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I. PROJECT OBJECTIVES 

The ob jec t i ves  o f  t h i s  task a r e  t o :  (1 )  develop and demonstrate t h e  use 
6 o f  'OB and L i  he1 ium accumulation f luence moni tors (HAFM's) as a re1  i a b l e  and 

accurate method o f  measuring reac to r  neutron f luence; ( 2 )  develop and apply an 

expanded s e t  of HAFM's which w i l l  p rov ide  f luence responses i n  d i f f e r e n t  bu t  

over>lapping neutron energy ranges; ( 3 )  i d e n t i f y ,  through t h e  p rec i se  measure- 

ment of spectrum-integrated hel ium product ion cross sect ions,  those elements 

which produce s i g n i f i c a n t  hel ium when used i n d i v i d u a l l y  o r  as components o f  

advanced a l l o y s  i n  FTR' and LMFBR neutron environments, so t h a t  t h e i r  use might  

be e l iminated,  minimized, o r  con t ro l l ed ;  ( 4 )  use t h i s  i n fo rma t ion  t o  p r e d i c t ,  + .  

w i t h  confidence, t he  hel ium product ion r a t e  f o r  any a l l o y  o r  ma te r i a l  consid- 

ered. fo r  f as t  reac to r  use, and (5)  ma in ta in  a c e n t r a l i z e d  hel ium measurements 

l abo ra to ry  a v a i l a b l e  t o  the  research,community, and upgrade t h e  sample through- 

p u t ' c a p a c i t y  t o  handle FIR dosimetry . . requirements. 

11. TECHNICAL PROGRESS DURING REPORT PERIOD 

A. BACKGROUND AND ' SUMMARY 

Accurate f l  uence and spec t ra l  cha rac te r i za t i on  o f  v e r y ,  1 ong experimental 

i r r a d i a t i o n s  i s  r e q u i r e d S f o r a d e q u a t e  c o r r e l a t i o n  o f  r e s u l t s  and ex t rapo la t i ons  

t o  new F'TR and' LMFBR reac to r  environments. Accurate f l  uence i n fo rma t ibn  i s  

.equa l ly  important  f o r  t he  development o f  improved h igh  performance ma te r ia l s .  



To prov ide f luence-spectral  data i n  a d d i t i o n  t o  f l ux -spec t ra l  data, p a r t i c u l a r l y  , 

f o r  long-term i r r a d i a t i o n s ,  s table-product  hel ium accumulation fluence moni tors 

(HAFM' s) a re  being developed t o  suppl ement cu r ren t  rad iomet r ic  moni tor  r e a c t  ions. 

The d i r e c t  measurement o f  f luence i s  p re fe rab le  t o  measuring f l u x  and using t h e  

r e a c t o r  power-time h i  s to ry ,  because t o t a l  reac to r  power may n o t  r e f 1  e c t  1 ocal 

power a t  an experimental l oca t ion ,  due t o  movement o f  c o n t r o l  rods and changes 

i n  r e a c t o r  loading.  

A he1 ium accumulation f l  uence moni tor  general 1y cons is ts  o f  a m in ia tu re  

capsule conta in ing  a known amount o f  ma te r ia l  w i t h  a r e l a t i v e l y  h igh  (n, a )  

cross sec t i on  fo r  t he  neutron spectrum o f  i n t e r e s t .  The cdpsule I t s e l f  i s  
fabricated from a ma te r ia l  w i t h  a low (n, a )  cross sect ion, so t h a t  when t h e  

whole HAFM i s  vaporized du r ing  the  f i n a l  analys is ,  t h e  hel ium c o n t r i b u t i o n  from 

t h e  capsule i s  small compared w i t h  t h a t  generated and released by t h e  contents. 

Encapsulat ion i s  des i rab le  n o t  o n l y  t o  con ta in  t h e  ma te r ia l  i t s e l f  and any 

he l ium t h a t  might d i f f u s e  ou t  o f  it, b u t  a l so  t o  prevent i n t e r a c t i o n  o f  t h e  

contents 'w i th  o ther  nearbv mater ia ls .  Vanadium has been used. f o r  e n c a ~ s u l a t i n q  " - ., 
235U, 2 3 7 ~ p ,  2 3 8 ~ ,  and 2 3 9 ~ u  " f i s s i o n  f o i l s "  inc luded i n  HEDL's m u l t i p l e  f o i l  

sets,  and has a lso been se lec ted t o  encapsulate HAFM's used i n  f a s t  reactors,  

because o f  i t s  low (n, a ) cross sec t ion  and low induced r a d i o a c t i v i t y .  

The f i r s t  HAFM's contained the  isotopes 'OB and 6~i. Numerous i r r a d i -  

a t i o n s  o f  these have been made i n  the  Experimental Breeder Reactor-I1 (EBR-11) 

and i n  th ree  low-power we l l -charac ter ized t e s t  r e a c t o r  environments. The 

l a t t e r  i r r a d i a t i o n s  are  being used t o  normalize t h e  spectrum in teg ra ted  hel ium 
6 product ion  cross sec t ions  o f  'OB and L i ,  p rov id ing  increased accuracy fo r  

t h e i r  use i n  f a s t  r e a c t o r  s i t u a t i o n s .  

During FY 1976, the  " m u l t i p l e  f o i l "  technique employed by t h e  Fast Reactor 

Ma te r ia l s  Dosimetry Center a t  HEDL was expanded t o  i nc lude  HAFM's conta in ing  

6 ~ i  and 'OB. These HAFM's were inc luded i n  r o u t i n e  f lux-spect ra l  sets du r ing  

several  B4C experimental t e s t s .  The hel ium i n  these and i n  o ther  HAFM's was 

measured w i t h  -2% absolute accuracy by isotope d i l u t i o n  mass spectrometry. The 

r e s u l t s  o f  another 30 HAFM's i r r a d i a t e d  as a p a r t  o f  t h e  Run 75D EBR-I1 dosimetry 

t e s t  have g iven important  f lux-spect ra l  i n fo rma t ion  f o r  t h i s  t e s t .  It was 



6 found t h a t  t he  r a t i o  o f  t he  'OB and L i  reac t i on  ra tes  i s  s t r o n g l y  dependent on 

r ,  t he  mean energy.. o f  the.-neutron spectrum, demonstrating t h e  o f  these 

reac t ions  as f l  uence-spectrum as we1 1 as' t o t a l  f l  uence monitors. 

. . . .  ~. . . 

6  I r r a d i a t i o n s  of numerous 'OB and L i  specimens i n  t h e  benchmarkneutron 

spectra of t he  Coupled Fast R e a c t i v i t y  Measurements Faci 1 i ty  (CFRMF) and 

BIG-10 fac i  1 i t i e s  have provided important  i n t e g r a l  normal i z a t i o n s  o f  t h e  l o g  
6 and - L i  he1 ium. product ion cross sect ions. For f u e l s  and mate r ia l s  experiments 

i n  EBR-11, FTR, and o ther  f a s t  and thermal t e s t  reactors,  t h e  use o f  these 

HAFM's i s  s i g n i f i c a n t l y  increas ing the  accuracy o f  f luence measurements needed 

f o r  t he  c o r r e l a t i o n  and subsequent a p p l i c a t i o n  o f  i r r a d i a t i o n  e f f e c t s  data. 

~ d d i t i o n a l  HAFM1s conta in ing  ma te r ia l s  w i t h  d i f f e r e n t  (n,a) cross sec t i on  

energy responses are a lso  being developed. Analyses have been s t a r t e d  o n  i h e  

300 t h a t  were i r r a d i a t e d  a t  f i v e  core and b lanket  l o c a t i o n s  i n  EBR-.II dur ing  

the  Run 75D dosimetry t e s t .  Expanded HAFM sets  w i l l  prov ide a d i r e c t  measure 

o f .  t he  f l  uence-spectrum, ins tead , -of  t he  usual l y -obta ined f l  ux-spectrum. BY 
i n c l  uding d i f f e r e n t  ma te r ia l s  i n  the  HAFM1s, a1 1 neutron energy ra'nges important  

t o  LMFBR cor re l 'a t ions  w i l l  be covered. 

Numerous hel ium concentrat ion measurements have been made ,on both i r r a d i -  

ated and u n i r r a d i a t e d  Type 316 s t a i n l e s s  s tee l  t u b i n g  t h a t  had been p re i s i i r i zed  

by hel ium a t  e levated temperatures. The r e s u l t s  i n d i c a t e  tha t ,  w i thou t  t h e  

presence o f  neutrons, hel ium penetrated a small d is tance i n t o  the  tub ing  inne r  

surfaces a t  e levated temperatures. I n  EBR-I1 i r r a d i a t e d  tubing, however, a 

combination o f  hel ium pressure and the  neutron environment resu l ted  i n  a 

factor-of - ten greater  hel ium concentrat ion than neutrons alone o r  pressur iza-  

t i o n  alone would have produced. These synerg i s t i c  f i n d i n g s  a re  re levan t  t o  

recent  AI-HEDL measurements o f  heliu,m enhancements on inner  l aye rs  o f  EBR-I1 

f u e l  p i n  cladding. Fur ther  j o i n t  experiments are  now being planned us ing 

e x i s t i n g  i r r a d i a t e d  tubes at.HEDL t o  determine whether t h e  neutron environment, 

i n  a d d i t i o n  t o  a f f e c t i n g  the  hel ium concentrat ion, a l so  increases t h e  depth o f  

he1 i um penetrat ion.  



TABLE 1 

HELIUM CONCENTRATIONS I N  HAFM'S CONTAINING NATURAL BORON 
IRRADIATED I N  E B R - I 1  RUN 75D DOSIMETRY TEST 

*Corrected f o r  ca lcu la ted number o f  he1 ium atoms con t r ibu ted  by , the vanadium (see t e x t ) .  
t A f t e r  the  HAFM capsule was punctured, the  o r i g i n a l  B c r y s t a l  was removed; reweighed and 

analyzed f o r  4 ~ e  wi thout  the  vanadium. 

HEDL 
Capsule 
Number 

6 

7 

8 

10 
11 

12 

13 

14 

16 

30 

3 3 

34 

3 5 

43 

He1 ium concentration* 
( P P ~  l?erloB) 

. 3 ~ e  

0.85 

1.24, 

0.43 

0.51' 
- 

. . - . 

- 
. . 

0.62 

0.21 

0.21 

- , 

> .  - 
- . . 
- 

EBR-1.1 Locat ion 

4 ~ e  

7309 

4038 

2630 

2648 

3347 

4893 

4433 

2609 

3078 

3161 

3778 

3291 

3239 

3634 

Mass Of 

Boron 
(mg 

0.2082 

0.1757 

0.1865 

0.1681 

0.1419 

0.2176 

0.1895 

0.1583 

0.1461 

0.1962~ 

0.15607 

0.2017~ 

0.1597~ 

0.1974~ 

Pos i t i on  

4C3 

4C3 

4C3 

4C3 

4C 3 

4C 3 

4C 3 

4 ~ 1  

4E 1 

7F4 

8F4 

8F4 

8F4 

8F4 

Total  Number . 

o f  4 ~ e  Atoms 
Measured 

1.679 x 1016 

7;836 x l 0 l 5  

5 .434x1015  

4.932 x l 0 l 5  

5.252 x l 0 l 5  

1.175 x 1016 

9.255 x l 0 l 5  

4.590 x l 0 l 5  

4.974 x 1015. 

6.851 x 1015 

6.383 x l 0 l 5  

7.327 x l 0 l 5  

5.706 x 1015 

7.853 x i015 

R 
(cm) 

17.3 

17.3 

17.3 

17.3 

17.3 

17.3 

17.3 

19.8 

19.8 

33.1 

33.4 

33.4 

33.4 

38.3 

4 ~ e  eased 
by 

Puncture 
( X I  

- 
- 

8.6 

10.4 - 
- 
- 
- 
- 

9.2 

15.3 

11.0 

11.6 

7.8 

2 
(cm) 

-33.88 

-20.78 

.-12.60 

+13.22 

+19.22 

+39.43 

+59.44 

-0.80 

+19.22 

-0.71 

-14.62 

-0.06 

,+13.47 

-0.61 



B. HELIUM ACCUMULATION. FLUENCE.MONITORS; . . . , .  

. . . . . , . .-. . . . . ,. . - 
' 

~ i n a !  resu l  t i  for 14 he1 ium accumulation f l  uence monitors (HAFM's) conta in-  
6 i n g  na tu ra j  boron, and 15 conta in ing  enr iched L iF,  a re  presented i n  Tables 1 . .' 

and, 2, respect ive ly . '  A l l .  .these HAFM's were i r r a d i a t e d  i n  EBR-I1 as an i n t e g r a l  : 

p a r t  o f  HEDL's f l ux -spec t ra l  sets dur ing  the  ~un. '75D dosimetry t e s t .  T h e :  
' . . . 

r esu l  t s  w i  11 ,become a p a r t  o f  the  SAND-I  I Code f 1 ux-spectra l  cha rac te r i za t i on  

' f o r  EBR-11. The he1 ium analyses o f  a l l *  t he  boron HAFM's were performed as p a r t  
6 of t h i s  program; a d d i t i o n a l  fund ingwas provided by HEDL t o  complete the  L i F  

w o k  

1. Manufacture and I r r a d i a t i o n  o f  HAFM's 

' ~ 1 1  the HAFM's were manufactured  in mid-1974 by t h e  Isotope Target Center 
6 a t  ORNL. I n d i v i d u a l  c r y s t a l s  o f  na tu ra l  . . boron and etikiched L i F  were o r i g i n a i l y  

prepared a t  A I '  from s' ingle pieces o f  h i g h - p u r i t y  ma te r ia l .  The i s o t o p i c  content 

o f  the  boron was determi  ned a t  ORNL and HEDL' t o  be 19.80% 'OB. The enrichment 
o f  t h e  '~ i  F we; determined a t  ORNL (99.164%), and a t  HEDL (99'.038%) g i v i n g  an 

6 ..  . average val'ue o f  99.10 c0.09% L i .  

, . 

Each was selected a t  A1 under microscope f o r  i t s  l a c k  o f  p r o t r u -  , . . 
s ions and i t s  absence o f  v i s i b l e  flaws. Fol lowing t h i s  se lec t ion ,  t h e  c r y s t a l s  

were washed t o  remove dust and su r face  contamination, and were then placed i n  a . ,  
.. '. 
high: vacuum chamber to,remove surface moisture and o the r  gases. Each c r y s t a l  .-.. 

. . 
i. , .: ' 

was f i n a l l y  weighed w i t h  a 2u uncer ta in ty  o f  ~ 1 %  of t h e  absolute mass value, 

us ing a s u b s t i t u t i o n  weighing scheme and standard weights t raceab le  t o  t h e  U.S. 

Nat ional  Bureau of Standards. 

A t  ORNL, each c r y s t a l  was reweighed using a s i m i l a r  procedure, t o  ensure 

t h a t  none of t he  c r y s t a l  had broken o f f .  T h i s  weighing was f o l  lowed by i n s e r t i o n  

i n t o  the  m in ia tu re  vanadium capsule (1.27 m OD, 3.18 mm leng th )  and f i n a l  
. 

' sea l i ng  by Tungsten I n e r t  Gas (TIG) f u s i o n  welding. ~ h e ' m a s s  values f o r  t h e  

c r y s t a l s  l i s t e d  i n  Tables 1 and 2 are  t h e  average values f o r  t h e  A 1  -and ORNL 
i' weighings. Complete l i s t i n g s  and comparisons o f  a l l  t h e  6 L i F  and boron c r y s t a l  

weighings made a t  A1 and ORNL are i n  preparat ion.  For t h e  c r y s t a l s  i n  t h e  



TABLE 2 
HELIUM CONCENTRATIONS I N  HAFM'S CONTAINING ENRI'CHED 6 ~ i ~  

*Corrected f o r  c a l c u l a t e d  number o f  he1 ium atoms c o n t r i b u t e d  by t h e  5 1 ~  and 19F 
(see t e x t )  ., 

I 

HEDL 
Capsule 
Number 

1 

5 

6 

7 

10 

14 

2 4 

30 

3 1 

32 

3 3 

35 

36 

37 

3 8 

EBR-I1 Locat ion  

P o s i t i o n  

2D 1 

4C3 

4C3 

4C3 

4C 3 

4E 1 

7F4 

7F4 

8F4 

8F4 

8F4 

8F4 

8F4 

8F4 

8F4 

Massof  
L I F  
(mg > 

0.1510 

0.1597 

0.3278 

O.2882 

0.1717 

0.1529 

0.1932 

0.3077 

0.1584 

0.2040 

0.1510 

0.1012 

0.1812 

0.1482 

0.1939 

Numberof 

4 ~ e  Atoms 
Measured 

6.882 x l 0 l 5  

5.937 x l 0 l 5  

1.767 x 1016 

1.129 x 1016 

5.868 x l 0 l 5  

5.889 x l 0 l 5  

6 . 2 8 7 x 1 0 1 5  

1.009 x 1016 

4.443 x l 0 l 5  

7.274 x l 0 l 5  

5.158 x l 0 l 5  

3.133 x l 0 l 5  

5 . 5 0 5 ~ 1 0 ~ ~  

4.101 x l 0 l 5  

3.960 x l 0 l 5  

T r i t i u m  
Retained 

( %  

81 

78 
-- 
66 
- - 
- - 
- - 
94 

98 

84 

85 

73 

7 2 

66 

60 

R 
(cm) 

5.2 

17.3 

17.3 

17.3 

17.3 

19.8 

28.2 

33.1 

33.4 

33.4 

33.4 

33.4 

33.4 

33.4 

33.4 

Z 
(cm) 

-0.1 

-59.8 

-33.6 

-20.5 

+13.9 

-0.1 

-0.7 

-0.7 

-60.7 

-40.6 

-14.6 

+13.5 

+19.4 

+39.3 

+59.4 

He1 i um 
Concentrat ions 

(appm) 
w i t h  

Respect t o  '~i* 

3 ~ e  

100.4 

78.8 
- - 
39.4 
- - 
- - 
- - 
83.3 

61.4 

79.4 

80.5 

62.8 

60.4 

50.5 

33.9 

4 ~ e  

1889 

1558 

2259 

1638 

1421 

1597 

1354 

1370 

989 

1495 

1429 

1294 

1272 

1160 

856 



29 HAFM1,s reported here; however, t he  average d i f f e r e n c e  between t h e  'mass 

values from the  two labo ra to r ies  was on ly '0 .4  pg,  which amounted t o  an average 

uncer ta in ty 'o f  -0.2%: 

The capsules were i r r a d i a t e d  i n  January 1975 du r ing  the  f u l l  power EBR-I1 

dosimetry t e s t  Run 75D. The loca t ions  o f  each o f  t he  HAFM1s are  given i n  ' 

Tables 1 and 2. Fol lowing the  i r r a d i a t i o n ,  t h e  HAFM's were unloaded from t h e  

HEDL dosimetry capsules and shipped t o  A1 f o r  he1 ium measurement. I d e n t i f i c a -  

t i o n  was confirmed b y  weight and by using t h e  d o t  code staniped on t h e  capsule ' 

sides. P r i o r  t o  being loaded i n t o  t h e  ma,ss spectrometer system1 s h igh  tempera- 

tu re . fu rnace ,each  HAFM was washed i n  warm H20 w i t h  t h e  a i d  o f  u l t r a s o n i c  

v i  bvat ion, d r i e d  and weighed. 

2. Special Measurements o f  t he  Retent ion o f  Helium by Boron Crys ta l s  

. . 
The m a j o r i t y  o f  the HAFM's were analyzed f o r  hel ium by vapor iz ing  t h e  

capsules and t h e i r . c o n t e n t s  i n  the  mass spectrometer h igh  temperature furnace. 

Seven o f  the boron HAFM' s .I i sted  i n  Tabl e 1 underwent a ' spec ia l .  procedure t o  

help i n  the '  understanding o f  the  re lease o f  he1 ium by t h e  boron c r y s t a l s  them- 

selves, and t h e  - r e t e n t i o n ' o f  t he  he1 ium by t h e  vanadium capsule wa l ls .  * Ins tead 

of vapor iz ing  the  HAFM. capsules' and t h e i r  contents, t h e  capsules were p1ace.d i n  

a holder  under h igh  vacuum,.the tops were sheared o f f ,  and t h e  hel ium released' 

was measured. Fol lowing t h i s  capsule penetrat ion,  f i v e  o f  t h e  capsules were 

c u t  open and the. submil 1 igram c r y s t a l s  o f  boron were removed, 'reweighed, and 

then analyzed ind iv ' idua l  l y  f o r  he1 ium content.  The vanadium capsule wal.1.s may 

be s tud ied 1 a t e r  ' t o  determine t h e  'extent o f  he1 ium penetrat ion.  "The seventh' 

c o l  umn o f  Tabl e 1. shows t h a t  .between 9 and 16% 'o f  t h e  t o t a l  measured .hel ium was 

rel'eased upon punctur ing; 

, . 
3: Study o f  ~ r i t i u m  Retent ion by t h e  HAFM1s 

. c 

A s l  i gh t l y -mod i f i ed  mass spectrometr ic  procedure was devised t o  a1 low, i n  
3 4 some cases, the  measurement o f  He as we1 1 as the  more important  He. Th is  

6 ~neasurement i s  necessary i n  the  case o f  L i F  because equal numbers o f  t r i t i u m  

and hel ium atoms are generated each t ime a ' ~ i ( n , a ) t  r e a c t i o n  occurs, and t h e  



3 tri t iun i  decays t o  Me w i t h  a  hal f -1 i f e  o f  1.2.3 years. I n  t h e  case o f  boron, 
3  t h e  He i s  generated by t h e  decay' of t r i t i u m  formed by the  high-energy th resho ld  

4 r e a c t i o n  1°e(n ,2 a ) t .  ~ v e n  though o n l y  -6% o f  the  t r i t i u m  had decayed t o  He 

a t  t h e  t ime the  HAFM's were analyzed, the  amount o f  t h i s  i so tope a l ready i n  t h e  

sample must be known so t h a t  i t s . c o n t r i b u t i o n  can be subtracted from t h e  much 
3  l a r g e r  He spike l a t e r  added f o r  c a l i b r a t i o n  purposes. 

3 The measurement o f  the  He was accomplished by t a k i n g  a  small known 

f r a c t i o n  (0.13%) o f  t he  gas released from the vaporized HAFM capsule,. be fore  
3 3  t h e  He sp ike  was added. A f t e r  t h e  He content  was measured w i t h  r e s ~ e c t  t o  
4 3 t h e  He, the  He sp ike  was added t o  the  remainder o f  t h e  gas sample, and t h e  

a l t e r e d  i s o t o p i c  r a t i o  was measured t o  prov ide  absolute concentrat ion.  Using 
3  4 t h i s  procedure, p rec ise  determinat ions were made o f  both He and He. 

3  As can be seen from Table 1, t h e  concentrat ions o f  He were th ree  t o  f o u r  
4 orders o f  magnitude less  than t h e  He. For 'OB, t h e  uncer ta in t i es  a t tached t o  

3  t h e  He measurements range from 5 t o  60%. These h igh  uncer ta in t i es  a r i s e  
3  because t h e  amount o f  He present i s ~ s m a l l ,  and t h e  mass. spectrometer was 

operated i n  an i n s e n s i t i v e  mode opt imized f o r  t he  prec ise  measurement o f  t he  
4 3  more-abundant He. Nevertheless,.. in a l l  cases t h e  amount o f  He released by 

3 t h e  boron HAFM's was found t o  be n e g l i g i b l e  compared t o  t h e  He c a l i b r a t i o n  

spike.  

The l a s t  column of Table 2  gives the  percentage o f  t r i t i u m  re ta ined  i n  
6  t h e  L i F  HAFM capsules through the nine-day i r r a d i a t i o n  and t h e  subsequent t ime 

p e r i o d  ( - 0 . 7 . t o  1.2 years) .  Since equal numbers o f  a - p a r t i c l e s  and t r i t i u m  
6 atoms are. formed by the  L i (n ,a ) t  reac t ion ,  t h e  r e t e n t i o n  o f  t h e  t r i t i u m  can be 

3 4 3  c a l c u l a t e d  from the He and He measurements i f  i t  i s  assumed t h a t  both t h e  He 
4 and He were t o t a l l y  contained. It i s  i n t e r e s t i n g  t o  note t h a t  f o r  t h e  8F4 

Pos i t i on ,  t he  percentage o f  t r i t i u m  t h a t  was re ta ined  dropped s t e a d i l y . f r o m  98% 

a t  t h e  -60.7 cm l o c a t i o n  ( coo les t )  t o  60% a t  the  +59.4 cm l o c a t i o n  ( h o t t e s t ) .  



il 4. Routi  ne Mass Spectrometer Procedures, Correct ions, and Accuracies 
. . . . ,. . . .. . 

4 3  Precise measurements o f  He were made by adding known amounts o f  He, t o  

the  vacuum furnace enclosure e i t h e r  immediately before o r  a f t e r  t he  vaporiza- 

t i o n  o f  the  HAFM. The 3 ~ e  spikes (-1.4 x  1016 atoms) were obtained by expanding 

and p a r t i t i o n i n g  a  known q u a n t i t y  o f  gas through a  succession o f  c a l i b r a t e d  

vo l  umes. The' mass spectrometer was repeatedly c a l  i brated f o r  mass f r a c t i o n a t i o n  
3  dur ing  each ser ies  of runs by analyz ing known mixtures o f  He and 4 ~ e .  Absolute 

uncer ta in ty ,  determined from the cumulat ive uncer ta in t i es  o f  sample weight,  

isotope r a t i o  measurement, and spike size, i s  est imated t o  be ~ 1 . 5 %  o f  t h e  

concentrat ion value f o r  t h i s  ser ies  o f  runs. 

A f t e r  measuring the t o t a l  amount o f  he1 ium released by vapor iz ing  t h e  H ~ M  

vanadium capsule and i t s  contents, i t  was necessary t o  c a l c u l a t e  the  contribu: 

. t i o n  t o  the  t o t a l  coming from the '  vanadium i t s e l f .  Since no empty vanadium : 
capsules were i r r a d i a t e d  w i t h  these HAFM's t o  g i ve  t h i s  in format ion,  t he  

, c o n t r i b u t i o n  was ca lcu la ted  using f l  uence data generated by mu1 t i p l e  f o i l s  . 

i r r a d i a t e d  a long .w i th  the  HAFM's i n  adjacent capsules. The co r rec t i ons  f o r  t h e  

vanadi um con t r i bu t i ons  t o  the  he1 i um were always small , ranging from a max<mum 

o f  0.8% f o r  core-center HAFM's t o  a  minimum o f  <0.001% f o r  b lanket  locati 'ons 

f a r  from the core. S i m i l a r  ca l cu la t i ons  were made f o r  t h e  small con t r i bu t i ons  
7 6  t o  the  hel ium product ion from the "F and L i  i n  the  L f F - c r y s t a l s .  The 

co r rec t i ons  f o r  "F ranged from a maximum o f  0.5% t o  q mi'nimum o f  l ess  than 
7 0.001%, and the  L i  cor rec t ions  were 100 times: less. than t h i s ;  Uncer ta in t ies  

in t roduced by a l l  these co r rec t i ons  were n e g l i g i b l e . '  

The he1 ium concentrat ions 1  i s t e d  i n  Tables 1 and 2 were ca l cu la ted  r e l a t i v e  
6  3  t o  the  number o f  'OB o r  L i  atoms present. I n  the  cases where no He measure- 

ments were made before the  spike.was added, adjustments .were made.to t h e  values 
3 o f  t h e  added He spikes using.ca ' lcu lated values. The adjustments were small i n  

every case, and .. . . the  . .  unce r ta in t j es  a r i s i n g  from them were negl i ' g i  b l  e  compared .. . t o  

unce r ta in t i es  a r i s - i ng  'from o ther  sources. . _ .  . 
-. . 

. . . . . 



0 EBR-II RUN 75 D 

A CFRMF RUN AI-3 
BIG-10 RUNS Al -1 ,2  

6 Figure 1. Comparison o f  'OB and L i  He1 ium Accumulation F l  uence ~ o n i  t o r s  . 
I r r a d i a t e d  i n  EBR-11, CFRMF and BIG-10 w i th  Pre l iminary  

SAND-I1 Calculated Neutron Mean Energy Values. 



5. Energy S e n s i t i v i t y  Demonstrated by B and L i  HAFM's. 

Table 3 l i s t s  the HEDL dosimetry capsules f o r  which both boron. and l i t 'h ium. 

HAFM's have been analysed. O f  p a r t i c u l a r  i n t e r e s t  i s  the s i x t h  column, which 
6 shows t ha t  the r a t i o  o f  the react ion ra tes  of 'OB and L i  var ies  between 1.63 

and 3.24. The r a t i o  i s  s t rong ly  dependent on loca t ion  w i t h i n  the  core and . . 

b lanket regions, being lowest a t  midplane, and highest a t  the  fur thest -out  . 

locat ion.  The l a s t  columns i n  Table 3 shows values o f  the mean neutron energy 

( c )  ca lcu la ted by HEDL based on pre l iminary  SAND-I1 unfolded neutron spectra 

using f lux- f luence informat ion obtained during the same EBR-I1 i r r a d i a t i o n .  

TABLE 3 

LOCATION AND ENERGY SENSITIVITY OF 1°B and 6~ i  HAFM'S I N  EBR-I1 

6 AS expected, the rmatio of the 'OB and L i  reac t ion '  ra tes  i s  s t rong ly  

dependent on T, as shown i n  Figure 1. The remarkably close 1 inear  f i t  o f  the 

data demonstrates the value of these two HAFM types as t o t a l  f luenbe and 

fluence-spectrum monitors. . . 
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Also p l o t t e d  i n  F igure 1 are  p re l im ina ry  r e s u l t s  from t h e  'benchmark 

f a c i  1 i t i e s  BIG-10 and CFRMF (see Sect ion I I .C) . The CFRMF datum f a l l s  very 

w e l l  among the  EBR-I1 da'ta. Contrary t o  t h i s  and as expected, t h e  data from 

t h e  two BIG-10 i r r a d i a t i o n s  f a l l  f a r  below t h e  1 i n e  because t h e  'neutron spectrum 

shape o f  t h i s  f a c i l i t y  i s  much d i f f e r e n t  from EBR-I1 and CFRMF 'below 40 keV, a 
6 reg ion  of importance t o  t h e  'OB ,and L i  (n,a) cross sect ions. simple c o r r e l a t i o n s  

o f  t h e  l0~l6~i r a t i o  w i t h  r . s h o u l d  be expected on ly  f o r  s i m i l a r  neutron spectr im 

compositions. I n  a1 1 cases, soph is t ica ted unfo ld ing  techniques (SAND-11 code) 

must be used. to  c o r r e l a t e  the  qinformation proper ly .  

. TESTING OF B AND L i  HAFM1s I N  STANDARD NEUTRON BENCH MAR^ FIELDS 

As p a r t  o f  Atomics I n t e r n a t i o n a l  I s  c o n t r i b u t i o n  t o  t h e  I n t e r l a b o r a t o r y  
6 LMFBR ~ e a c t i o n  Rate (ILRR) program, several i r r a d i a t i o n s  o f  'OB and L i  have 

been made i n  f o u r  separate standard neutron benchmark f a c i  1 i t i e s .  Numerous 

specimens from these i r r a d i a t i o n s  have now been analyzed f o r  helium, and t h e  

f i n a l  measurements a re  repor ted  here. Add i t i ona l  i r r a d i a t i o n s  o f  B and L i  i n .  . 

. two benchmark spectra a t  NBS have been i d e n t i f i e d  i n  t h e  ILRR program plans. A. 

f u r t h e r  i r r a d i a t i o n  o f  o ther  HAFM mate r ia l s  i n  t h e  Coupled f a s t  R e a c t i v i t y  

Measurements: Fac i l  i t y  . (CFRMF) , operated a t  h igher  power, i s  being .considered. 

The spectrum in teg ra ted  cross sec t i on  r e s u l t s  o f  t h e  measurements o f  t h e  
7 6 hel lum generated by the  l 0 ~ ( n , a )  L i  a n d  Li.(n,a)t  reac t ions  are  now being used 

t o  normalize e x i s t i n g  energy-dependent cross sec t ion  data f o r  LMFBR-type 

neutron spectr.a. These normal i zed  cross sect ions, when computed, w i  11 prov ide  
6 

. increased f l  uence accuracy f o r  'OB and L i  he1 i i m  accumulation f luence monitors 

(HAFM's) c u r r e n t l y  inc luded i n  f l u x  spect ra l  sets i n  EBR-I1 , BR2 (Belgium), PFR 

(Scot1 and), and Rapsodie (France). 

1. I r r a d i a t i o n  Condi t ions 

The f i r s t  two i r r a d i a t i o n s  o f  l o ~ . a ? d  6 ~ i  i n  t h e  1975-76 ILRR program . 

se r ies  were conducted i n  the  BIG-10 standard neutron f i e l d  a t  t h e  Los Alamos 

S c i e n t i f i c  Laboratory. Two small aluminum assemblies were used t o  ho ld  a 



, . - number. o f  '.OB, va ty ra l .  B ,  and ' L ~ F  bare c rys ta l s ,  and 12 m in ia tu re  capsules 

conta in ing  1°B o r  6 ~ i ~  c r y s t a l  1 i n e  powder. Each assembly was p,laced adjacent .  
. . . . 

t o  the  1oca t ion .o f  several o ther  experiments conducted by p a r t i c i p a n t s  o f  t h e  

ILRR program. Af ter  the  f i r s t  four i d e n t i c a l  ILRR program experimental i r r a d i -  

a t i o n  cycles, the  f i r s t  A 1  assembly was removed and. was replaced by a n  almost- 

identPca1 second assembly fo'r the  f i v e  remaining cyc les  i n  t h e  ser ies.  
. . . , 

. . 
The t h i r d  i r r a d i a t i o n  o f  another i d e n t i c a l  aluminum assembly w'ith t h e  same 

contents took p lace by i t s e l f ,  f o r  30 h r  a t  6 kw i n  t h e  CFRMF a t  the  Idaho 

Nuclear ~ n g i  nee r i  ng Laboratory (INEL). The f o u r t h  and f i f t h  i r r a d i a t i o n s  were 

conducted e s p e c i a l . 1 ~  f o r  the B and L i  HAFM's by the.CEN/SCK Laborator ies a t  

Mol, Belgium, i n  the  Sigma Sigma ( C C )  and F iss ion  Cav i ty  (TC) benchmark 

f i e l d s  o f  the  BR1 reactor .  

2. Measured Concentrations o f  Helium .. . 

6  The measured r e s u l t s  of 36 hel ium analyses o f  t h e  enrich-ed . .  . L iF,  n a t u r a l  
boron, and enr iched 1°B c rys ta l s  i r r a d i a t e d  i n  BIG-10 ( 2  runs) and CFRMF are 

6 
presented i n  the  f i f t h  and s i x t h  columns o f  Tables 4 and 5. . Three -6 mg, L i F  

c r y s t a l s  were inc luded i n  .each of t he  th ree  i r r a d i a t i o n s .  . As a r e s u l t  o f  t h e  

i r r a d i a t i o n s ,  these c r y s t a l s  contained enough he1 ium 4 4  atomic pa r t s  per  
4 b i l l  i o n  He) t h a t  each could be s p l i t  i n t o  two ( labe led A and B) f o r  accurate 

dupl i c a t e  analys is .  This ' s p l  i t t i n g  provided 'an o 'pportuni ty  t o  measure, i n  
4 3 a d d i t i o n  t o  the  important  He content, t h e  He content  accumu1,ated from decay- 

, , 

i n g  t r i t i u m  a l so  produ,ced as a r e s u l t  of t h e  (n,a) reac t ion .  I n  order  t o  : 
' CI -, 

measure the  ' ~ e ,  however, . . no ' ~ e  c a l i b r a t i o n  sp ike  could be added du r ing ' the -  
3 ' .  4' analys is ,  and the  absolute He and He contents were determined: ( w i t h  ' s l i g h t l y  

1 ess .acc"rhcy). :by ' & r e f  ul., compar,isori o f  mass spectrometer response b e f o r e  and 

a f t e r  t he  analys is .  . . .  

3. Se l f - sh ie ld ing  and Flux Depression Ca lcu la t ions  

The l a s t  column of Tables. 4 and 5 present t h e  hel ium concent ra t ion  data 

w i t h  p re l im ina ry  small cor rec t ions  made f o r  neutron s e l f - s h i e l d i n g  by t h e  



TABLE 4 - . . 
HELIUM GENERATEDIN 6 ~ i  F CRYSTALS BY BENCHMARK IRRADIAT IONS 

BIG-10 R6LiFlA 3.0941 
(A1 Run 1)  . 

~ 6 i i  FIB 3.1794 

R6Li F2 4.9174 

I r r a d i a t i o n  
F a c i l i t y  

. . 

BIG-10 R6Li F3A 2.8749 
(A1 Run 2) 

R6L.i F3B 2.4646 

. ,  . 
R ~ L ~ F I ~ B  3.2086' 

. . 

CFRMF R6Li F9A 2.8710 
( A 1  Run 3)  

R6Li F9B ' 2.6647 

Sample 
N um ber 

4 Number o f  He 
Atoms Re1 eased 

Sample 
Mass 
(ms 

 el ium Concentrat ion With 
Respect t o  6 ~ 3  

(appb) 

3He / ' ~ e  I 'He 
(Measured) . ( c ~ r r e c t e d ) ~ ~  

3 4 *Six samples were analyzed f o r  He 'as. .hel l  as He, r e s u l t i n g  i n  a s l i g h t  l o s s  o f  
absolute accuracy. . . . . 

tThree samples were etched t o  remove surface. L ~ F '  which i s  expected t o  have l o s t  
some he1 ium by a- reco i  1 . 

ttMeasured values have been adjusted f o r  neutron s e l f - s h i e l d i n g  and f l u x  depression 
us ing p r e l  imi'riary ca l cu la t i ons ,  'and f o r  t he  small c o n t r i b u t i o n  t o  t he  t o t a l  he1 ium 
generated by 1 9 ~ .  



. . 
TABLE 5 

HELIUM GENERATED I N  BORON SAMPLES BY BENCHMARK IRRADIAT IONS 

absolute accuracy i n  the 4 ~ e  measurement. 
tSeven samples were etched t o  d i f f e r e n t  known degrees, t o  remove surface boron expected 

t o  have l o s t  helium by a - reco i l ,  and t o  measure neutron se l f -sh ie ld ing .  
ttMeasured values have been adjusted f o r  neutron se l f - sh ie l d i ng  and f l u x  depression 

using p re l  iminary ca lcu la t ions  (see t e x t ) .  

4 Number o f  He 
Atoms Released 

1 . 9 2 4 ~ 1 0 ~ ~  

2.503 x 10'' 

2.610 x 10'' 

1 . 2 0 1 ~ 1 0 ~ ~  

7.612 x 10'' 

5.176 x 1011 

3.676x1011 

3 .284x1011 

3.002 x 10'' 

2.764 x 10'' 

1.459 x 1012 

7 . 6 7 5 ~ 1 0 "  

7.342 x 1011 

7.799 x lo1' 

9.484 x 10'' 

7.411 x 1011 

8.120 x 1011 

9.183 x lo1' 
2.309 x 1012 

1.182 x lo1' 
1.577 x 1012 

-1.44 x 10 l2 

appb), r e s u l t i n g  

I r r a d i a t i o n  
Fac i l  i t y  

BIG-10 
(A1 Run 1 )  

BIG-10 
(A1 Run 2) 

CFRMF 
(A1 Run 3) 

*Sample R10B50 

4 ~ e  Concentration With 
Respect t o  1 0 ~  

. 
Measured 

Values 

5.926 

5.9047 

5.906 

5.810 

5.817 

5.875 

7.512 

7.4767 

7.358 

7.497t 

7.281 

7.308 

7.267 

7.342t 

15.47~ 

15.47 

15.40 

15.55~ 

14.76 

14.66 

14.887 

-14.88" 

i n  a s l i g h t  

'OB I so top i c  
Enrichment 

19.80 

19.80 

19.80 

95.6 

93.0 

93.0 

19.80 

19.80 

19.80 

19.80 

95.6 

93.0 

93.0 

93.0 

19.80 

19.80 

19.80 

19.80 

95.6 

93. U 

93.0 

93.0 

was a lso  

(appb) 
Corrected 

~ a l  ues t t  

5.998 

5.976 

5.978 

5.910 

5.918 

5.977 

7.603 

7.567 

7.447 

7.588 

7.407 

7.434 

7.393 

7.469 

15.61 

15.60 

15.54 

15.69 

15.23 

15.10 

15.32 

-15.32* 

loss  o f  

Sample 
Number 

RNB5 

RNB6E 

RNB12 

RlOB1 

R10B41 

R10B42 

RNB7 

RNB8E 

RNB9 

RNB14E 

R10R3 

R10B44 

R10B45 

R10B48E 

RNBllE 

RNBl3 

RNB15 

RNB16E 

R10B18 

R10B47 

R10B49E 

R10B50 

analyzed f o r  

Mass 
(mg ) 

2.9438 

3.8439 

4.0066 

3.6106 

2.3555 

1.5856 

4.4364 

3.9819 

3.5992 

3.3432 

3.5012 

1.8901 

1.8184 

1.3120 

5.5537 

4.3437 

4.7799 

5.3543 

2.7334 

1.4514 
1.9070 

1.7381 

3 He (0.0003 



c r y s t a l s ,  and fo r  f l u x  depression caused by t h e  presence o f  t h e  whole i r r a d i a t i o n  

package. The l i s t e d  hel ium concentrat ion l e v e l s  are  those t h a t  would have 

accumulated i n  an i n f i n i t e s i m a l l y  small sample had the re  been no A1 i r r a d i a t i o n  

package o r  nearby f i s s i o n  chamber present dur ing  t h e  i r r a d i a t i o n .  The f l u x  

depression and se l f - sh ie ld ing  cor rec t ions  were ca lcu la ted by G. E. Hansen 

(LASL) f o r  t h e  BIG-10 i r r a d i a t i o n s ,  and by E .  P. L i p p i n c o t t  (HEDL) f o r  CFRMF. 

I n  the  case o f  the  BIG-10 i r r a d i a t i o n s ,  t h e  co r rec t i ons  range from 1.2% for  

n a t u r a l  boron, t o  1.7% f o r  enr iched 1°B. I n  t h e  case o f  t h e  CFRMF run, the  
6  co r rec t i ons  ranged from 1.0% ( f o r  L i F )  t o  3.2% ( f o r  t h e  b iggest  c r y s t a l s  o f  

enr iched 1°B). Un l i ke  the  BIG-10 case, however, no c o r r e c t i o n  i s  inc luded fo r  

f l u x  depression by the  i r r a d i a t i o n  chamber wa l l s .  Since t h e  chamber was 

present  du r ing  a l l  t he  r e a c t o r  runs, whether o r  no t  t h i s  c o r r e c t i o n  i s  made has 

l i t t l e  e f f e c t  on the  f i n a l  r e s u l t s ,  as l ong  as i t  i s  used cons is ten t l y  fo r  a l l  

t h e  d i f f e r e n t  ILRR program t e s t  experiments i n  t h a t  reac tor .  

Examination o f  t h e  measured data i n  Table 5 shows t h a t  t h e  h igher  enr ich-  

ments o f  1°B d i d  have lower hel ium concentrat ions, bu t  t h e  s e l f - s h i e l d i n g  

co r rec t i ons  do n o t  b r i n g  the  data i n t o  c.omplete agreement w i t h  t h e  na tu ra l  

boron (19.8% 1°B) data. For CFRMF, where the  discrepancy i s  l a rge r ,  ca l cu la -  

t i o n s  i n d i c a t e  there  should have been a  2.2% d i f fe rence.  between t h e  enriched 

'OB and t h e  measured na tu ra l  boron r e s u l t s  due t o  se l f - sh ie ld ing .  I n  ac tua l  

fact ,  t h e  measured d i f ference,  was 4.8%; and as a  r e s u l t ,  t he re  i s  s t i l l  a  

2.6% d i f f e rence  between the -  1°B and n a t u r a l  boron data a f t e r  t h e  se l  f - s h i e l d i n g  

co r rec t i ons  have been made. For the  BIG-10 r e s u l t s ,  t h e  res idua l  d i f f e r e n c e  i n  

t h e  se l f - sh ie ld ing -co r rec ted  r e s u l t s  i s  on l y  1.3%. 

6 To he lp  study the  s e l f - s h i e l d i n g  phenomenon, th ree o f  t h e  L i F  c r y s t a l s  

and seven o f  the  boron c r y s t a l s  were etched t o  remove .a sur face layer ,  p r i o r  t o  

he1 i um ana lys is .  The removed outer  layer  i s  expected t o  have been' s l  i g t i i l y  

depleted i n  he1 ium due t o  a - r e c o i l  . The remaining ma te r ia l  , however, represent- 

i n g  t h e  i n t e r i o r  p a r t  o f  t he  c r y s t a l ,  i s  known t o  have experfenced greater  

neutron s e l f - s h i e l d i n g .  A  comparison o f  t he  hel ium concentrat ion i n  t h e  etched 

samples w i t h  the  unetched samples therefore provided informat ion on both 

phenomena, whlch both  decrease the  measured helium. The r e s u l t s  i n  Tables 4 



and 5  show t h a t  the  etched samples have very s i m i l a r  hel ium concentrat ions; 

being on the average, on ly  0.6% h igher  than t h e  unetched specimens. E f f o r t s  

must be made t o  improve the  se l f - sh ie ld ing  and a - r e c o i l  co r rec t i on  ca l cu la -  

t ions ,  before r e p o r t i n g  f i n a l  hel ium generat ion resu l t s .  

6  small add i t i ona l  cor rec t ions  t o  t h e  L i F  r e s u l t s  were made t o  account f o r  

t hk .he l  ium generated by the  "F. For the  BIG-10 i r r a d i a t i o n s ,  SAND-I1 code 

cor rec t ions  ca lcu la ted by E. P. L i p p i n c o t t  (HEDL) amounted t o  on ly  0.36%, and 
7  f o r  CFRMF, t o  0.52%. A co r rec t i on  f o r  t h e  hel ium generated by t h e  L i  i n  the  

6  99.1% enriched L i F  was n e g l i g i b l e .  

4. ~ e a c t l o n s  per 'OB and 6 ~ i  Nucleus 

Despite the  small unce r ta in t i es  remaining i n  t h e  s e l f - s h i e l d i n g  and 

a - r e c o i l  cor rec t ions ,  t he  r e s u l t s  i n  the  f i n a l  columns o f  Tables 4  and 5  a re  i n  

exce l l en t  agreement. The weighted average values f o r  t h e  numbers o f  reac t ions  

per  'OB nucleus are  (5.960 t0.036) x  lo-', (7.489 r0.085) x lo-' and (15.44 

k0.22) x  lo-' f o r  t he  BIG-10 Run 1, BIG-10 Run 2  and CFRMF Run 3  i r r a d i a t i o n s ,  
. z 

respect ive ly .  The equ iva lent  weighted average values f o r  6 ~ i  are, respec- 
, * 

t i v e l y :  (4.195 k0.028) x  lo-', (5.249 k0.054) x lo-' and (8.075 k0.051) 
" .,, 

x lo-' reac t ions  per  6 ~ i  nucleus. From these data, t h e  r a t i o s  o f  t h e  reac t ions  
6  ( o r  spectrum in teg ra ted  helium product ion cross sect ions)  f o r  'OB and L i  a re  

1.424 k0.004 f o r  BIG-10, and 1.912 k0.012 f o r  CFRMF. These r a t i o s  a re  p l o t t e d  

i n  F igure 1 versus F, the  mean neutron energy, f o r  comparison w i t h  t h e  EBR-I1 

HAFM data described i n  Sect ion 1I.B o f  t h i s  repo r t .  

Important co r re la t i ons  o f  these numbers w i t h  t h e  measured f i s s i o n  r a t e  o f .  

2 3 5 ~  and w i t h  the  d e t a i l e d  neutron spectra obtained f o r  these benchmark read to rs "  

w i l l  be ' inc luded i n  a  f u t u r e  repor t .  A t  t h i s  t ime i t  can be said, however, 
' 

t h a t  the'CFRMF r e s u l t s  f o r  'OB w i t h  respect  t o  2 3 5 ~  are  very c lose t o  those 

publ ished e a r l i e r  by t h i s  laboratory.*  

*"Helium Product ion Cross Sect ion of Boron fo r  Fast-Reactor Neutron Spectra," 
by H. Far rar  I V ,  W .  N. McElroy, and E .  P. L ipp inco t t ,  Nucl. Tech. - 25 305 (1975). 



5. Est imated Uncer ta in t ies  

The measured values o f  hel ium concentrat ion l i s t e d  i n  Tables 4 and 5 have 

an est imated absolute 10 uncer ta in ty  o f  1%. The f i n a l  weighted average values 

have a r e l a t i v e  uncer ta in ty  of b e t t e r  than 0.6%. These uncer ta in ty  l e v e l s  are 
6 supported by t h e  f a c t  t h a t  t he  average he1 ium product ion l e v e l s  f o r  L i  and 1°B 

a r e  p ropor t i ona l  t o  the  t o t a l  neutron f luences,  f o r  t h e  two BIG-10 i r r a d i a t i o n s ,  
6 t o  w i t h i n  0.2% f o r  L i  and t o  w i t h i n  0.6% f o r  1°B. 

. , 

Al though some f u r t h e r  co r rec t i ons  f o r  s e l f - s h i e l d l n g  and a - r e c o i l  must 

s t i l l  be made, they are  expected t o  change t h e  r e s u l t s  very l i t t l e .  Also, 

s ince the  co r rec t i ons  w i l l  be app l ied  b.oth t o  the. boron and l i t h i u m  f l u o r i d e  

r e s u l t s ,  t h e  changes are expected t o  have an even smal ler  e f f e c t  on t h e  quoted 

' O B / ~ L ~  r e a c t i o n  r a t i o s .  

Vanadium Capsules I r r a d i a t e d  i n  BIG-10 and CFRMF. 

. . . ;  6  ~ w e l v e  m in ia tu re  capsules c o n t a i ~ i n g  1°B and L i F  c r y s t a l l  i n e  powder made 

up t h e  bu lk  of ' t h e  mater ' ial  t h a t  was inc luded by A 1  i n  each o f  t h e  BIG-10 and 

CFRMF i r rad i :a t i ons .  'She purpose' o f  the encapsulatfon was t o  prevent l o s s  o f  

hel ium . . f rom the mater ia ls  i n  the  u n l i k e l y  ev,ent t h a t  hel ium.would d i f f u s e  
, 

s i g n i f i c a n t l y  a t  t he  ambient temperatures o f  t h e  i r r a d i a t i o n s .  

P r i o r  t o .ana lyz ing  the  i r r a d i a t e d  capsules, f o u r  un i r rad ia ted  capsules. 
. . 

from' t h e  same manufactured l o t s  were r o u t i n e l y  analyzed f o r  he1 ium t o  determine 

inst rument  background under the  same ana lys is  condi t ions.  Unexpectedly, a1 1 
6 four capsules (two conta in ing  L i F ,  one w j t h  'OB, and one empty) released 

he l ium i n  q u a n t i t i e s  ranging from 3 x 10'' t o  3 x 10 l2  atoms, where no detec tab le  

amounts were expected. Such l e v e l s  o f  he1 Sum would be o f  1 i t t l e  consequence t o  
4 HAFM1s i r r a d i a t e d  i n  EBR- I I, where 1015 atoms o f  He a r e  usual l y  generated (see 

Sect ion  I I .B) ,  but  .are very important  t o  t h e  low- level  benchmark t e s t s  f o r  . 

which the  capsules were intended. I n  f a c t ,  no more than 1 t o  3 x 1012 atoms o f  

4 ~ e  were expected t o  have been generated i n  each capsule by t h e  BIG-10 and 

CFRMF i r r a d i a t i o n s  .. 



I nves t i ga t i ons  were then made i n t o  t h e  source o f  t h e  hel ium i n  t h e  u n i r r a d i -  
6 a t e d  caps;les. It was a l ready  known' t h a t  t h e  L i F  and 'OB c r y s t a l l i n e  ma te r ia l s  

had 1  i t t l e ,  if any, he1 ium i n i t i a l l y .  Subsequent analyses o f  s i n g l e  c r y s t a l s  
6 of .. ,l0B . and L i F  revealed undetectable l eve ls .  I n  order  t o  remove any poss ib le  

hel ium from the boron, moreover, t h e  o r i g i n a l  batch had been melted under . 

vacuum u s i  ng an e lec t ron  beam furnace. A1 though s p e c i f i c a t i o n s  i nd i ca ted  t h a t  

hel ium could no t  be used dur ing  any step o f  t h e  processing, i t  was subsequently 

found . that  t he  vanadium used t o  manufacture t h e  HAFM capsules had come from two 

l o t s ,  one o f  which ,had been t rea ted  w i t h  argon, bu t  t h e  o ther  had been arc-  

melted under one atmosphere o f  he1 ium. 

The n e t  r e s u l t  o f  t h i s  helium/argon processing d i f f i c u l t y  i s  t h a t  none o f  

t h e  spec ia l  vanadium HAFM capsules manufactured i n  1974 s p e c i f i c a l l y  f o r  t e s t i n g  

i n  benchmark f a c i l i t i e s ,  may be used f o r  low- level  f luence i r r a d i a t i o n s .  As 

mentioned e a r l i e r ,  these low- levels o f  hel ium w i t h i n  t h e  vanadium mate r ia l  a re  

n e g l i g i b l e  compared w i t h  the  hel ium generated by t h e  1°B and 6~ i  i n  EBR-I1 

i r r a d i a t i o n s .  Nevertheless, t he  planned s tud ies  o f  hel ium d i f f u s i o n  through 

t h e  wa l l s  o f  EBR-I1 i r r a d i a t e d  HAFM's w i l l  be discont inued because t h e  measure- 

ments would be confused by the  hel ium al ready w i t h i n  t h e  wa l ls .  

' . 
7.- , .  T r i t i u m  ~ e t e r k i n e d  by 3 ~ e  Bui ldup 

. . 
3 6 

, The measured He data i n  the  s i x  L i F  samples analyzed f o r  t h i s  i so tope 
3 were compared w i t h  the  computed He t h a t  decayed from t r i t i u m  produced as a  

3 4 r e s u l t  of t h e  ' ~ i ( n , a ) t  reac t ion .  The r e s u l t s  show t h a t  t h e  He/ He r a t i o .  was 

equal t o  t h e  expected value t o  w i t h i n  the  -10% uncer ta in t i es  ofthemeasurementof 

3 ~ e  i n  the 4 x  10- lo  atom f r a c t i o n  regime. 

8. ' Discussion o f  Helium D i f f u s i o n  

Even though the  capsules inc luded i n  t h e  benchmark i r r a d i a t i o n s  could no t  

be used, the re  i s  evidence i n d i c a t i n g  t h a t  t h e  bare c r y s t a l s  l o s t  n e g l i g i b l e  

amounts of helium, and t h a t  therefore encapsulat ion was unnecessary. F i r s t ,  

t h e  comparisons o f  encapsulated and unencapsulated boron specimens i n  an e a r l i e r  



CFRMF i r r a d i a t i o n  i n d i c a t e d  encapsulat ion was unnecessary.   he p o s s i b i l i t y  o f  

l o s s  o f  hel ium from the  bare c r y s t a l s  due t o  d i f f u s i o n  i s  thought t o  be un l i ' ke ly  

because t h e  a i r  surrounding the  'c rys ta ls  a l ready conta ins a hel ium concentrat ion 

greater ,  i n  several cases, than t h a t  generated w i t h i n  t h e  c rys ta l s .  In-leakage 

f rom t h e  a i r  i n t o  u n i r r a d i a t e d  c r y s t a l s  has, moreover, been determined by 
3 measurements t o  be nonexistent.  Furthermore, t h e  concentrat ions o f  He i n  the  

6 ~ i ~  c r y s t a l s  are cons is ten t  w i t h  the  concentrat ions o f  4 ~ e .  That i s ,  t h e  
3 r e s u l t s  i n d i c a t e  t h a t  t he  He i s ,  w i t h i n  uncer ta in t i es ,  what would be expected 

6 if a l l  t h e  t r i t i u m  and a l l  t h e  hel ium formed simultaneously by t h e  L i  (n,a)t 

r e a c t i o n  had been re ta ined  i n  the c rys ta l s .  I f  there  had been any d i f f u s i o n  o f '  

e i t h e r ,  i t  might be expected t h a t  t h e  l oss  would be q u i t e  d i f f e r e n t  f o r  hel ium 

than i t  would be f o r  isotopes of hydrogen. 

One hundred eleven m in ia tu re  s ta in1  ess s tee l  he1 i um accumulation f'l'uence 
6 moni to r  (HAFM) capsules conta in ing  e n r i c h e d  1°B and L i  F c r y s t a l s  have been 

prepared f o r  use i n  LMFBR and CTR neutron environmentaq ,charac ter iza t ion  

s tud ies .  These capsules were made a t  Atomics I n t e r n a t i o n a l  both f o r  t h i s  

program and f o r  a companion ERDA - D i v i s i o n  o f  Magnetic Fusion Energy program, 

"He1 i um Generation i n  Fusion Reactor Ma te r ia l s  ,'I t o  charac ter i ' te  f a s t  reac to r  

neutron spectra f o r  very low f luence s i t u a t i o n s .  I'he capsules were made con- 
s i d e r a b l y  l a r g e r  than those c u r r e n t l y  used i n  opera t ing  f a s t  reactors,  and t h e  

amount o f  boron o r  1 i t h i u m  f l u o r i d e  was maximized. r a t h e r  than minimize'd, - t o  

p r o v i d e  an optimum amount of hel ium f o r  p rec ise  measurements. The ''8 and ' L ~ F  
6 cap iu l  es contained, r k i p e c t i v e l y ;  -54 and -16 mg of  t h e  isotopes 1°B dnd L i  . ' , 

4 I n  order  t o  generate enough hel ium ( - 10" atoms He) fo r  p rec ise  ( -1- 

2% l c r )  measurements, an LMFBR spectrum neutron f luence o f  only 2 t o  7 x 10 13 

2 neutrons/cm i s  required.  Even fluence l e v e l s  o f  on l y  2 t o  7 x 1012 neutrons/ - 
2 6 cm w i l l  g i v e  l ess  than 10% uncer ta in t i es  i n  the  measured 1°B and L i  redc t i on  

ra tes .  This makes these HAFM' s usefu 1 f o r  f 1 u x / t  l uence-spectrum measurements ' 

i n  low-power mockup f a c i l i t i e s  such as the  Engineering C r i t i c a l  Mockup (ECM) and 

t h e  Zero Power Plutonium Reactor (ZPPR). 



The impetus f o r  manufacturing the  low-fluence and 6 ~ i ~  HAFM's was t h e  

spec ia l  benchmark i r r a d i a t i o n  provided by CEN/SCK (Mol, Belgium) as a p a r t  o f  

t h e  ILRR program. D e t a i l s  of t h i s  experiment were worked ou t  by personnel from 

A I ,  HEDL and CEN/SCK dur ing  a v i s i t  t o  Belgium i n  September 1975. The s imul-  

taneous 100-hour i r r a d i a t i o n s  o f  30 o f  these HAFM's t h a t  took p lace i n  t h e  

F i ss ion  Cavi ty  ( 7 2 )  and the  very we1 1-character ized Sigma Sigma (CC) f a c i l  i t y  

o f  t h e  BR1 reactor  w i l l  prov ide important  (n, a ) cross sec t i on  v e r i f i c a t i o n  f o r  

these two standard isotopes. The f a c t  t h a t  a l l  t h e  HAFM's were manufactured i n  

a s i n g l e  batch w i l l  maximize the  accuracies o f  f u t u r e  experimental comparisons 

between o ther  f a s t  neutron environments and t h e  C C  and F iss ion  Cav i ty  standard 

neutron f i e l d s .  

E. PENETRATION OF HELIUM INTO TYPE 316 STAINLESS STEEL 

1. Helium P r o f i l e s  i n  Fueled Cladding 

Experiments described i n  the  previous semi-annual r e p o r t  (AI-ERDA-13167) 

revealed a s i g n i f i c a n t  enhancement o f  helium on t h e  i nne r  surfaces o f  fue led 

c ladding . To b e t t e r  understand these f ind ings ,  add i t i ona l  c ladding samples 

wereprepared and analyzed f o r  helium under a con t rac t  w i t h  HEDL. Specimens o f  

tub ing were manufactured from N- lo t  p ro to typ i c  FFTF 20% cold-worked Type 316 

s t a i n l e s s  s tee l ,  and were i r r a d i a t e d  i n  EBR-I1 as a p a r t  o f  t h e  FFTF D r i v e r  

~ u e l .  ~ e v e l o ~ m e n t  Program a t  HEDL*. The samples were selected by C. W .  Hunter 

and G. D. Johnson (HEDL) from d i f f e r e n t  f u e l  p ins  t o  examine the  e f f e c t s  o f  

a x i a l  l o c a t i o n  i n  the  pin, and the  e f f e c t s  o f  f u e l  and c ladd ing composition. 

Ring samp1.e~ were taken from nearby l oca t ions  a t  t h e  bottom o f  a f u e l  column. 

One was adjacent t o  enriched fue l ,  a second was next  t o  the  depleted uranium 

i n s u l a t o r ,  and a t h i r d  was adjacent t o  t h e  Inconel-600 r e f l e c t o r .  Other 

c laddiny r i n y s  were selected f o r  other var iab les  i nc lud ing  v a r i a t i o n s  i n  

n i t rogen  and boron composition, and d i f f e rences  i n  c lad  temperature. I n  .each 

case, t h e  r i n g  o f  cladding was c u t  i n t o  -10 layers us ing a l a t h e  i n  a HEDL hot  

*J. E. Hanson and W .  E. Roake, "FTR D r i v e r  Fuel Development Program Status," 
i n  Proc. ANS Fast Reactor Fuel Element Technology, pp 497-515 ( A p r i l  1971). 



c e l l  t o  pe rm i t  measurements o f  the  hel ium p r o f i l e s  across t h e  w a l l  thicknesses. 

For each r i n g ,  samples represent ing t h e  f u l l  th ickness were .a1 so prepared t o  

p rov ide  t h i  helium concentrat ions averaged over t h e  f u l l  w a l l  o f  t h e  cladding. 

S i x  c ladd ing r i n g s  were c u t  i n t o  a t o t a l  o f  66 layers,  each cons is t i ng .o f  

several  submi 11 igram s i z e  tu rn ings .  For each layer ,  t h e  tu rn ings  were washed 

i n  warm water w i t h  u l t r a s o n i c  v ib ra t i on .  Two pieces were then selected under 

o p t i c a l  microscope f o r  u n i f o r m i t y  o f  thickness and c lean appearance, and were 

weighed i n  prepara t ion  f o r  mass spectrometr ic he1 ium ana lys is .  Over one 

hundred o f  these specimens, represent ing t h e  loca't ions o f  g reates t  i n t e r e s t ,  

were analyzed f o r  he1 ium. Add i t i ona l  specimens o f  Type 316 s ta in1  ess ,s tee l  

w i r e  wrap from the same c ladd ing loca t ions  were f i r s t  counted r a d i o m e t r i c a l l y  
54 t o  determine the  54~e(n ,p)  Mn reac t ion ,  and were then analyzed f o r  t h e i r  

hel ium concentrat ions.  D e t a i l s  o f  these f i nd ings  w i l l  appear i n  a HEDL annual 

r e p o r t .  

The r e s u l t s  o f  a l l  these experiments showed t h a t  a considerable enhance- 

ment (mbre than a f a c t o r  o f  two) o f  hel ium occurred i n  the  f i r s t  one o r  two 

m i l s  o f  t h e  i n s i d e  c ladding surface. ' These r e s u l t s  a re  cons is ten t  w i t h  those 

repor ted  i n  t h i s  program's previous semi -annua I '  repor t .  A s u r p r i s i n g  new f i n d ,  

however, i s  t h a t  a l a rge  'helium gradient  occurred a t  a l o c a t i o n  we l l  below . . t he  

fuel  column, nex t  t o  the  Inconel-600 r e f l e c t o r .  He1 ium concentrat ions o f  up t o  

50 appni were measured i n  samples taken from t h e  innermost 0.3 m i l s  6 f  c ladding 

a t  t h i s  l oca t ion .   his i s  over 11 times greater  than t h a t  p red ic ted and t h a t  

measured i n  cen t ra l  and outer  regions o f  t h e  c ladd ing a t  t h e  same a x i a l  l oca t ion .  

The p a r t i c u l a r l y  h igh  concentrat ion i s  undoubtedly due i n . p a r t  t o  t h e  prob- 
. . ,  

a b i l i t y  t h a t  t h i s  sample was an e x t r a - t h i n  inner  sur face layer .  A t  t h i s  

l oca t ion ,  however, t he  d i r e c t  imp lanta t ion  o f  hel ium from t h e  f i s s i o n  brocess . 
. , 

( t e r n a r y  f i s s i o n ) ,  which was the  ' f i r s t  e x p l a n a t i o n  f o r  t h e  enh&%ments, 

cou ld  no t  have occurred. A probable explanation, g iven the  new r e s u l t s ,  i s  

t h a t  hel ium i s  bu r ied  i n  t h e  s u r f a c e  by e l a s t i c  neutron c o l l i s i o n s  w i t h  t h e  p i n  . . 

helium. It i s  then poss ib le  t h a t  f u r t h e r  permeation i n t o .  t h e  c ladding i's 

enhanced by neutron displacement mechanisms. These mechanisms w i l l  be discussed 

i n  s e c t i o n s  11 .~. ,4,  a f t e r  o ther  re levant  experimental data have been presented. 



2. . Penetrat ion o f  Pressurized Helium i n t o  Unfueled I r r a d i a t e d  316 SS 

The r e s u l t s  o f  hel ium analyses made on . th i s  program us ing N-2 Lot,  20% 

co l  d-worked Type 316 s ta in less  s tee l  pressur ized creep tub ing  suppl ied by 

E. R. G i - lber t  from HEDL's Stressed Cladding I r r a d i a t i o n  Experiment a re  presented 

i n  Table 6. The f i r s t  f o u r  samples were i r r a d i a t e d  w i t h  s t a t i c  sodium on each 

s ide  o f  the  tub ing wa l l  a t  various l oca t ions  and temperatures i n  EBR-I1 Sub- 

assembly X157-X157A. The f i f t h  sample (GE) was i r r a d i a t e d  a t  a nearby l oca t ion ,  

and a t  t he  same t ime as.Sample CM, bu t  i t  consisted o f  a sealed tube conta in ing  

hel ium pressur ized t o  1780 p s i  a t  reac to r  temperature. It i s  ev ident  from t h e  
r e s u l t s  i n  Table 6 t h a t  the  presence o f  pressur ized hel ium r e s u l t e d  i n  a 

f a c t o r  o f  t e n  increase i n  the hel ium concentrat ion i n  the  wa l l ,  when averaged 

over the.  f u l l  tubing thickness from which t h e  samples were taken. , 

. . 

. . TABLE 6 
HELIUM IN PRESSURIZED AND UMPRESSURIZED TYPE 316 SS . 

IRRADIATED TUBING FROM S/A XI57 -47 3 

. . 

sample 
Number 

CR-A 
B 
C 

EV-A 
B 

DK-A 
B .  , . 

CM-A 
B '  

. . 

GE*-A 

. , 

Mass 
(mg) 

1.1254 
1.4451 
2.4565 

1.0321 ' 
1.3496 

0.8503 
1.0994 

1.5075 
1.0790 

1.2407 
1.4577 3 0.9012 -- .. .. . - . 

*Sample GE was' i r r a d i a t e d  under ve ry  s i m i l a r  c o n d i t i o n s  t o  Sample CM b u t  had an i n t e r n a l  
he1 ium pressure  of ,  178.0 p s i .  

, . 
.'. . 

. . 

-~ 

> 

r 
(MeV) 

0.38 

0.38 

0.78 

0.78 

0.78 

Loca t ion  

R 
(cm) 

17.7 

'17.7 

17.7 

17.7 

14.3 
7.15 
7.98 

. 

Neutron F l  uence 
2 ( nlcm 

T 

(Oc) 

377 26: 

377 26 

577 +28 

577 228 

577 +28 

- z 
(cm) 

-28.6 

. -28.6 ' 

+3.81 

+3.81 , 

+3.81 
k0.65 

a '  

T o t a l  

. 0.19 

0.77 
. . 

1.84 

0.45 

0.49 

>0.1 MeV 

0.13 . 

0.5 

1.6 

0.40 

0.43 

Y 
.He1 ium Concent ra t ion  

( a ~ ~ m )  
Measured 

Values 

0.160 
-0.18 

0.161 

0.718 
0.713 

3.13 
3.15 

0.774 
0.765 

8.43 

I -. 8 +  

Weighted . , 4 b!. 
. Average 

'1 .' 'Q 
I,> . 

0.161 
+O. 001 

r ', 4:. 

0.715 
+O. 003 . 

3.'14 
k0.01 

0.769 
k0.006 

7.85 



The measurements on fue led  c.laddi.ng, as discussed ea r l  i e r  i n  Section I1 .E .l, 

where steep helium gradients.were observed on the  inner  surfaces o f  the c ladding 

adjacent t o  the plenum gas, would sugges t t ha t  much o f  the add i t i ona l  helium i n  

t h i s  unfueled pressurized tube might' be w i t h i n  a l aye r  c lose t o  the' inner  

surface..   his helium was nevertheless bur ied w i t h i n  the mater ia l  because the  

tub ing speci'mens were cleaned f o r  two minutes i n  concentrated n i t r i c  acid, and 

were s tored under h igh vacuum for  several hours before they were analyzed for  

he1 ium. Mu1 t i p l e  analyses o f  the specimens confirmed the f i nd ings  i n .  Table 6, 

p rov id ing  a r e p r o d u c i b i l i t y  of 0.5% f o r  t h i s  ser ies  of runs. Absolute accuracy 

o f  any ind iv idua l  helium measurement i s  estimated t o . b e  be t t e r  than 2% o f  the : 

concentrat ion value. 

An add i t i ona l  out,come o f  those resu l t s  i n  Table 6 where no helium pressur i -  

za t i on  occurs shows that ,  as expected, the co r re l a t i on  o f  he1 ium concentrat ion 

w i t h  f luence >0.1 MeV i s  b e t t e r  than t he  co r re l a t i on  w i t h  t o t a l  neutron fluence. 

Add i t iona l  ca lcu la t ions ind ica te  t h a t  the ,helium concentrat ion i s  i n  c loser  

p ropor t ion  t o  neutron f luence >1 MeV, i n  conformity w i t h  the know1,edge t h a t  

most o f  t he  he1 ium generated by (n ,a) react ions w i t h i n  the  s t e e l  r esu l t s  'from 

neutrons above t h i s  energy. 

3. Penetrat ion o f  Pressurized Helium i r i t o  Uni r rad ia ted 316 SS 

Two c y l i n d r i c a l  tubes o f  .p ro to typ ic  Type 316 s ta in less  s tee l  were f i l l e d  

w i t h  hel ium t o  g ive 2000 ps i  pressure a t  t e s t  temperature. These tubes were 

then heated by E. R. G i l  b e r t  (HEDL) f o r  600 hours i n  an argon-f i  l l e d  oven; 
Capsule BC a t  570'~ (1055'~) and Capsule HF a t  760'~ (1400'~). The cy l i nders  

were pierced a f t e r  t h i  s  h i  gh-temperature bake, but  on ly  t h e  lower temperature 

capsule (BC) gave an audib le release o f  helium. This l a t t e r  f a c t  i s  consistent  

w i t h  the HEDL observation t h a t  Capsule HF ceased increasing i n  diameter a f t e r  

300 tir tes t ing ,  and is,presumed t o  have l o s t  i t s  pressur iza t ion a t  t h a t  t ime. 

Helium measurements were conducted on Sections o f  the 0.015 i n .  t h i c k  wal ls  

of both capsules. When helium was found i n  the wal l  o f  the  lower temperature 

(570'~) Capsule BC (even though no neutron i r r a d i a t i o n  had occurred) , fu r the r  



pieces o f  tubing were, prepared using a l a t h e  so t h a t  a p r o f i l e  o f  hel ium a t  . . 
var ious r a d i a l  lbca t ions  could be obtained. I n  a d d i t i o n  t o  these sa ip les ,  a 

s i . n i l&  p iece o f  the  same l o t  o f  s ta i t i l ess  s tee l  t h a t  was completely enclosed 

w i t h i n  the  h igher -temperature (760'~) Capsule HF was a1 so analyzed f o r  he1 ium. 

I n  t h i s  case,. t he  pressur ized hel ium bathed'both sides o f  t h e  metal , . a t  l e a s t  

f o r  t h e  f i r s t  300 h r  ;before l oss  o f  p ressur iza t ion .  Helium measurements o f  t h e  

i n t e r i o r  o f  t h i s  p iece were made by analyz ing t h e .  -5 m i l  t h i c k  p iece remaining 

a f t e r  f i l i n g  o f f  t h e  outer  5 m i l s  on each side. 

The r e s u l t s  of the hel ium analyses are  given i n  Table 7, where i t  can be 
' 

seen t t ia f '  s i g n i f i c a n t  amounts o f  hel ium were measured on ly  i n  t h e  lower tempera- 

t u r e  Capsule BC. By analyzing on ly  the  innermost 1.5 m i l  surface, a hel ium 

concentrat fon o f  6.18 appm was measured, whereas t h e  c e n t r a l  and outermost 

l aye rs  contained on ly  -0.001 appm. TWO " f u l l  th ickness" specimens o f  cap-" . . 

su le  BC tub ing gave hel ium concentrat ions (averaged over t h e  wa l l  th ickness)  'o f  

0.950 and 1.011 appm, i n  c lose agreement w i t h  each other. From t h e  data i n  ' 

Table 7, i t  can be deduced t h a t  no s i g n i f i c a n t  amounts o f  hel ium penetrated 

Capsule BC wa l l s  by as much as 4 m i l s .  Furthermore, a l l  t h e  Capsule BC data 

can be expla ined s a t i s f a c t o r i l y  on l y  i f  a l l  o r  nea r l y  , a l l  o f  t h e  hel ium was 

present somewhere w i t h i n  the  innermost 1.5 m i l  layer .  

The r e s u l t s  of Capsule HF are-presumably complicated by t h e  apparent l oss  

o f  p,ressurization halfway through the  600 hour heat ing cycle.  Helium was 

measured i n  a l l  specimens analyzed, but  a t  l e v e l s  below 0.001 appm on t h e  i nne r  

surfaces, and 0.002 t o  0.004 appm on the  outer  surfaces. The s i n g l e  p iece o f  

s t e e l  t h a t  was enclosed w i t h i n  the  capsule d e f i n i t e l y  s t i l l  r e ta ined  a hel ium 

concentrat ion of -0.87 appm, al though t h e  e f f o r t s  t o  determine whether i t  was 

on t h e  sur face o r  i n  the i n t e r i o r  provided c o n f l i c t i n g  data. It should be 

noted than an un i r rad ia ted,  unheated arch ive  sample contained l e s s  than 50 p a r t s  

per  tri l l i o n  helium. 



TABLE 7 

He1 ium Concentration 
(appm) 

Dispos i t i on  o f  
Pressurized Helium 

he1 ium on ins ide  
o f  tub ing on ly  

I Outermost 0.004 inch  1 0.0010 1 0.0033 

Radial Locat ion on Tubi,ng 
. From Which Sample was Taken 

Central 0.008 inch 

Outermost 0.008 inch 

Innermost 0.004 inch ' 

Innermost 0.008 inch 

. . .  . 

0.0012 

0.0001 5 

2000 p s i  . 

Capsule BC 
(5700c for 

2.36 

1.65 

0.00001 

0.0024 

he1 ium on inside. 
and outside' 

Capsule HF* 
(7600C f o r  

0.00085 

0.00051 

Tota l  thickness o f  wa l l  

Outennost 0.005 inch  

- -- 

No he1 i um on 
e i t h e r  s ide 

Central  0.005 inch 

Tota l  th ickness.  o f  wa l l  

0.980 

- 
- 
- 

* A t  approximately 300 hours, Capsule HF i s  bel ieved t o  have l o s t  i t s  
pressur izat ion.  

Unheated arch ive piece 

0.0029 

0.027 ' 

- 0.0000 



4. Explanations f o r  the,Helium Penetrat ion Phenomenon . , . 

. .. . . 

Several mechani sms were o r i  g i  nal  l y  proposed when ea r l y  measurements showed 

enhanced helium concentrations on the inner surfaces o f  fueled cladding: 

1) (n,a) Reactions. The bulk of the he1 ium i s  produced uni formly w i t h i n  

the cladding wal ls  by (n,a) ,reactions w i t h  the elements comprising 

the s ta in less steel .  Certa in elements w i t h  r e l a t i v e l y  h igh (n,a) 

. cross sections i n  f a s t  .reactor neutron spectra such as L i ,  B, and N, 

might migrate t o  the cladding inner surfaces, from w i t h i n  the s tee l  . . ,  

o r  from other locat ions up o r  down the f ue l  pin. A, concentrat ion o f  

one o r  more of these elements would r e s u l t  i n  loca l i zed  he1 ium 
. . 

, enhancement. 

2,) Ternary, Fission. He1 ium i s  generated d i r e c t l y  by the f i s s i o n  process . 

. . ( te rnary  f i s s i on ) .  This mechanism produces a -par t i c les  w i t h  enough , 

energy t o  penetrate cladding adjacent t o  the f ue l  by as much as + ? . m i l s .  

, 3) E las t i c  Scat ter ing o f  P in  Helium. He1 ium tha t  ex i s t s  between .the 

: f ue l  and the ,cladding, and i n  the plenum above the. fuel., penetrates a 

. small distance i n t o  the s ta in less s tee l  as a r e s u l t  o f  e l a s t i c  - . , 
. . 

c o l l  i s ions  .wi,th energetic neutrons. The depth , o f  he1 ium penetra.tion . 
4 by t h i s  mechanism' i s  t yp ica l l y .  0.1 t o  0..3 mi ls.  . .. , . . .  . 

. . 

4) Fuel  n-nrlcay. Alpha dccay sf plutair ~UI I I  isotopes, whether i n  reactor  

o r  i n  storage, w i l l  . . deposit  helium i n  the cladding.' 
. . .  . . . . 
, : 

5) ~eut ron-~nhanced Permeation. Once the helium i s  bur ied i n  the surface. 

(by any o f  the above mechanisms), f u r t he r  movement i s  enhanced by 

neutron induced displacements o f  atoms i n  the cladding. 

The combination o f  measured helium generation rates (o r  (n,a) cross sections) 

i n  pure elements, and fluences estimated from dosimetry t e s t  i r r ad ia t i ons ,  

s a t i s f a c t o r i l y  explains the he1 ium concentrations measured i n  the cen t ra l  and 



outer .regions of the cladding. wall thickness. To explain the he1 ium enhance- 

ments by Mechanism (1), . however, would require surface concentrations of the 

impurities that seem unrealistically high. 
. . 

The ternary fission process qualitatively explains the enhanced helium 

levels of cladding surfaces adjacent to fuel, but cannot contribute to the 

helium enhancements at the locations below the fuel column. 

Observations relevant to Mechanism (3) were supplied by the results given 

earlier i.n Tables 6 and 7. A comparison 'of the helium penetration into stain- 

less steel, wl'tii and wlthoul: Lt~e presence o f  a neutron ficld, can be made w i n g  

Samples CM and .GE from Table 6, and Sample BC from Table 7. All were baked for 

600 hours at 570°c, but CM had no he1 ium pressurization and BC had no neutron 

flux. It is apparent that the reactor environment, when combined synergistic- 

ally with the presence of pressurized helium, resulted in a. very much greater 

he1 i um concentration (7.85 appm) than neutrons alone ('0.77 .appm), or pressuriza- 

tion alone (0.98 appm) , would have produced. 

Approximate calculations using Mechanism (3) indicate that neutron coll i - 
sions with pin he1 ium wil l easily explaln the syrlermy i s  tic effects measurcd in 

both the fueled and unfueled EBR-I1 irradiated tubings, to the extent of the 

total number of helium atoms that would be added to the inner surfaces. The 

small penetration depth is not enough, however, to explain the -3 mil pene- 

trations measured in the EBR-11 fueled cladding. 

The possibility that fuel a-decay contributes significant quantities of 

helium was ruled out by calculations made by F. A. Garner (HEDL) earl iei> this 

year. 

At this time, no sophisticated calculations have been made to see if 

neutron induced displacement mechanisms can explain the measured helium 

penetrations. 



I n  t h e  case. of t he  fue led cladding, i t  i s  c e r t a i n  t h a t  a l l  f i v e  mechanisms 

are  c o n t r i b u t i n g  t o  the  measured hel ium p r o f i l e .  It i s  t h e  r e l a t i v e  con t r i bu -  

t i o n s  t h a t  must be determined so t h a t  p red ic t i ons  o f  t h e  long-term e f f e c t s  can 

be made. Although the  presence.of q u a n t i t i e s  of hel ium on t h e  i nne r  surfaces 

o f  i r r a d i a t e d  tub ing i s  of l i t t l e  consequence i n  i t s e l f ,  t h e  f a c t  t h a t  t h i s  

phenomenon i s  g r e a t l y  enhanced by the  combination o f  neutron f l u x  and he1 ium 

pressure i s  much more s . i gn i f i can t .  This i s  p a r t i c u l a r l y  important  because both. 

o f  these s i t u a t i o n s  occur i n  LMFBR ' f u e l  cladding. Ternary f i s s i o n c e r t a i n l y  
4 occurs; b u t  t h e  f i s s i o n  y i e l d  of He i s  uncer ta in  and so the  magnitude o f  t h e  

c o n t r i b u t i o n  t o  the  p r o f i l e  i s  no t  w e l l  defined. The proposed e l a s t i c  scat -  

t e r i n g  mechanism w i l l  be important  on l y  wh i l e  some hel ium remains i n  t h e  gap 

between t h e  f u e l  and the cladding. As t h i s  gap closes, t h e  plenum he1 ium w i l l  

be excluded, removing any f u r t h e r  s c a t t e r i n g  contr i .but ion.  Fur ther  hel ium 

movement, enhanced by the  neutron f l u x ,  w i l l  continue, independent o f  t he  

o r i g i n a l  imp lanta t ion  mechanism. 

5. Fur ther  Inves t iga t i ons  

A l l  the  above f i n d i n g s  were discussed dur ing  a v i s i t  by A1 personnel t o  

HEDL i n  mid-September 1976. A t  t h a t  time, f u r t h e r  j o i n t  AI-HEDL e f f o r t s  were 

o u t l i n e d  t o  c l a r i f y  the  c o n t r i b u t i n g  phenomena. I t  was proposed t h a t  f u r t h e r  

hel ium measurements on e x i s t i n g  i r r a d i a t e d  and u n i r r a d i a t e d  hel ium-pressurized 

tubes t h a t  have undergone longer exposures should be undertaken. I n  p a r t i c u l a r ,  

t h e  hel ium grad ient  across a pressur ized i r r a d i a t e d  tube should be measured f o r  

both sho r t  and long EBR-I1 i r r a d i a t i o n  exposures. Th is  w i l l  prov ide important  

i n fo rma t ion  on whether a radiation-enhanced hel ium permeation phenomenon, i n  

a d d i t i o n  t o  a f f e c t i n g  the hel ium concentrat ion, a l so  increases t h e  depth o f  

hel ium penet ra t ion  as a func t i on  of neutron exposure. 

F. HELIUM I N  BELGIAN CLADDING IRRADIATED TN RR2 

As a p a r t  o f  a ser ies  of i n t e r l a b o r a t o r y  agreements between AI ,  HEDL, and 

t h e  CENISCK labo ra to r ies  a t  Moly Belgium, Atomics I n t e r n a t i o n a l  performed 

hel ium analyses on f i v e  a u s t e n i t i c  s t a i n l e s s  s tee l  c ladd ing r i n g s  i r r a d i a t e d  as 



a p a r t  o f  the CEN/SCK fas t  reactor  program. De ta i l s  o f  the cooperati.ve exper i -  b 

ment were worked out  a t  a meeting a t  Mol on September 18-19, 1975. 
.' 

F ive 6mm OD r i ngs  made from the aus ten i t i c  s ta in less s tee l  a l l oys  12R72HV, 

WN4981, and WN4970 were i r r ad ia ted  i n  - the MFBS-6 cadmium-screened loop i n  the 

thermal h igh power reactor  BR2 a t  Mol. A t  A I ,  each r i n g  was sectioned t o  

provide specimens w i t h  optimum size, and four  o f  these were then selected t o  

g i ve  a he1 i urn. concentrat4on p r o f i l e  around the r i n g  perimeter. The resu l t s  

showed helium concentrat ions and, therefore, f a s t  f l u x  trends, w i t h  va r ia t ions  

about the mean ranging from 0.9 t o  -€EL, depending on the cladding r ing .  

Compl eke de ta i  l s are given i h Aeamlcs In ternat lor ia l  LeLLern 76AT-2267 Bro~n 

H. Far rar  I V  (AI )  t o  J. Debrue (Mol) dated A p r i l  5, 1976. 

An addi t iona l  specimen from each r i n g  was etched extensively i n  warm.aqua 

reg ia  before being weighed and analyzed fo r  helium content. Three o f  the f i v e  

etched specimens showed a measurably lower helium concentration, i nd i ca t i ng  
t h a t  one o r  both o f  the surfaces t h a t  had been etched away had an enhanced . 

helium l eve l .  By comparing the helium i n  the etched specimens w i t h  an i n t e r -  

polated value from nearby unetched specimens, i t  was concluded t h a t  surface o r  

near-surface he1 ium was responsible f o r  between 3 t o  8% of the t o t a l  he1 ium i n  

the  as-received r ings.  It i s  c l ea r  t ha t  t h i s  surface enhancement could be 

q u i t e  s i g n i f i c a n t  f o r  a t h i n  surface layer,  but  when i t  was averaged w i t h  the 

helium i n  the f u l l  thickness r ing,  the increase from the surface con t r ibu t ion  

amounted t o  only a few percent. 

G .  MASS SPECTROMETER SYSTEM 

The mass spectrometer system was maintained under u l t ra -h igh  vacuum 

condi t ions,  and was made avai ' lable t o  other laborator ies  t o  perform ERDA- 

approved he1 ium analyses. Separate contracts i n  FY 1976 were made w i t h  Hanford 
Engineering Development Laboratory, Lawrence Livermore Laboratory,' B a t t e l l e  . 

Northwest Laboratory, Oak Ridge National Laborat0.r~ , CEN/SCK Laboratory (.Mol , 
Belgium) and the Un ive rs i t y  of Washington (Seat t le ) .  The f i v e  "spike" systems 

3 4 used t o  dispense exactly-known quan t i t i es  o f  He and/or He t o  the helium 



re leased by s o l i d  samples were r e f i l l e d .  Cross checks us ing  var ious combina- 

t i o n s  o f  spikes showed excel l e n t  i n t e r c a l  i b r a t i o n  agreement. 

A considerable amount of e f f o r t  was expended i n  main ta in ing  vacuum valves 

worn from years o f  use. Replacements f o r  these, and a h igh  s e n s i t i v i t y  a m p l i f i e r  

requested from Capi ta l  Equipments funds f o r  FY 1976 have again been l i s t e d  i n  

the  FY 1977 189a forms. An automated s e t  of valves i n  the  sample p u r i f i c a t i o n  

l i n e  w i l l  prov ide greater  opera t iona l  r e l i a b i l i t y  and ana lys i s  r e p r o d u c i b i l i t y .  
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