c i l i t y  

RADIATION DOOR 
was assembled a t  the  northeast  
corner of the  MTR with t he  HG-5 
beam hole a s  a source of neutrons. 
The 1 - f t  th ick  lead  rad ia t ion  

REACTOR FACE door of t h i ~  hole i s  used a s  a 
beam stopper when changes a re  
made t o  the  external  experimental 
equipment ( ~ i g .  32) .  Between 
t h i s  door, which i s  32 i n .  ins ide  
the  face  of the  reac tor  b iologi-  
c a l  shielding,  and the  face  of 
the  reac tor  i s  placed a 16-in.  
long by 5- in .  diameter piece of 
reac tor  grade beryllium with i t s  
associated l i q u i d  nitrogen jacket 
and vacuum insu la t ion .  The 1 - f t  
th ick  lead door and 16 in .  of 
beryllium a r e  adequate, when the  
reac tor  i s  a t  40 Mw, t o  suppress 
t he  beam outside the  reac tor  t o  
10 mrem/hr f a s t  neutrons, 300,000 
c/sec cm2 slow neutrons, and 40 

PPCO B 382, mrem/hr gammas. The f a s t  neu- 
t rons  t h a t  penetra te  t he  f i r s t  

Fig. 32 The MLFl Cold Neutron Fac i l i ty .  1 filter are undesirable experi- 

mentally and another f i l t e r  of 



16 i n .  of l i q u i d  nitrogen, cooled beryllium i s  placed i n  t he  beam i m -  
mediately outside the  reac tor  Thus, t he  t o t a l  f i l t e r  system of the  
ME? cold neutron beam ' f a c i l i t y  i s  32 i n .  of l i q u i d  nitrogen cooled be- 
ryllium which passes about 6% of the  neutrons below 0.005 ev. 

One of t he  spare choppers of the ve loc i ty  se lector ,  having curved 
s l i t s  with 0.032-in. spacings and a 2-in.  chopping radius,  i s  placed 
a f t e r  the  second f i l t e r .  This chopper allows a b i n .  high by 1 113-in. 
wide beam t o  pass t o  t he  sample t h a t  i s  placed a f t e r  the  chopper i n  t he  
beam 9.72 i n .  from the  center  of the chopper. A s e t  of BF3 detectors  
i s  placed about 1.75 m from the  sample at  90" t o  the  beam. The f i l t e r s ,  
chopper, sample, and counters a re  shielded with neutron shielding and a 
lead beam catcher i s  placed a f t e r  the  sample. 

. . ence between 4 and 4.3 neutrons. 
Fig. 33 Properties of Be f i l t e r ed  neutrons The ,mean wavelength of b e v l l i ~  
scattered by 1/16 i n .  vanadium sample. f i l t e r e d  .neutrons i s  4.3 A.  

Fig. 33 shows some of t h e  proper t ies  of t h e  beam of cold neutrons. 
A 1116-in. th ick  sample of vanadium metal was placed a t  t he  sample 
posi t ion and t he  counting r a t e ,  a s  .a function of t ime-of-fl ight  a f t e r  
the  chopper opened, was recorded by means of t he  100-channel time ana- 
lyzer  with 10-psec channels and about 1 . 7  msec i n i t i a l  delay. The neu- 
t ron  counting r a t e  r i s e s  a t  the  Bragg cut-off i n  55 psec with the  
half-height a t  3.96 A.  A t  longer f l i g h t  times, the  counting r a t e  de- 
creases more rapidly  than i s  observed with most beryllium f i l t e r e d  
beams because of the  added length of the  beryllium andk,because of the  
transmission proper t ies  of the  chopper which i s  placed before t he  sam- 
p le .  That i s  t o  say, these  e f f ec t s  improve the  energy resolut ion of 

the  i n i t i a l  beam by t h e i r  ve loc i ty  
discriminating act ions .  For t h i s  
p a r t i c u l a r  case, the e f f e c t  i s  
pronounced enough t.o make t he  
f i l t e r  d i f ference method, using 
Be and Pb f i l t e r s  as used by some 
experimenters, unnecessary. An- 
other  advantage of chopping the  
beam before the  sample i s  t h a t  
the  curvature of the  s l i ts  of t he  
chopper can be se lected t o  give 
maximum transmission f o r  the  i n -  
cident neutrons and a l l  ine las -  
t i c a l l y  sca t te red  neutrons of a l l  
energies w i l l  be observable. A l -  
so the  so l i d  angle subtended by 
the  counters i s  not l imi ted by 
t he  coll imation of t he  chopper. 
The disadvantage of having t he  
chopper before the  sample i s  t he  
time uncer ta in i ty  introduced by 
the  d i f f e r en t  energy neutrons 
t rave l ing  from the  chopper t o  t he  
sample. I n  the  present case, 
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Fig. 34 Time spectra  of beryllium f i l t e r e d  
neutrons scat tered by a 3/16 in .  sample of 
vanadium. The so l id  l i n e  i s  the time inde- 
pendent background. The dotted curve i s  the  
e f f e c t  due t o  . a i r  sca t t e r ing .  The e f f e c t s  
between 800 and 1000 psec i s  the  i n e l a s t i c  
sca t t e r ing  due t o  vanadium.  h he difference 

Fig.  34 shows the  i n e l a s t i c  
sca t te r ing  e f f e c t s  observed from 
a. 3116-in. sample of vanadium. A 
small e f f e c t  from air sca t te r ing  
i n  t h e ' v i c i n i t y  of the  sample i s  
observed and the  data  must be cor- 
rected f o r  t h i s  and the  time in-  
dependent background. Suppression 
of t he  time independent background 
w i l l  be achieved i n  the  fu ture  by 
the  addi t ion of f i t t e d  shielding.  

4. DECAY s m m  sSTUD;IES 
R.  L. Heath 

The Decay of 15-Day E U ~ ~ ~  (J. E. 
Cline, R .  L. Heath) 

The study of t h e  decay of 
EulS6 has been completed and the  
r e s u l t s  have been prepared f o r  
publication.  Recent work on t h i s  
-nuclide has concerned i t s e l f  with 
attempts t o  determine t he  spins  
and p a r i t i e s  of some of the  pre- 
viously reported k g ]  energy 
l eve l s  i n  ~ d l ' ~ .  

between the  experiment& da ta  curves and the 
time independent background plus a i r  scat-  Gamma-gamma d i rec t iona l  cor- 
te r ing  curve ( i n  the  range from 800 t o  1000 r e l a t i on  measurements were made 
)Isec) i s  t h e  i n e l a s t i c  sca t t e r ing  due t o  on the  810-1060, 810-1150, 650- 
vmmii~uu. ] 1230, 89-1940, and 89-2100 kev 

gamma-ray cascades. Measurements 
were l imi ted  t o  these few cascades 
because of the  complexity of the  

gamma-ray spectrum. The c r i t e r i a  were t h a t  t he  gamma rays could be ad- 
equately resolved i n  t he  s ing les  spectrum and t h a t  the  coincidence re -  
l a t ionsh ips  were simple. Mul t ipo la r i t i e s  had been assigned t o  these 
gamma rays  by Ewan e t  al. 1301, on t he  ba s i s  of i n t e rna l  conversioil co- -- 
e f f i c i e n t  measurements. 

The source.materia1 w a s  prepared i n  d i l u t e  H C 1  solut ion and was 
contained i n  thin-walled l u c i t e  holders, 1116-in. I D .  Gamma-ray detec- 
t o r s  used i n  t he  experiment were 3 - in .  N ~ I ( T ~ )  c ry s t a l s  mounted on 
~umont-6363 photomultiplier  tubes.  The source-detector distance. w a s  
10 cm. Coincidence c i r c u i t r y  was of the  "fast-slow" type with a re -  
solving time 2~ of - 0.08 psec. Data were taken i n  g-degree increments 
from 90 through 180'. Three determinations of the  coincidence counting 
r a t e  were made a t  each angle, each determination containing about 900 
counts. The random coincidence r a t e  was measured and was found t o  be - 3% of t h e  gross coincidence r a t e .  



Table 18 l i s t s  the  r e s u l t s  of t he  angular cor re la t ion  measurements. 
These da ta  could be f i t t e d  with Legendre polynomial expansions contain- 
ing no polynomials of an order higher than 2 .  I n  all cases, the  coef f i -  
c i en t  of t he  p4(cos 8) term i s  not s t a t i s t i c a l l y  s ign i f ican t .  The 
810-1060 and 810-1150 cascades from the  s t a t e  a t  i960 kev contained gam- 
m a  rays of known mul t ipo la r i ty  and proceed through an intermediate s t a t e  
of known spin t o  f i n a l  s t a t e s  of known spins .  The only unknown quanti ty,  
then, i s  the  spin of t he  i n i t i a l  s t a t e .  I n  the  650-1230 kev cascade, 
although the  mul t ipo la r i t i e s  were known, t he  spin of t he  intermediate 
s t a t e  was not d e f i n i t e l y  es tabl ished.  These three  measurements served, 
therefore,  t o  determine uniquely t he  spins  of t he  l eve l s  at  1960 and 
1320 kev a s  1 and 2, respect ively .  The p a r i t i e s  were known from the  
gamma-ray mul t ipo la r i t i e s .  The r e s u l t s  of the  measurements of t he  
89-2100 kev gamma-ray cascade f a i l e d  t o  determine uniquely the  spin  of 

- t h e  l e v e l  at 2200 kev. The d i f f i c u l t y  l i e s  i n  the  f a c t  t h a t  t he  meas- 
ured cor re la t ion  function i s  consis tent  with e i t h e r  a 1(1)2(2)0 o r  a 
2(1)2(2)0 spin sequence,, each requiring a d i f f e r en t  mixing parameter 
f o r  the  1940 kev t r ans i t i on .  A more precise  measurement of t he  corre- 
l a t i o n  function i s  necessary i n  order t o  dis t inguish between t he  two 
p o s s i b i l i t i e s .  Due t o  t he  low coincidence counting r a t e  i n  t h i s  ex- 
periment, such a precise  measurement could-not be made at t h i s  time. 
The cor re la t ion  function f o r  the  89-1940 kev gamma-ray cascade may be 
f i t t e d  uniquely by assuming a 1(1)2(2)0  spin sequence. A l e v e l  scheme 
f o r  ~d~~~ incorporating t he  r e s u l t s  of these  measurements i s  shown i n  
Fig. 35. 

Table 18 

EXPERIMENTAL COEF'FICIENTS OF P TERMS I N  7 - 7 ANGULAR 
CORRELATION MEASUREMENTS AND SPIN SEQUENCE ASSIGNMENTS 

Level Sequence Energies, kev Coefficient  of P2 Term 

1960(810 )1150(1060)8g -(0.011 + 0.010) 

Spin Sequence 
of Levels 

consistent '  with 
1(1)2(1)2 with 
mixing 

1(1)2(2)0  with 
mixing i n  f i r s t  
gamma ray  

1(1)2(1)2  with 
no mixing (all 
El rad ia t ion  ) 

e i t h e r  1 (1)2(2)0  
or  2(1)2(2)0 

1(1)2(2)0 with 
mixing i n  f i r s t  
g m a  ray  



Pig. 32 A level scheme for GdlSe Incorporating. results 
of new decay measuxements. . . 

5 . EXPEBl3EWTA.L ' TECIINI QUES ' AND : INSTRUMENTATION ' -' 

MTR Crystal  Spectrometer Shielding Cart Drive Study (s. R. Gossmann, 
R .  H. Brown) 

It i s  contemplated t h a t  t h e  speed of the  dr ive  un i t  f o r  the  l4T.R 
Neutron Crystal  Spectrometer arm w i l l  be increased by a f ac to r  of 10.  
I f  t h i s  i s  done, t h e  speed requirements f o r  t he  shielding c a r t  dr ive  
w i l l  a l so  be increased by a f ac to r  of 10.  There i s  some doubt about 
i t s  a b i l i t y  t o  meet t h i s  increased speed requirement while maintaining 
t h e  o r ig ina l  spec i f i ca t ions  f o r  close tracking nf the arm, To check 
t h i s  p o s s i b i l i t y  it became necessary t o  perform a dynamic analysis  of 
t h e  system. Because of t he  several  non'- l ineari t ies i n  the  system, an 
ana ly t ic  expression f o r  the  time behavior of t he  system cannot be ob- 
ta ined.  However, the  problem i s  i dea l l y  sui ted f o r  solut ion on t he  
Electronic D i f f e r en t i a l  Analyzer (EDA) . 

This system possesses four  types of non- l inear i t i es .  They a r e  sat- 
urat ion i n  the  amplif iers,  ve loc i ty  l imi t ing  i n  the  motor, coulomb f r i c -  
t i o n  i n  t h e  motor, and backlash i n  t he  gears.  The various functions 



representing these non-linearities were generated , . with special circuitry . :  
as shown in Fig. 36. 

I I 
I b-100 b + l o o  ,-COULUMB FRICTION 'GENERATION I 

DEAD ZONE GENERATION 

* 

- @ L R / I O  

r ~ t o - c - s o , s  

Fig. 36 Computing elemellt interconnections t o  solve the  d i f f e r e n t i a l  equations f o r  the  
MTR Crystal. Spectromete'r. shielding c a r t  dr ive study. 

The differential.equation of'motion of th'e,system and values of 
all the system parameters were supplied by the design engineer. The 
system is described mathematically by the following set of equations: ... 

8 = G.R. eLR . 
0 

. .  . 
whcrc 



8 = motor shaf t  posi t ion 
m 

J = moment of i n e r t i a  of 'motor 
m 

f = coef f ic ien t  of viscous f r i c t i o n  m 

Fo (em),.= coulomb f r i c t i o n  t o rque  ' ( ~ i ~ .  3 7 )  

T = torque applied t o  motor 

5 = motor torque constant. 

I = motor armature current  
A 

R = motor armature res i s tance  
A 

e = b a c k e . m . f .  
B 

= back e .m.f .  . ( coe f f i c i en t )  

The LR subscr ipt  r e f e r s  t o  c a r t  parameters r e f l ec t ed  back 
through t he  gear Fox: 

F1. (8 .  - . 8  ) = .dead zone- fuhc.tion ..(Eg.. ..3.8): m L R - .  

G.R. = gear  r a t i o  

8 = c a r t  posi t ion 
0 

E = output of lliagrletic ampl i f ier  i n  

The LIM subscr ipt  refers -to the  l imf t  o r  sa tu ra t ion  value 
of the  quant i ty .  

The control  system equations a r e :  

€ = A  (Bin - eo)- , 

f o r  E ( i n  1 -< EiZW 



Fig. 37 The coulomb f r i c t i o n  torque of the  Fig. 38 The backlash i n  the  gears of the  
ML'R Crystal Spectrometer c a r t  dr ive motor. Crystal Spectrometer c a r t  dr ive showing 

the dead zone, D. S. 

where 

8 ' = motor shaf t  posi t ion m 

8 = c a r t  posi t ion 
0 

8 = demand s ignal  t o . c a r t  dr ive  system 
i n  

A = transducer gain 
0 

E = e r r o r  voltage 

El = output of operational  amplif ier  

A1 = gain of operational  ampl i f ier  

= time constant of operational  ampl i f ier  

A2 = gain of magnetic amplif ier  

Ein 
= output of magnetic amplif ier  

%ACH 
= gain of tachometer 

The function Fo ( i m )  , the  coulomb f r i c t i o n  torque, va r i e s  with 
ve loc i ty  a s  shown i n  Fig. 37. The backlash i n  t he  gears can be repre- 
sented a s  a dead zone i n  TLR ( t he  torque on the  load re f lec ted  back 
through t he  gears)  a s  shown i n  Fig. 38. The quail,l;ity +- DS i s  t he  width 
of the  dead space. The arrangement of computing elements required t o  
so l ve  these equst.t;ions i s  sl~ewn i n  Fig. 36. 



Because of t h e  complexity of t he  problem, no ana ly t ica l  checks were 
ava i lab le .  Some of t h e  l e s s  ce r t a in  parameters were,.varied u n t i l  the  
time behavior of t he  voltages representing the  posi t ions  and ve loc i t i e s  
of the  system appeared t o  be r i g h t  a s  compared t o  'the ac tua l  time be- 
havior of the  c a r t  d r ive  system. A t  t h a t  time it was f e l t  t h a t  a rea- 
sonably accurate representa t ion or  model of the  system had been 
a t ta ined. .  It was t h e n  poss ible  t o  inves t iga te  the  response of the  c a r t  
d r ive  t o  a demand s igna l  c a l l i ng  f o r  10 times norrnal speed and evaluate 
t he  e f f ec t  of control  system,parameter changes on t h e  system response. 

The r e s u l t s  conclusively ind ica te  t h a t  the  c a r t  dr ive  un i t ,  with 
su i tab le  ampli f ier  modifications, w i l l  be capable of meeting the  new 
requirements. 



IV. THEORETICAL PHYSICS AND APPLIED MATHEMATICS 

1. THEORE!L'ICAL WORK RELATED TO THE SLOW NEUTRON SCATTERING PROGRAM 
H .  L. McMurry 

The Krieger-Nelkin approximation [32 1 f o r  ca lcula t ing d i f f e r e n t i a l  
cross  sect ions  with respect  t o  energy and angle has been shown t o  com- 
pare favorably with a nore r igorous but  computati'onally more d i f f i c u l t  
approach, and t o  give.good overa l l  agreement with experimental da t a  on 
CH4. Average values of energy t r a n s f e r  E ( ~ , E )  q d  E ( E ~ )  have been ca l -  
cula ted f o r  C& i n  t he  range Eo = 0.003 t o  0.1 ev using r e s u l t s  from t h e  
K. N .  method. 

1.1 Comparison of Procedures f o r  Calculating ~ i f f e r e n t i a l  Cross Sections 
-(H. L. MCMU~ZY, G.  W. Griff ing,  L.. Gannon, W. Hes t i r )  

Two methods f o r  ca lcu la t ing  d i f f e r e n t i a l  cross  sect ions  of gases 
with respect  t o  energy t r a n s f e r  E and angle have been t r i e d  i n  t h i s  
laboratory.  Both a r e  based on t he  formulation of Zemach and Glauber 
[31] and assume t h a t  the  ro t a t i ona l  motion can be t r e a t ed  c l a s s i c a l l y ,  
t h a t  t he  v ib ra t ions  a r e  governed by a  quadratic po t en t i a l  function,  and 
t h a t  e f f e c t s  due t o  ro ta t ion-vibra t ion i n t e r ac t i on  and cen t r i fuga l  
s t re tch ing  a r e  neg l ig ib le .  I n  both cases d2a /d~d€  i s  expressed as a 
sum of terms f o r  s ca t t e r i ng  by each atom i n  t he  molecule, together  with 
terms f o r  coherent s ca t t e r i ng  by p a i r s  of atoms. 

One method, t he  Krieger-Nelkin. approximation [ 3 2 ] ,  assumes t h a t  
t he  thermally averaged expectat ions associa ted with s ca t t e r i ng  by ind i -  
v idual  at'oms, o r  p a i r s  of atoms, can be expressed as a  product of 
expectat ions f o r  t he  t r an s l a t i ona l ,  ro ta t iona l ,  and v ib r a t i ona l  motions, 
and t h a t  the  average of these  products over molecular o r ien ta t ions  i s  
equal t o  the  product of the  averages f o r  each f a c t o r .  Furthermore, 
c e r t a i n  exponential f a c to r s  which depend on o r ien ta t ion  a r e  averaged i n  
the  exponent. For any given atom one of these  f ac to r s  i s  the  Sachs- 
Te l l e r  mass tensor and i t s  average over o r ien ta t ion  i n  the  exponent 
y i e ld s  an e f f ec t i ve  mass which depends on the  pos i t ion  of the atom, t he  
moments of i n e r t i a ,  and t he  t o t a l  mass of the  molecule [ 3 2 ] .  This av- 
eragin.g procedure l eads  t o  an expression f o r  the  incoherent p a r t . o f  
d2a/dnd€ which i s  a sum of terms f o r  sca t t e r ing  by the  d i f f e r en t  atoms 
i n  which each term has t he  form of t he  sca t t e r ing  l a w  f o r  a  moilatomic 
gas with mass equal t o  t he  e f f ec t i ve  mass f o r  t h i s  atom. 

The other  method [33] i s  more r igorous i n  t h a t  t he  expectat ion i s  
not  approximated by a product, and t h e  averages over molecular orien- 
tatPon are ob Lai l le l l  by niacl~inc calcula t ion.  



The K. N. method i s  r e l a t i v e l y  easy t o  use a n d . i t  i s  des i rable ,  
therefore ,  t o  see how it agrees with experiment and with t he  more r i g -  
orous method. For neutron energies of 0.1 and 0.07 ev, the  .two methods 
agree almost exact ly  over t he  range of comparison, which includes angles 
up t o  8 3 O .  For O;O25 ev neutrons, t he  resul.t.s agree a t  16'. A t  43 and 
83', t h e  maxima by the  more exact method are  sh i f t ed  s l ight ly . toward 
lower energy r e l a t i v e  t o  t h a t  on the  K. N .  method. A t  83' t h i s  s h i f t  i s  
about 0.003 ev. The two methods a r e  equally good a s  a ' b a s i s  f o r  compar- 
i son  with current  da ta  i n  t h i s  energy range. 

1 . 2  Application of the  Krieger-Nelkin Method t o  Calculation of d o / d ~  
and o f o r  (G. W. Griff ing,  L. Gannon) 

The overa l l  agreement between experimental values of d20/dl;2dh f o r  
CH4 and those calcula ted by t he  K .  N. method i s  ~osd,, althoi~gh t . h ~ r c  are 
s ig l l l r lca~l t  d l  Screpancies a t  forward angle6 . Experimen La1 da ta  on a 
f o r  do/dl;2 = /(d20/d.Qdh) dh and o =/(do/dn) dl;2 are a l so  avai lable .  

Since these  quan t i t i es  can be 
read i ly  calculated by machine, 

3 using r e s u l t s  from the  K. N .  meth- 
od, it i s  i n t e r e s t i ng  t o  see I f  
discrepancies of t h e  order of those 

- EXPERIMENTAL POINTS 
ALCOCK a HURST 

found i n  d2u/dl;2dh p e r s i s t .  

Fig. 39 shows the  calcula ted 
dependence of do/d$l on sca t te r ing  
angle f o r  several  impact energies.  
These r e s u l t s  were obtained by 
numerical in tegra t ion  of the  
d20/d~dh data .  Also included a r e  
t he  experimental da ta  of Alcock 
and Hurst f o r  0.073 ev neutrons 
[ 2 6 ] .  The theore t ica l  curve f o r  
t he  energy has been omitted from 
Fig.  39 i n  the  i n t e r e s t  of c l a r -  
i t y ,  but  it would l i e  approxi- 
mately half-way between the  
curves f o r  0.05 and 0 . 1  ev impact 

o 0 1  eu -/ energies.  The experimental re -  
s u l t s  have been normalized t o  t he  

0 4 0  8 0  120 160 
SCATTERING ANGLE Idegreesl * ~ c o - e - m ~  

t heo re t i c a l  a t  87.7O. It i s  seen 
t h a t  t he  t heo re t i c a l  d o / d ~  i s  low 

Fig. 39 Different ial  cross section f o r  
neutrons scattered from methane as  a func- 
t i on  of the  scat ter ing angle fo r  various 
impact energies. The experimental points 
a r e  for  an impact energy of 0.073 ev. The 
d i f fe ren t ia l  cross section i s  such t ha t  

/(dn/dn) sinede 

w i l l  give the t o t a l  cross section per hy- 
drogen atom. For absolute values of the  
d i f fe ren t ia l  cross section per hydrogen 
atom the number from the curve i s  t o  be 
multiplied by 28.5 barns. 

r e l a t i v e  t o  the  experimental 
values a t  the  forward angles. 
This i s  consis tent  with the  f a c t  
t h a t  the  calculated values of 
d20/dQdh a r e  a l so  low r e l a t i v e  t o  
the  experimental values a t  fo r -  
ward angles.  However, the  a rb i -  
t r a r y  manner i n  which t he  
experimental da ta  have been nor- 
malized t o  the  t heo re t i c a l  at 
87.7' r u l e s  out making t h i s  



deduction so le ly  on t he  ba s i s  of a comparison of the  exp'erimerital and 
t h e o r e t i c d  r e s u l t s  p lo t ted  i n  Fig. 39. . . 

The experimental. values of a obtained by Melkonian [25] a r e  com- 
pared with the  calcula ted a values i n  Table 19. The agreement i s  exact 
t o  within t he  accuracy with which Melkonian's curve can be read. 

COMPARISON OF CALCULATED AND EXP- TOTAL CROSS SECTIONS 
PER HYDROGEN ATOM IN METHANE 

Theory 
a, barns 91.9 75.4 59.3 47.8 45.2 42.7 4l.O 37.9 34.0 

Experi- 
ment a, 93 . 75 59 46 45 43 42 3 6 3 2 
barns 

Fig. 40 Variation of the  average cosine of 
the  scat ter ing angle with incident neutron 
energy f o r  neutrons scat tered by a. 

1.3 Average Values f o r  Cos0 and 
Energy ~ r a n s f e r  i n  . .  

(G.  W. Gr i f f  ing, L. ?amon) 

Results  obtained by t he  K .  N .  
method can be used read i ly  t o  ca l -  
cu la te  averages such a s  

Here E denotes t he  energy t rans -  
f e r  to '  the  neutron. 

- 
Fi,g. 40 shows Cos0 (Eo) 

p lo t ted  a s  a function of impact 



energy, E . The - asymptotic value of 0 .3  i s  higher than t h e  value 4 . 2  
computed %ing Cos8 = 2/3A with A equal t o  t he  mass tensor  value of 3.'2 
f o r  the  hydrogen atom. This r e f l e c t s  the  f a c t  t h a t  the  2/3A formula 
takes  no account of thermal motions, o r  of molecular s t ruc ture .  

Fig .  41 shows t h e  average energy t r ans f e r  T (8,E ) a s  a function of 
0 8 f o r  var ious  E . Posi t ive  means the  neutron gains energy on the  

average, negati$e t h a t  it lo se s .  

Of perhaps g r ea t e r  i n t e r e s t  i s  t he  mean energy t r ans f e r  7 ( E  ) .  
This function i s  p lo t t ed  against  E i n  Fig.  42. Curiously enoughOthe 

0 curve cons i s t s  of two s t r a i g h t  l i n e s  f o r  pos i t ive  and negative E, 
respectively,  the  curves meeting at 0 .Oh2 ev where 7 = 0. von Dardel 
[341 has shown t h a t  an approximate expression f o r  a monatomic gas of 
mass M which i s  v a l i d  when 

INCIDENT NEUTRON ( e v )  ssm-8-swo 

- 
Fig. 41 Average energy t r ~ s f  er,  E (B, Eo), , Fig. 42 Mean energy tr&sf e r  (E ) per  
a s  a function of the  sca t t e r ing  angle f o r  co l l i s ion  a s  a function of the  incfdeht neu- 
neutrons scat tered by C&. Posi t ive  values t ron energy f o r  neutrons scat tered by a. 
indicate  t h a t  the  neutron has gained energy 
upon scattering, and negative values t h a t  
t h e  neutron has l o s t  energy. 



a t  Eo = 0 .1  and kT = 0.0255 ev, t h i s  equation pred ic t s  E = - 0.019 ev 
when m / ~  has t he  mass tensor value of 113.2 f o r  the  hydrogen atoms i n  
CH4. The calcula ted r e s u l t  f o r  t h i s  energy i s  7 ( E  ) = - 0.016 ev. 
This equation pred ic t s  (E ) = 0 at  E = 0.049 ev,'wh.ile the  curve i n  
Fig.  42 gives 0.042 ev. ~ o % v e r ,  the  eonditions f o r  t he  v a l i d i t y  of 
von Dardel 's  equation begin t o  break down a t  such a low E so t h i s  good 
agreement may be fo r tu i tous .  0' 

IBM-650 PROGRAM DEVELOPMENT 

2 .1  IBM-650 Fortran Editor Program (G. A. ~ a z i e r )  

The IBM-650 FORTRAN, a language c lose ly  resembling t he  language of 
mathematics, i s  designed primarily f o r  s c i e n t i f i c  and engineering com- 
putatTons. One of the  main drawbacks t o  such a language i s  the  neces- 
s i t y  f o r  s t r i c t  adherence t o  the  c l e r i c a l  r u l e s  f o r  constructing t he  
mathematical statements. 

To meet t h i s  problem a program e n t i t l e d  "630 Fortran Editor" was 
developed t o  make extensive checks on t he  correctness of input s t a t e -  
ments. However, t he  ed i t o r  program t h a t  was avai lable  made use of 
intermediate access storage and an on-line 407 p r i n t e r .  Since the  MTR 
machine configuration does not include these  extras ,  some extensive 
modifications were made i n  the  ex i s t ing  program t o  meet i t s  requirements. '  
With these modifications made, a "650 Fortran Editor" program t h a t  oper- 
a t e s  on a machine without core storage o r  an on-line p r i n t e r  i s  now 
avai lable .  

The use of the  ed i t o r  on Fortran statements p r i o r  t o  compilation 
has proved t o  be a savings i n  machine time and an a id  i n  program 
debugging. 

2.2 Sandwich Code (w.  B. Lewis, I,. ~ r e ~ o )  

An ana ly t ica l  solut ion f o r  a two-region, two-group treatment of an 
i n f i n i t e  one-dimensional configuration has been programmed f o r  t he  IBM- 
650. This has pa r t i cu l a r  appl icat ion t o  the  problems of nuclear sa fe ty  
i n  shipping and vau l t  s torage.  The program i s  s.0 indexed t h a t  a la rge  
number of parameters can be var ied i n  a s ingle  program. 

I n  essence, t he  code considers a f u e l  region of specif ied thickness 
( i n f i n i t e  extent  i n  t he  other  two dimensions), having specif ied nuclear 
parameters; it determines the  thickness of a cadmium-moderator-cadmium 
sandwich t h a t  must be used t o  separate a l t e rna t e .  s l abs  of f u e l  f o r  a 
specif ied value of k e f f  ' 

The number of s labs  so assembled i s  assumed 
t o  be i n f i n i t e .  
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