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1. FUEL I E'ORM (as processed) 

A. s v  HALF-LIFE: 28.0 y 1 

1. Cornnosition 

These values were obta ined  by a mass- 
spe ctrome t ri.c a n a l y s i s  of fi.s s ion -produe t; 
s'tront ium. 

b . Rad.ri.ochemica.1 pur.i.Ly 

The pr.i.ncipn.1. rndionucl.ide o'c;hev than  "'Sr j.s 
8 9 ~ 1 -  ( T - , / ~  = 50.4 d), whose corrtent depend.s 
on t h e  l eng th  of -t;-i.me s ince  rea.ct,or discharge,  
as shown i n  t h e  fol.1.owing tab?.?. 

Calculated.  Rati.os of ""Sr/"'Sr A c t i v i t i e s  
as a Funct ion OC Cooling Time Since Reactor 

Discharge With a n  I r r a d i a t i o n  T t m e  of 2.00 Days 

50 
100 

200 

300 
400 

29 
1-5 
4.0 
1.1-0 

0.30 

TIE r a t i o  of 8 9 ~ 3 s r  t o  "~r a c t i v i t i e s  wjll 
det-yease by a f a c t o r  of -2.0 f o r  each  50 days 
of cooliflg t iine . 
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FEE'ERENCE COLUMN 

Ran;? 01' com?ositi on 

Cation Maxirnum, 4 bliiii.mum, $ -I..- 

Sr 97 92 
Ca 5 2 

Ra 2 0.5 
Mg 2 0 

zr 0 0 

Ave rage c heni  c a 1 c ompo s it  i on 

--.I Cation M e t a A d  

S r  95 
Ca 3.5 
Ba 1 . 0  

Mg 0.5 
'Tile 144Ce c o n s t i t u t e s  O.O3$ of t h e  r a d j o a c t i v i t y  
a t  a rnaximim. C e s i i i m - L 3 ' (  has been found t o  be as 
high as O . O O ~ $ J  of t h ?  iota! a c t i v i t y .  Ruthenium- 
106 has not  been found i n  t h e  s t ront ium f e e d .  

2 .  S c c c i f i c  Power 

a .  0.529 wa-ct/g of 100% st roni ium metal  (55% ''SI-) 
0.503 watt /g  of' meta l  (95% Sr->$ Ca, Ra, Mg) 

it i s  assumed t h a t  t h e r e  a r e  1112 c u r i e s , / g  of 
"Sr and 149 c u r i e s  of "'Sr per  thermal  watt .  

b .  78.1 curies of  "Sr per  gram o f  100% s t ront ium 
meta l  (55% "~r) 

met a1 
74.2 curies of "Sr per  gram OP 954 s t ront ium 2, 4, 5 

3. Radiat ion 

a .  Alpha part . icles - none 

-E 
Liesults of ana lyses  on s t ront ium t i t a n a t e  Feed samples o f  the 

Fiss i  on Products Development Laboratoi-y a t  Oak Ridge Nat iona l  Laboratory.  



b. Beta p a r t i c l e s  I+, 6 

Total. power 6.772 

c. Gamma - none 

d . B r  e m  s t r ah lung  4, 6 

The high-energy bremsstrahlung photons from 
"Sr and ' "41-  i n  mat r ices  of SrO arid SrTiO,  
a r e  '-. given i n  Appendix 1 (Tables  l - l j - ) .  

of a o X r - R o Y  a c t i v i t i e s  r equ i r e  s l i g h t l y  more 
sh ie ld ing  than  sources  of 137Cs-'S'7Ba a c t i v i t i e s  
because of t h e  h igh  energy of some of t h e  brems- 
stra'nlvlrig r a d i a t i o n  from 
2.27-Mev b e t a  p a r t i c l e .  

Sources 

which emits  a 

e .  Meuti-oris - none 

5. Compatibi l i ty  With Mate r i a l s  of C o n t a i r m G  

After  ai1 exposure of 2036 hr  a t  925°C t o  li.quid 
s t ront ium metal ,  it was fourid t h a t  mol_ylr,tlenwn and 
s t a i n l e s s  s t e e l  321 showed good compa t ib i l i t y  with 
l iqu id  s t ront ium metal-; t h a t  wrougtit i r o n  and 
Hayries 25 were worthy of  further study;  arid t h a t  
Has te l loy  C, Haste l loy  N ,  Hastelloy iz, and t i t a r l iwn 
had d i s so lved  and were incompatible with stroritiurn 
metal .  

No a t t a c k  on molybdenum was observed a f t e r  5000-hr 
contac t  with 1iyuj.d s t ront ium rnetal a t  1000°C. 

7 

8 



6. The-rmopiiysical P rope r t i e s  ._.-___ 

a .  Density 

The t h e o r e t i c a l  d e n s j t y  i s  2.6 g/cm3 f o r  
sironiiurn element and 2.55 g/cm3 Cor 954 Sr, 
3.5% Ca, 1.0% ila, 0.5$ Me. 

b. Coeff ic ien t  o r  thermal. expansion 

20 x 10-"/"c 

e .  S p e c i f i c  hea t  and en tha lpy  

(1) S p e c i f i c  lieat 

0.0719 cal. g - l  "C-'- (25°C) 

__I. REFERENCE COLUMN 

9 

10 

11 

( 2 )  Entlialpy i n  c a l o r i e s  

H~ - &ss = 5.31 'r + 1.66 x r r2  - 1.731- 12 

( 298 -862" K) 

AH t r a n s i t i o n  -= 200 c a l o r i e s  a t  862"~ 

d .  Temperatures of phase t ransfor inat  ions 

(1) Melting point - '((2°C 
(2) Roi 1 i n g  point  - 13'(2"c 

e .  Latent  heats of phase t ransformat ions  

B{ t r a n s i t j o n  (a  3 9 )  = 200 c a l o r i e s  (589"~) 
C?H rus jon  ( ~ F " C )  

@H vapori za t ion  (1372°C) ~ 33,200 c a l o r i e s  

zit00 c a l o r i e s  

f .  Vapor pressure 

Atmo s p k r e  

5 x lo-= 

8 . 7  x io-" 
0.129 

0 - 585 
1 . 9  
4.84 

10 

10 

12 

12 

11 

3-3 



g. Thermal conduc t iv i ty  
cnl. c m - I  s e c - l  "c-' Temperature, "C 

0.3 20 

0.385 100 

0.290 300 

0.21~7 500 

0.206 700 

h. Thexma.1. di.ffus1vi.ty 
cm2/sr3c lTemoerxt;ure " C  

i 

- 1 . @ I -  20 

This  value was ca lcu la t ed  by d iv id ing  hhe therrrial 
conductivi-Ly by the prodlist of the specific h e a t  
and the d e n s t t y .  

i. Viscosity 

j. S i i v f a c e  t ens ion  

(I = 165 dyn/cIn 

k .  Total hemispherical  emit tance 

W i l l  va ry  from 0.25-0.80 dependi.ng 01s t h e  stake 
of t h e  sample, such as oxide coa t ing ,  i p -pu r l t i ez .  

1 . Skectra1.. e m i s s i v i t y  

Can  a l s o  vary as s t a t e d  above. 

in. Crystallogr.a.phy 

a B Y - I"(: c 215°C & 605"~ fi 
a. 2 6.085 A a = 4.32 A 

c = 7.06 A 
a = 4-.85 A 

n. Sol..ub.hi.li.ties 

Strrontiu.m nie'ca.1. r e a c t s  v igorous ly  w i t h  water 

1.8 

1-3, 19 

._. 13 

0. Diffus ion  ra tes  
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7.  Mcchanical P rope r t i e s  

a .  Hardness 
1-6-1.8 ( B r i n e l l )  

b .  Crush s t r e n g t h  

8 .  Chemical Properties 

a .  Hest and f r e e  energy of  Cormation, entropy 

( I )  IIeat of formation 

Lero -by d r f i n i t i o n  of s tandard  s i a t e  

( 2 )  Free energy o f  formation 

Zero - by def in i - t ion  o €  s tandard  stai:: 

(3 )  Entropy 

Ss99 : 1 2 . 5  eu 

b .  Chemical r eac t ions  and r e a c t i o n  r a t e s  
( o x y g ~ o ,  n j t rogen ,  water,  s t c a m ,  hydrogen, 
li qiiid metals ,  o t h z r )  

(1) Oxygen - f a s t  

( 2 )  
(3)  Nitrogen a t  e l eva ted  iemperatirrp r e a c t s  

( 4 )  'CITater - r e a c t s  

( 5 )  Inorganic  ac ids  - r e a c t s  

~ i i r u g e n  a t  room temperature - no r e a c t i o n  

FZFERBNCE: ... COEUITN .-- 

14 (Ca) 

9.  Zj-oLqgi cal 'Tolerances 

The " S r  t o l e rances  taken from Ref.  22 a r e  
given i n  i h e  i a b l ~  on t h e  following page. 

LO. Shie ld ing  Data 

20 

14, 21 

22 

See t h e  sec t ions  imdc e Stront ium ' i i t a n a t c ,  T . A .  10, 
and Stront ium Oxide, I.C.10, L'or sh i e ld ing  d a t a .  



Maximm ?e rmi s s ib l e  Body 3ur den s ami Max <r:urrL le m i  s s ib le C o nc E nt 1- a t  1 ons 
for Radicnuciides ir, Air an6 i i i  Water f o r  Occupational ~ x p o s u r P  

Organ of r e fe rence  Max. perrnissible M a x i m u m  permissible  concent ra t ions ,  kc/cm3 
Radionuclide and ( c r i t i c a l  organ burderi i n  t c t d  For 40-hr week For 168-hr week 

type of decay underscored) body, q w  Water A i r  Water A i r  

2 

20 

- 
- 

* 
The abbrevia t ions  G I  arid LL? re fer  t o  t h e  g a s t r o i n t e s t i n a l  tract and lower l a r g e  i n t e s t i n e ,  r e spec t ive ly .  
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B . STRONTIUM TITANATE (SrTiO3-i) 

1.. gmJos i t ion  

a .  Radionucl idic  abmdaiice 

The r ad ionuc l id i c  abundaiices are given i n  
Sec t ion  I.A.1. 

b. Radiochemical p u r i t y  

The radiochemical p u r i t y  i.s given i n  
Sec t ion  1 .A.  1 . 

c .  Chemi-ca.1 composition* 

(1) Range of composition 

Cat ion Ma.ximum, $- Minimum, $ 

S r  97 92 
Ca 5 2 

Ba 2 0.5 

1% 2 0 

Zr 0 0 

( 2 )  Average chemical composition 

REFERENCE COLUMN 

-ll_l Cation Metal, % 'Ti tanate-*.---$ 

S r  9> 92.4 
C a  3.5 5.5 
Ba 1.0 0.9 

ME 0.5 1.2 

The s t ron t ium meLal content  of pinre Sr'Ti03 i s  47.75%. 
The s-tron'ciwn metal. content  of  average S rT i03  i s  44.1%. 
The as-processed SrTi03 will con ta in  2'-c.3$ "'Sr. 
l4*Ce c o n s t i t u t e s  0.03% oC the  r a d i o a c t i v i t y  a t  a maximim. 
The 137Cs has been found t o  be as high as O.OO3$ of the  
to ta l .  a c t i v i t y .  The losRu a c t i v i t y  has not  been found. 
'These a c t i v i t i e s  can be neglkcted compared t o  t h e  
breilisstrahlung r a d i a t i o n .  

The 

++ 
Resu l t s  of analyses on strontium t i t a i l a t e  feed samples of ilic 

F i s s i o n  Products  Development Laboratory a t  O a k  Ridge National Laboratory.  



2 .  

3 -  

4. 

5 .  

6. 

Specri.fic Power 2, 4, 5 

a .  0.250 watt /g  OE pure S Y ' T ~ O ~  (~6.3!$ "OSr m e t a l )  
0.232 wa-tt/g of average SrTiGz (24.3% "'Sr metal) 

It i s  assimed. t h a t  t h e r e  a r e  2 . b  cur ies /g  of 
"'Sr and 149 c u r i e s  o r  " ~ r  per. tlierrnal wat t .  

Hadiat  i o n  

Tne r a d i a t i o n  will be t h c  same as given under 
Sec t ion  I.R.3. 

C r i t i c a l  Mass 

~ t r o n t i u m - 9 0  and '9 arc not; f l i s s ionable .  

Compat i b i l i t y  With Mate r i a l s  OF C(r)n-ta,inrnent 

The fo l lowing  r e s u l t s  were obta ined  on testing SrTi03 .  23 

Con t a ine  r Maximum pene t r a t ion ,  m i l s  
m a t e r i a l  1-68 iir 500 hr 1090 hr 

S1.Ti0.y - 10OOOC 

Haynes 25 Tyaces 0.1 0.2 

Nione I 1 . 5  1- 7 2.0 
Tungsten Traces 0.2 1.5 

Molybdciiwn No a t t a c k  No a t t a c k  No a t t a c k  

I'm No a t t a c k  No a t t a c k  No a t t a c k  

SrTi.03 - 1850°C 

MolybdenLun No a t t a c k  No a t t a c k  No a t t a c k  
Niobiiun No a t t a c k  -- N o  a t t a c k  

Tmgs  t en  No a t t a c k  - -  No a t t a c k  
Tant a hr No a t t a c k  Tracles 3.0 

T7N No a t t a c k  Traces 5.0 

Therrnophysical Proper t  ie r; 

a .  Density 

5.11 g/cm3 - d e n s i t y  of pure S r T i O 3  

5.03 g/crn3 - dens i ty  of' average S r T i O 3  

24 

UI'TC LAS S IF I E D  
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b .  Coef f i c i en t  of thermal  expansion 

a = 11.2  x 10-"/"c ( l o o - ~ o o " c )  

c .  Spec i f i c  heat  and enLhalpy 

( 1 )  Spec i f i c  heat, i n  c a l  g-' " C " l  

0.15'1. + 1.11 x 10-5 IL' - 2.49  103 y-2 

(T i s  i-iz OK) 

( 2 )  EnLlialpy i n  c a l o r i e s  

:IT - H;rs~ = 28.23 T I- 0.88 x T2 

4- 4.66 105 Iy-j- - 10,058 
( T  i s  i n  OK) 

d .  Temperatures oi" phase t ransformat ions  

(1) MPLting poin t  - 1910"~ 
( 2 )  Boi l ing  point - 25OO-3OOO"C 

e .  Latent  hea t s  of  phase t ransformat ions  

AH fusion (not  a v a i l a b l e )  

aH vapor i a t ion  71 kcal/mole 

(calcul-ated from f routo i i ' s  r u l e )  

f. Vapor pi-essure 

mFERF;NCE COLUMN 

24 

26 

2 'r 
9 

10 

g . Thermal conduct ivi ty  

Therinal conductivities a t  var ious  temperabures 23 
a r e  given f o r  SrTi03  having a s to i ch iomet r i c  
composition, Pox- S r T i O 3  wi th  1.0% excess  'Ti02, 
and f o r  SrTi03 wi.Lh 10% d e f i c i e n t  Ti0;r .  

" C-' 
'Temperature, S to i ch io -  L O ~ ~ c e s s  10% d e f i c i e n t  

"C me-iric i n  Tj.02 i.il T i 0 2  

Thermal conduct iv i ty  , c a l  em-' sec-'- 

50 
100 
200 
300 
4 00 
500 
600 
,700 
800 

0.0069 
0.0062 
0.0052 

0.0033 

0.0026 
0 * 0019 

0.0047 
0.0043 

0.0033 

O.OO'(4- 
0.0072 
0.0066 
0.0059 
0.0053 
0.0047 
0.0041 
0.0032 
0.001'~ 

0.0073 
0.006'7 
0.0063 
0.0058 
0 . ooLj4 
0.0050 
0.001~6 
0 . 004b 
0.0042 

UNCLASSIFIED 
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h . 

i .  

j- 

k. 

1. 

rn. 

n. 

0 .  

Thermal. dif fus iv j - ty  

ClIF  / s e c 

0. oOor-( 

0.0069 

0.01.02 

Temperature, O C  

50 
1-00 

200 

0.0024 400 
0. 00lt0 600 

0.0023 800 

These -Val-ues were calculated 1Jy dividing the  
thermal  conduct iv i ty  by the  product of t h e  
spec i i ' i c  hea t  arid dens i ty .  

V i s  cos i t y  

Surface t e n s i o n  

Tot a1 hemiis phe r i c a l  enlit t anc e 

Xpe c t  ral emi s s ivi t y  

Crystal lography 

Cubic:  a 3.899 IS 

S 01-ub i 1 F . t  i e  s 

The lea.ch r a t e  of s 0 ~ r ~ ~ i ~ 3  conta in ing  35 c u r i e s  
of' "Sr per  gram 01' t i t a n a t e  i.s -0.05 rng cm 
in w a t e r  ?or the f i r s t  t e n  days exposure and 
inc reases  t o  -1.0 mg day-' aEter LOO days of 
exposure wi.th s to i ch iomet r i c  S rT i03 .  Excess Ti02 
decreases  the solubility of  S rT i03  in water. 
Radiatlion darnage effec-ts on t,he S r T i O 3  l a t t i c e  
probably account f o r  t h e  higher  solin'nility of  
h ighly  r ad ioac t ive  SrTi03 compared t o  t h e  
s o l u b i l i t y  o f  S r T i 0 3  tagged with  t r a c e r  amounts 
of a . c t iv i ty .  The resu l . t s  are summarized i n  
Fig. 1. 

-2 da.y-' 

With t r a c e r  levels of a c t i v i t y ,  r e l e a s e  r a t e s  
of  0.004 and 0.014 mg cmm2 day-' were obta ined  
on two s t r o n t i m  t i t a n a t e  pel lets exposed t o  
seawater .  It i s  recognj zed tha t  high r a d i a t i o r  
Levels might have a. s igniCicant  effect on t h e  
s o l i ' u i l i t y  of SrTiOz. 

Dif'l'usion r a t e s  

U>lCLASS IFIED 
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I. 

h 
0 
13 0.1 

(u 
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Q) 
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c 
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.I= 
0 
U 
e 

-J 
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0.00 

T i m e ,  d a y s  

ORNL DWG. 611-10835 

- - _ _  8 5 S r - -  T r a c e r  O n l y  

__I-- 9 0 S r - -  Y 5 5 %  

F i g .  1. Leach Rates of Sr'Ti03 in D i s t i l l e d  Water for TiOz/SrO 
Hatios of 0.9 to 1.45. 

UNCLASS Il11ED 
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'I. Mechanical P r o p e r t i e s  

a .  Hardness 

b .  Crush s t r e n g t h  

19,100 l b / i n .  

c .  Bend s t r e n g t h  

'C3 Ib / i r i . '  

8 .  Chemical. P rope r t i e s  

a .  Heat and free energy of' forrria.t-iori, entropy 

( 1) Heat, of formation 

= -399 kcal/moI.e 

(caI.cixI.ated from avail.ab1.e da . ta )  

( 2 )  ~ r e e  energy- oi' forma.tion 

CP", = -3'99 kcal/rriol-e 

( calcu.Lated from avai1abl-e d a t a )  

(3) Entropy 

S& = 26.0 eu 

b.  Chemical. r eac t ions  and r e a c t i o n  rates 
(oxygen, n i t rogen ,  water,  s t e m ,  
Iiydrogen, 1.iquj-d metals ,  other) 

(1) Oxygen - no react i -on 

( 2 )  Nitrogen - no re.actiori 

( 3 )  Water - decomposes 

( 4 )  Iriorgariic ac ids  - so luble  

9. Riol.ogicaL Tolerances 

Tine 90~r t o l e rances  a r e  given iincicr Strontium-90 
Metal. File1 Form, SecLion I . A . 9 .  

1.0. Shie ld ing  D a t a  

31 (CaTi03) 

28 

35 

~rernss t rah~. .ung  dose r a t e s  from   OS^ power sources of 4 
100, 2013, 500, 1000, 2000, 50C0, 10,000, and 20,000 
wa.tts wi t11  i ron ,  l ead ,  arid uranium sh ie ld ing  are given 
in F i g s .  2-5 Yor a SrTi03 mat r ix .  These sources r equ i r e  
signi.f icn.nt  s h i e l d i n g  -hecause of 1;he high energy of some 
of' the photons from the bremsstrahliwig radia . t  i on .  
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10’ 

I o4 

1 o3 

ORNL-DWG 61-1672 

0 100 200 300 400 500 600 700 800 900 1000 

DISTANCE FROM CENTER OF SOURCE (cm) 

Fri g. 2. Bremssirahl.ung Dose Rates From Unshicldtad I s o t o p i c  
Power Sources of Strontium-90 (Stront ium Titanate) as  a FuncLion 
o f  Distance From Centpr of  Source.  

IINCIASSIFIED 
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ORNL DWG 61-1673 

SHIELD THICKNESS C cm ) 

F i g .  j . Bremsstra.hl.ung Dose Rates From 1ron-Shj.elded I s o t o p i c  
Poprer Sources of Strontium-90 (Strontium T i t a n a t e )  . 
to dose point  separa t ion  d i s t ance  = LOO citi. 

Center- OF SOUT'CC 

UNC MSS IFIED 
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1.6 
ORNL DWG 64-1674 

I o6 

I o5 

I o4 

I o3 

I o2 

IO' 

I 

I n-1 , -  
0 2  4 6 8 IO 12 14 16 18 20  2 2  24 26 

SHIELD THICKNESS (crn) 

Fig. 4. Bremsstrahlung Dose Rates From Lead-Shielded 
I s o t o p i c  Power SourrPs of Stroniium-30 (Skyontiurn T i t a n a t e )  . 
Center of source to dose point sepa ra t ion  distance = 100 em. 

UlVCLAS S I FIE D 



SHIELD THICKNESS ( c r n )  

F i g .  5 .  Bremsstrahlung Dose Rates From Uranium-Shielded I s o t o p i c  
Cciiter 01’ source Power Sources OP ~ i r o n t i u m - 9 0  (S t ront ium T i t a n a t e ) .  

t o  dose po in t  s e p a r a t i o n  d i s t ance  = 100 cm. 
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C . STROIVT1UM OXIDE ( SrO) 

1. Composition 

a .  Radionucl~idic  abundance 

The r ad ionuc l id i c  abundaiices a r e  given i n  
Sec t ion  I . A . l .  

b .  Radiochemical p u r i t y  

The radiochemical p u r i t y  i s  given i n  
Section I . A . l .  

e .  Chemical cornpositi o~?* 

(1) Range of  composit,ion 

Cat ion MaximwA.$ Minimum, % 
S r  97 92 
Ca 5 2 

B a  2 0 .5  
Mg 2 0 

L r  0 0 

( 2 )  Average chemi cal composition 

Cat ion Metal, % Metal oxideJ, $I 

S r  95 94 - 3  

Ca 3-5 4 . 1  
Ba 1 . 0  0.9 

Mg 0.5 0. i 
The s t ront ium meta l  content, of  pure SrO i s  8'4.566. 

The strontii im metaL content  of  average SrO i s  79.@. 
The as-processed SrO w i l l  con ta in  43.8% "Sr. 
144Ce c o n s t i t u t e s  0.03% of the  r a d i o a c t i v i t y  a t  a 
maxirnu_rn. 
O-OO$ of t h e  rad:-oactivity at a maximum. 
a c t i v i t y  has not, been de tec t ed .  These a c t i v i t i e s  can 
be neglec ted  compared t o  t h e  t o t a l  r a d i a t i o n .  

The 

The l s 7 C s  has been found Lo be as high as 
The lo%u 

*Results of ana lyses  on s t ront ium t i t a n r l t e  feed samples of the  
Fi ss ion  Products  Developmefit Laboratory a t  Oak Ridge National  Laboratory.  



2. S p e c i f i c  Power 

a .  0.44-3 wat;t/g of pure SrO (46.$ "'Sr met ;a~)  
o.lc17 watt/g oil average SrO (43.8$ "~r metal.) 

It i s  assumed tha. t  t h e r e  a r e  142 mries /g  of 
90Sr and 149 c u r i e s  of "Sr per  thermal  watt .  

66 . O  c i x i e s  oi:   OS^ per gram oi' pure XI-O 

62.2 c u r i e s  of "~r per gram of a.verage S ~ O  

II . 
(46.5$ ''~r meta,l) 

(43.8%   OS^ metal-) 

The r a d i a t i o n  w i l l  be the same as given under 
Sec t ion  I.A.3. 

I + .  C r i t i c a l  Mass 

Strontium-90 and. are not  fissionab1.e. 

5. Compat ib i l i ty  With M3teri.al.s or" Containment 

The f'oll.owing r e s u l t s  were obtai-ned wi th  Sr0-77h Be0 23 
m a ~ t e r i a l  a t  1.000~ C : 

6. 

Cont a ine  I' M a x i m u m  pene t r a t ion ,  mils 
mat e r i a1 168 hr 500 hr 

Haynes 25 2.0 2 . 0  

Nionel -- !+ . 0 
N-155 1.0 1.5 

Mo 1 yb d c rim. -- No a t t a c k  

Tungsten No a t t a c k  No a t t a c k  
T ZM No a t t a c k  No a t t a c k  

The rmophy s i c a1 Pro pe rt ie s 

a .  Densi ty  

4 . 7  g/cm3 - d e n s i t y  oi' pure SrO 

4.63 g,/cm3 - d e n s i t y  of average SrO 

1000 hr 

4 .0 
No a t t a c k  
4.0-8.0 
2 .0-l+ * 0 
No a t t a c k  
No  a t t a c k  

b .  Coei'ficient o r  thermal  expansion 

13.92 x io-"/Oc ( ~ o - L ~ o o " ~ )  

9 
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c .  S p e c i f i c  hea t  and enthalpy 

(1) S p e c i f i c  heat  i n  c a l  g-' O C - '  

0 .119 + 1.08 x I-Ow5 IC - l.74 x 10" Te2 
(iil is i.n O K )  

( 2 )  Enthalpy in c a l o r i e s  

H~ - ~ 2 9 8  = 12.13 T + 0.53 x [JF 
+- 1.55 x l o5  T - l  - 41.92 

d .  Temperatures o f  phase t ransformat ions  

(I-)  Meltine; po in t  --- 2430°C 

( 2 )  Boi l ing  point  - 3000°C 

e .  Latent  heats O P  phase transCormatioris 

AH fusion 16.7 kcal/molc 

AH vapori  z a t i o n  (not a v a i l a b l e )  

f .  Vapor pressure  

I . O ~  P = 3 .or( 104 T-I -1- 13.12 

(T i s  i n  "K and P i s  i n  atni) 

s .  Thermal conduct iv i ty  

c a l  ern-'- I__--__ sec-'- " c - ~  'L'einipe r at u r e  , " C 
2.85 J . o - ~  440 
3.01- 5 s3 
3.45 x .I.o-s 664 

h. Thermal d i f f u s i v i t y  

cm2/sec 

4.97 x lo-" 
5.20 x io-" 

5.85 

Temperature, "C 

4.ji.O 

553 
664 

Calcul.ated by d iv id ing  t h e  product of  t he  
s p e c i f i c  hea t  and d e n s i t y  i n t o  the  .iherma.l 
conduc t iv i ty .  

12 

9 
9 

37 

38 

39 

i. Vi.scosity 
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j . Surface t ens ion  

1200 ciyn/cm 

k. T o t a l  hemispherical  emli.l;tance 

1. S p e c t r a l  emis s iv i ty  
Total emissivity Temperature, "C 

0.36 1000 

0.50 18 00 
0.46 1400 

Small amounts oi' impur i t i e s  such as carbon 
o r  r a d i a t i o n  darkening can inc rease  these  
v a l w s  signiricantly t o  4.9. 

m. Crys ta l lography 

Cubic - €ace centered:  

a = 5.13% WI 

FZE'EIQCNCE COLUMN 

40 (MgO) 

38 (ueo) 

13 

0. Di€r^u.sion r a t e s  

7. Mechanical P r o p e r t i e s  

a . Hardrie s s 

3 .  5 mol-1s 

' 0 .  Crush s t r e n g t h  

8. Chemical. P r o p e r t i e s  

a. Heat and f r e e  energy o f  formation, entropy 

(1) Heat of' fomnation 

AH", = -141 .O kcal/mole 

(2) Vree energy of laormation 

aFof = -153.8 kcal/mol.e 

( 3 )  Entropy 

S&s = 13.0 eu 

31 ( C a O )  

41 

J-c 1 

41 

UNCLASSIFIED 
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b .  Chemical. reac t ions  and r e a c t i o n  r a t e s  
(oxygen, n i t rogcn ,  wa Ler, s t e m ,  hydrogeng 
l i q u i d  metals ,  o t h e r )  

(1) Oxygen - no r e a c t i o n  

( 2 )  Nitroger? - no r e a c t i o n  

( 3 )  Water - forms Sr(0H);I 

( 4 )  Inorzanic  ac ids  so luble  

9. A i  o l o g i c a l  I. 'Tolerances 

The "Sr t o l e r a n c e s  a r e  g j w n  under Stroniium-90 Metal 
Fuel Form, Sec t ion  I.A.9. 

10. Sh ie ld ing  Data_ 

Bremsstrahlimng dose rates from "Sr power sources  o f  
100, 200, 500, 1000, 2000, 5000, 10,000, and 20,000 
w a t t s  w i t h  i ron ,  l ead ,  and uranium shielding a r e  given 
i n  r ' igs .  6-9 for a SrO mair ix .  
significant sh ie ld ing  because o f  t he  h igh  energy  of 
some of tlie photons from the  bremsstrahliing r a d i a i i o n .  

These sourcps r equ i r e  

42 



ORNL-DWG 63-8297 

DISTANCE FROM CENTER OF SOURCE (cm) 

F i g .  6 .  Bremsstr.a.hlung Dose Rates From UishieI.ded 1so.i;opi.c 
Power Sources of' Stront; im-yO (Strontium Oxide) as a Funct ion of 
Distance Froni Center of Source. 
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SHIELD THICKNESS (crn) 

Fig. 7. Bramsst,-rlahLung Dose Ratcs From Iron-Shielded 
I s o t o p i c  Power Sources of Strontium-90 (Strontium Oxide) .  
Center o f  source t o  dose po in t  sepayation d i s t a n c e  = 100 em. 

- ORNL DWG 63-8459 
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Fig .  8 .  Bremsstrahlung Dose Rates From Lead-Shielded 
Isotopic Power Sources of Strontium-yo (Strontium Oxide). 
Center of source  to dose poi.nt separation distance = 100 cm. 
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F t g .  9. Brernsstrahlung Dose Rates From Uranium-Shielded 
Isotopic Power Soiirce of Strontium-90 (S t ront ium Oxide) . 
of source t o  dose poi.nt s epa ra t ion  distance = 100 em. 

Center 
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D . STRONTIUM FLUORIDE ( S I - F ~ )  

1. Composition 

a .  Radionucl idic  abundance 

The rad ionuc1id ic  abutidances a r e  given i n  
Sec t ion  I . R . 1 .  

b. 1lad.iochernica.l p u r i t y  

The radiochemical p u r i t y  i s  given i n  
Sec t ion  S . A . l .  

e .  Cliemical composition* 

(I) Range oi' composition 

Cati-on Maxirrium, '$ Minirnum, $ 
S r  97 92 
Ca 5 2 

B a  2 0.5 

MES 2 

Z r  0 

0 

0 

( 2 )  Average chemical coniposii-' ,son 

Cat ion Metal, $ Metal f l i io r ide  (MFz), $ 
S I' 95 93.5 
C a  3.5 11. . 
Ea 1 . 0  0.9 
Mg 0- 5 0.9 

The s t ron t ium meta l  content  of  pure SrFz i s  69.7'576. 
The s t ron t ium meta l  content  of average SrFz is 6>.2$. 
The as-processed SrF2 w i l l  con ta in  35.9$ "Sr. 
144Ce c o n s t i t u t e s  0.03% of t h e  r a d i o a c t i v i t y  a t  a 
maximum. 
O.OO3$ o€ t h e  t o t a l  a c t i v i t y .  
not  been found. These a c t i v i t i e s  can be neglec ted  
compared t o  t h e  bremsstrahlung r a d i a t i o n .  

The 

The 137Cs has been found t o  be as high as 
The loSRu a c t i v i t y  has 

2.  S p e c i f i c  Power 2, 4, 5 

a. 0.365 wat t /g  of pure SrFz (SS.'t$ "Sr meta l )  
0.342 watt/g of average SrFz (35.@ " ~ r  metal)  

*Resul ts  of ana lyses  on s t ron t ium t i t a n a t e  feed samples of the 
F i s s i o n  Products  Developmnt Laboratory a t  0a.k Ridge Nat iona l  Laboratory.  
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It i s  assumed t h a t  'cltiere arc 142 cur ies /g  of 
"Sr and 149 c u r i e s  of "Sr per  t h e r m a l  w a t t .  

54.4 c u r i e s  of "Sr pzr  gram of  pure SrFz 

50.9 c u r i e s  of' "'Sr per  gram of average SrFp 

b .  
(38.4$ "Sr. meta l )  

(35.s " ~ r  m e t a l )  

3 .  Radiat ion 

The r a d i a t i o n  w i l l  be Lhe same a s  given under 
Sec t ion  I . A . 3 .  

4. C r i t i c a l  Mass 

Stron'iiim-90 and "9 a r e  not f i s s i o n a b l e .  

5. Compatibil i- ty With Ma.teria1.s of Containment . - . . ~ . ~  

Metal lographic  examination o f  .best specimens exposed 28 
for 1.9 months at 925°C gave t h e  Pol.l.owing r e s u l t s .  

Encapsulat ing 
m a t e r i a l  _I_ 

Pene t r a t ion ,  i n .  
Maximum __- Average 

~ i r n u l a t e d  SrFr f u e l  (I. w t  $->caL?.5 wi $ Fe) 

Haynes 25 0.0006 ni 1- 
Ta l i n e r  i n  IIaynes 25 Complete pene t r a t ion  of Y'a l i n e r  
Has te l loy  C 0 * 001 0.0004 
Haste l loy  N 0.002 0.001 
Haste l loy  X O.OO'(> 0.001.4 

Simulated aged feed material 
( S L - F ~  + 2-1/2 wt $ ZT as z?-02) 

Haynes 25 0.001.5 0.0008 

Haste l loy  C 0.0007 0.0003 
Haste l loy  N 0.0028 0.0011 
Hastel-loy X 0.0055 0.001.1. 

Ta l i .ner  i n  Haynes Complete pene t r a t ion  of  Ta l i n e r  

6.  Thermophysical Properbies -- 
a. Densi - ty  

4.29 g/cm3 - dens i ty  of pure SrF2 

4.20 g/cm3 - densri.ty of average SrFz 
43 
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44 b .  Coe1'1:ici.ent of thermal  expansion 

a/Oc = 15.72 x io+ - 0.63 x t + 1.17 x io-1o t2 
( t  i s  i n  "C  i n  temperature  range of 28-284°C) 

e .  S p e c i f i c  heat  and en tha lpy  

(I) S p e c i f i c  hea t  

0.125 -t 5 . 5 7  x 
( T  is i n  OK) 

T c a l  g-' "c-"  37 

d. Temperatures of phase t ransformat ions  

(1) Melt ing poin t  - 1465°C 
( 2 )  Boi l ing  poin t  - 2477°C 

e .  Latent  h e a t s  of phase t ransformat ions  

AH f u s i o n  4.3 kcsl/molo 
AH vapor i za t ion  71 kca l / ro l e  

f. Vapor pressure  

t o r r  - 
8.5; 
15.0 

25.7 

31.0 

Tempe rat ure , C 

1822 

1880 

1927 
1957 

g. Thermal conduct iv i ty  

ea1 em"- sec-" OC-' Temperature, "C  

0 .  0120 2 0 

0.0055 

0.0030 
300 

725 

h .  Thermal d i f f u s i v i t y  
em2 / s e c Temperature, "C 

0.0219 20 

0.0091 300 

O.OC43 72 5 
These va lues  were ca l cu la t ed  by d iv id ing  t h e  thermal 
conduct iv i ty  by t h e  product of t h e  speci'ic heat anda  
d e n s i t y  of 3.86 g / ~ % @ . * ' * ~ ~ ' /  

45 
47 

37 

37 

13 

jt.6 



i .  Viscos i ty  

Log 7 = 0.781 + 436/T 47 
( q  i s  i n  cen t ipo i se s  and T i s  temperature i n  OK) 

j .  Surfa.ce t ens ion  

1-84 dynes/cm 

k .  T o t a l  hemispherical  =mi'L';ai?ce 

1. S p e c t r a l  emis s iv i ty  

A value of  0.9 can be assumed. 

m. Crystal lography 

Cubic: a = 5.'78l A 

n.  SoI.ubi. l i t i e  s 

O.OOO~ mol-e/l i ter  i-n water 18"~ 

0 .  Di.ffusion r a t e s  

7. Mechanical P w g e r t i e s  -__I_-_._ .---- 

a .  Hardness 

b. Crush s t r e n g t h  

8. Chemical P r o p e r t i e s  

48 

18 

43 

1.3 

a .  Heat and f r e e  energy of  Cornlation, eniropy 

(I) Heat, of formation 

A H O Y  = -290.3 kcal/mole 4 1 

( 2 )  Free energy oi' formation 

= -277.2 kcal/mole 4 1  

SS98 = 20.5 eu  37 
(3) Entropy 

b .  Chemical r e a c t j  ons and r e a c t i o n  r a t e s  (oxygen, 
ni  t,rogen, water,  steam, hydrogen, li quid mekals, others) 

(1) Nitrogen -.- no reacti-on 

(2 )  

(3) Inorganic  ac ids  - i .nsoluble 

Water - s1.i g h t l y  so luble  42 
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9. B i o l o g i c a l  Tolerances 

The "Sr t o l e r a n c e s  a r e  given under S t r o n t i m - 9 0  
Metal  Fuel Form, Sec t ion  I . A . 9 .  

10. Sh ie ld ing  Data 

See t h e  s e c t i o n s  under Stront ium T i t ana te ,  I.B.10, 
and Stront ium Oxide, I.C.10, f o r  s h i e l d i n g  d a t a .  
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E .  STRONTIUM ORTHOTITAIWE ( s r2~ io4)  

.I 

1.. Composition 

a .  Radionuc1.idic abundance 

The radionucl- idic  abumdances aye gi-ven i n  
Sec t ion  S.A.l .  

b .  Radiochemical purj-ty 

The rad.iochemical puri-by i s  given i n  
Secti .on I.A.l. 

e .  Chemical composition-' 

(1) Ra.nge of  composition 

Cat ion Ma.ximim, $ Minimum, $ 
S r  97 92 

Ca 5 2 

Ra 2 0.5 
Mg 2 0 

Zr 0 0 

( 2 )  Average chemical- composi.tion 

Cat ion Meta.1, % Ortiiot,i.tanate, $ 
S r  95 93.2 

Ca 3.5 5 .o  
Ba 1 . 0  0.8 
Mg 0.5 1.0 

The s t ront ium meta l  content  o f  pure S r ~ T i 0 4  i s  6l.O5$. 
The s t ront ium meLal content  of  average Si-2Ti04 i s  56.89%. 

The as-processed Sr2Ti04 wil.1. con ta in  51.5% "Sr. 
144Ce c o n s t i t u t e s  O.O3$ of t h e  ra .d ioac t iv i ty  a t  a m a x i m u m .  
The 1-3'7Cs has been found t o  be as high a s  0.003% o f  t h e  
to ta l -  a c t i v i t y .  'The losRu  a c t i v i t y  has not  been found. 
These a c t i v i t i e s  can be neg1.ecti.d compared t o  t h e  
bremsstrahlung r a d i a t i o n .  

The 

2 .  S p e c i f i c  Power 

a.  0.320 watt /g  of  pure SrTiO4 (33.6% "ST meta l )  
0.238 watt /g  of average S r T i 0 4  (31.3% "Sr meta l )  
__- 

'Resul ts  of analyses  on s t r o n t i u p  t i t a n a t e  feed samples of  t h e  
r ' j  ssi-on Products  Development T,a'ooraiory a t  Oak Ridge NationaL Laboratory.  



It i s  assumed t h a t  t h e r e  a r e  142 cur ies /g  01' 

9 0 X r  and 143 c u r i e s  O S  30Sr per  thermal  w a t t .  

47.7 cur i e s  of   OS^ per  gram of pure Srzyi04 

44.4 c u r i e s  or "'Sr per  gram o f  average SrZTiG4 

b. 
(33,6$ "'SI- metal) 

(31.3% "OSr meta l )  

3 .  Radia,t i on  

The r a d i a t i o n  wil-l be t h e  sane as given under 
Sec t ion  I . A . 3 .  

4. C r i t i c a l  Mass 

Strontium-90 and "9 are  not  f i s s i o n a b l e .  

5. Compatibi l i ty  With Makerials oi' Containment 

6 .  Thermophysical P rope r t i e s  

a. Densi ty  

4.99 g/cm3 - dens i ty  of pure ~ r 2 ~ i 0 4  l+ 9 
l+ a 93 g/crn3 - d e n s i t y  of  average Sr2TiO4 ( h o t  press&) 50 

b. Coef f i c i en t  of thermal  expansion 

a := 11.2 x l ~ O - " / O c  ( loo-r~oo"c) 24 (SrI'i.03) 

e .  S p e c i f i c  hea t  arid enthalpy 

(1) S p e c i f i c  hea t  i n  ca l /g  

0.135 + 1.34 x io-" T - 1.63 x 1.0~ T - ~  

( T  i s  i n  OK) (29tj-1800"K) 

( 2 )  ~ n t t i a ~ p y  i n  c a l o r i e s  

HT - 11298 = 38-45 T + 1-92 X m3 T2 
+ 4.67 x 1.0~ T - l  - i3,;?ol 

( T  i s  i n  OK) (298-1800°K) 

d . Temperatures of phase transl 'ormations 

(1) Melting poin t  - 1860 t 20°C 
(2 )  Boi l ing  point  - 25C0-3000°C 

25 

26 

51  
9 



e .  

f. 

g .  

h. 

i .  

j- 

k. 

1. 

m .  

n .  

RFPERENCE COLUMN --. 

Latent hea t s  of phase t r a n s f o r m t i o n s  

AH fus ion  (no t  a v a i l k b l e )  

A H  v a p o r i a t i o n  71 kcal/mole 

(ca1cul.ated from Trouton ' s  r u l e )  

10 

Vapor pressure  

Therma.1 conduc t iv i ty  

0 . 0 1 ~ 7 l ~  e a 1  crn-l see-' OC-' a t  94% 24 ( S r T i 0 3 )  
t h e  ore  t i c a l  d e n s i t y  a t  room tempe rature  

Thermal d i  f f us i v i t  y 

--._. c m 2 k c c  
0.020 ( 

Temper a t  u re  ,> 
20 ( SrTio3) 

This va lue  was c a l c u l a t e d  by d i v i d i n g  the  
thermal  conductivi.t,y by t h e  product of  t h e  
s p e c i f i c  hea t  and d e n s i t y .  

V i scos i ty  

Surface t ens ion  

Tot a1 hemispheric a 1. emittance 

S p e c t r a l  e m i s s i v i t y  

Crys ta l lography 

Tet ragonal  body centered  

a = 3.88 A c = 1.2.60 k 49 

Solubi 1- i t i e s  

A s t a t i c  s o l u b i l i t y  study of  t i - t ana te  f u e l s  us ing  52 
a parti-cle s i z e  of' 477 microns wi th  9 grams o f  
f u e l  per 200 ml of  d i s s o l v e r  s o l u t i o n  gave the 
fo l lowing  r e s u l t s .  

Microgram of f u e l  per m l  of d i s s o l v e r  sol 
Deion. Na tu ra l  Syn the t i c  

Day.s water seawater seawater S N  H C 1  

S rzT i04  a t  room temperature --- 
7 9,856 8,683 9,386 J.I., 050 

28 7,337 9,35'( 9,599 9, 988 
48 9,298 9,832 9,980 10, h27 
78 '7,456 g,4'(8 9,2'+3 9,826 
9 8,209 9,799 9,860 3.0,293 
161 10,103 1.0,454 10, '766 9,816 
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Microgram O S  f u e l  per  m7- of dissoLver so3 
Deion. Na tu ra l .  Syn the t i c  

Days water  seawater seawater 0 . 1  - N H C l  

S r2Ti04  a t  06" 

i 12,857 1 1 , l k L j  14,528 13,800 
28 10,044 10,1388 13 , 46 1 13, 063 
48 12,916 11,643 14,376 13,l+cj 0 

8 13,995 1-2,313 14, 670 13, $3 5 
161 10,135 13,60-( 16,655 15, go2 

{8 11,846 11,307 15,912 72,716 

0 .  Diffus ion  r a t e s  

7 .  Mechanical P rope r t i e s  

a. EEafdness 

b .  Crush s t r e n g t h  

19,1.00 lb,/ in - ,3 

8 .  Cheriical P r o p e r t i e s  

a .  Heat and Tree energy o€ formation, entropy 

(1) ;Teat o f  formation 

AHof = -545.6 kcal/molc 

(calculated From a v a i l a b l e  d a t a )  

( 2 )  Free energy of formation 

wof = -518.2 kcaIL/male 

( c a l c u l a t e d  from avai1ab1.e d a t a )  

( 3 )  Entropy 

S:g8 = 38.0 t 0.3 cal O C ' l  mile-' 

11. Chernical. reacLions and r e a c t i m  r a t e s  
(oxygen, n i t rogen ,  water,  stearn, 
hydrogen, l i q u i d  metals ,  o t h e r )  

(I) Oxygen - no r e a c t i o n  

( 2 )  Nitrogen - no reac1;ioi-i 

( 3 )  \ l a t e r  - decomposes 
( 4 )  Inorganic  a c i d s  - so lub le  

31 (Ca.TiO3) 

32, 33 
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9. B i o l o g i c a l  Tol-erances 

Tne "~r t o l e r a n z e s  ar2 given under S t r o n t i u m - 9  
M-tal Fuel. Form, Sec t ion  1.A.3. 

10. S h i e l d i n g  Data 

Bremsstrahlung dose rates from "Sr power sources  
of  LOO, 200, 500, 1000, 2000, 5000, 10,000, and 
20,000 watts w i t h  iron, k a d ,  and uranium s h i e l d i n g  
are given i n  F i g s .  2-5 shown i i i  Sec t ion  I . B . l O .  
These sources  r e q u i r e  s i g n i f i c a n t  shiel.di ng because 
o f  the h i g h  energy of  some of t h e  photons from t h e  
bremsstrahlung r a d i a t i o n .  
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APPENDIX 1. 

Table 1.. Product ion of BremsstrahLung Phot ns  
? R e f .  4) From Strontiurn-90 Beta i n  Stront ium Oxide Matrix 

Maximum bet a -pa r t  i c l e  ene ray 0.545 Mev 
Aver age be t  a - p a r t  i c le e ne r gy 0.201 MeV 

Bremsstrahlung Within DE energy g roup 
Mev Pho-Lons pe r  b e t a  p a r t i c k  Photons w-'- sec-l  

0.020 k 0.01 1.378 x LO-' 7.58 x 1o1O 
0.040 t- 0.01 5.523 3.04 x l o l o  
0.060 F 0.01 2.99 x IO-" ~ 6 5  x l o l o  
0.080 t 0.01- 1.81~1 1.0-3 1.01 x 1010 

0.120 1: 0.01- 8.239 0J+g x 1.01O 

0.160 -t 0.01 4.086 io-* 2.25 x 1.0" 

9.180 % 0.01 2.923 x Io-* 1-.6I- x 10" 

0.200 t- 0.01. 2.099 lo-" ]..I5 x 1.0" 

0.220 _+ 0.01 1.505 x lo-" 0.83 x 10" 
0.240 2 0.01 1.07ic x 1.0-* 0.59 x 10" 
0.260 t 0.01. 7.604 x 0.42 x 1-0" 

0.280 t- 0.01 5.315 x lo-" 2.92 X l.OR 

0.300 +. 0.01. 3.654 :LG-" 2.01 x IC)" 

0.320 0.01 2.458 x io-" I... 35 x 1_08 
0.314.0 t- 0.01 1.609 x lo-" 0.88 x 3.08 

0.360 F 0.01. 1.016 x 1.0-" 0.56 x 10" 
3 "7 10.7 0 . g o  ? 0.01 6.155 x l o -6  .) 

0.400 t- 0.01. 3.491. x LO-" ~ 9 2  i o 7  
0.420 t 0.01 l.835 x lo-" I-. 01. x I.o~7 

0.440 2 0.01 8.438 10-7 0.k8 x 10'' 
0.4-50 C 0.0.L 3 .  IC56 x :L0--7 1.90 x lo6 
0.480 ? 0.01 1.065 x .io-'7 5.86 x 10" 

0.500 F 0 . O L  2. 00'l x lo-" I.. .LO x 1-05 

0.520 -i: 0.01 1.. 000 s 1.0-" 5.50 10" 

0.540 F 0.01 

0.1-00 ? 0.01 ~ 2 0 8  1.0-3 0.66 x 1.O"O 

0.140 0.01. 5.759 10-4 3.17 x 10' 

0 - 000 
TcAal. bremsstrahlung energy, L"Iev/'beta particle 1.411 x lo-" 
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Table 2 .  Produc-tion of Bremsstrahlung Pho ons 
From Yttrium-90 Beta i n  S t ront ium Oxide M.la.trix!Ref* '-I) 

......_...._I.-_ 

Maximurn be t  a -par t li c le cne r gy 
Average be t  a -pa r t  i c l e  energy 

2.27 Mev 
0 . 94-1;- Mev 

..-_I -....._I-.. _ _ _ ~ _ _  
B r e w s  t r a  hlung Within c1F energy . .groS 

Photons w M J  see- '-  
.-_.__I__ 

energy Q roup, Mev Photons -_ per  b e t a  par-tic1.e 

0.100 _t 0.05 6.152 x l o +  5.38 x 
o.;200 i 0.05 2.415 x lo-' 1.33 x l.Oll 
0.300 2 0.05 

0.400 I O . 0 j  

0.500 k 0.05 

0.600 2 0.05 

0.700 0.05 

0.800 + 0.05 
0.900 t 0.05 
1.000 + 0.05 
1.100 -I- 0.05 

I . . ~ O O  i 0.05 

1.300 1 0.05 

1.400 t 0.05 

1.281 x 

'1.894 1-0-3 

3.234 
2.181 3 - 0 ~ ~  

' ( . 6 r ~ ' ~  x 

1.485 x lo-" 
1.014 x lom3 
6.887 

3.0 o 

1..231 

4.630 x 

1.973 x lo-" 

0.70 iol1 

1+.22 x 1o1O 

2 .69  x i o J o  
1.78 x loLo 
3..20 x 1o1O 

8.11 lo9 

5.58 x 10" 
3. (9 x 10" 
2.55 x I O S  

1.65 x io" 

1.09 x 10" 
0.68 109 

1.500 t 0.05 '7.33'1 10-5 4.04 x 10' 
1.600 t 0.05 4.117 x lo-" 2.26 x 1.0~ 
1:joo * 0.05 2.125 x io-" 1.1'7 x loR 

1.800 k 0.05 g.,-p+o x lo-+ 5.36 i o7  
1.900 +. 0.05 3.728 x 2.05 107 

2.000 -t 0.05 1.058 io-" 5.82 io6 

2.1.00 * 0.05 1..670 x 9.19 i o 5  
2.200 4 0.05 4.768 2.62 104 

T o t a l  bremsstrahlung energy, Mev/beta pa,z.ti.cle 2.814 x - ._.__ 
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APPENDIX 3. 

FRef. 4) Taii1.e 3. Product ion o f  Brernsstrahl.lmg Photon 
From St ront i~un-90  Beta in Stront ium T i t ana te  Matrix 

M a x i m u t i  bet a.-part i c l e  energy 0.545 MeV 
Average b e t a - p a r t i c l e  energy 0.201 MeV 

energy group, Mev Photons per b e t a  p a r t i c l e  Photons w-l see-' 

0.020 k 0.01 1.009 x 5.55 x 1.01O 
0.040 t 0.01 4. 0jClc x 2.22 x 1010 

0.060 ? 0.01 2.195 x lo-" l.21 x 1o1O 

0.080 t 0.01 1.348 I( 1.0-3 7.4.1 x 1.0" 

0.120 5 0.01 6.0311- 3.32 x .LO" 

O.l~C0 t 0.01 4.217 10-4 2.32 x loy 

0.160 t 0.01 2.993 x 1.0-" 1.65 x 109 
0.180 .t 0.0.1 2.141 x lo-* 1.18 x 10" 

0.200 i-: 0.01 1.53'1 10-4 0.45 x 1.0 
0.220 c 0.01. 1.103 x 6. 0'y x LO8 

0.240 t 0.01 'i.8,11 x 10-5 'c.33 x 108 
0.260 t 0.01 5.5F(1 x lo-" 3.06 x lo8 
0.280 _+ 0.01 3.895 x 1-0-5 2.1-4 x . L G ~  

0.720 * 0.01 1.801 x 10-5 0.9'3 x .LO8 
0.340 -1- 0.01 1.1'19 x lo-" 6.413 x 1.0' 
0.360 t- 0.01 7.448 x. 1.0-" lc.1.0 x 10' 

9.380 k 0.01 4.4.97 x 2.47 1-07 

0.400 t 0.01 2.559 x. 1.0--" 1.43. x 107 
0.420 t 0.01 1.345 x 0.74 ,107 

0.440 t 0.01 6.333 x I .O- '~ 3.48 x 10" 
0.460 k 0.01 2.534 x 1.39 x l c j G  

0.480 k 0.01. 7.807 x lo-" 1-1.29 105 

0.500 -I- 0.01 l.472 x 3.0-e 8.10 104 

0.520 i: 0.01 'r.336 x J.O-lo 4.03 x 1.03 
0.jh0 rt 0.01 0.000 

Bremsstrahlung Within energy group 

- 

0.1.00 -1: 0.01. 8.8)+5 lo-" 4.86 x 1-0' 

8 

0.300 k 0.01 2.678 x i.o-" 1.47 x .IOa 

- 

T o t a l  breInsstrahiurig energy, Mev/beta partic1.e 9.924 x 
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Table 11.. Product ion of Bremsstrahlung Photo s 
From YLtrim-90 Beta i n  Stront ium Ti tana te  Makrix ?Ref. 4) 

M a i m u r n  be t a -pa r t i c l e  energy 2.27 MeV 
Average be t a -par 1; i c  l e  energy 0.944 MeV 

--I__.- 

R r e m s  s t rahlung Within AE energy gr0u.p 
- 3. energy group, MeV Photons per be t a  p a r t i c l e  Photons w - l  sec 

0.1.00 L 0.05 4.53'1 x lo-' 2.50 x 
0.200 0.05 1.782 x lo-" 0.9 x loll 
0.300 rt: 0.05 9.456 x 10-3 5.20 x 1 0 ' - O  

o.j-too k 0.05 5.665 x io-" 3.1.2 x 1o1O 

0.600 +I 0.05 2.389 x lo-" 1.31 x ioLo  
0.700 * 0.05 1.611 x 0.89 x io1'' 

0.900 -i- 0.05 7.493 x 4.12 109 

1.000 rf: 0.05 5.092 x lom4 2.80 x 1~09 
1.100 -I- 0.05 3 ~ 1 2 5  10-4 1.88 lo9 

1.200 k 0.05 2.264 1.25 x io9 
l.300 i 0.05 1_.460 x lo-' 8.03 x io8 
1.400 ? 0.05 9.110 x 1.0~" 5 .01  x 1 - 0 ~  

1.500 t 0.05 5.1~34 1.0-~ 5.00 x lo8 
1.600 ir 0.05 3.050 x lo-" 1.68 x io8 
l.700 * 0.05 I.. 576 x io-"" 8.67 107 

1.90 5 0.05 2:154 x I-. 52 x 10''' 

2.1.00 -I- 0.05 1.239 x io-.? 6.81 x 10" 

0.500 0.05 3.613 1 .99  x l.OIO 

0.800 k 0.05 1.09 6.0)~ x 109 

1..800 ~f: 0.05 7.220 x io'+ 3.97 x 10' 

2.000 k 0.05 7.850 x 10"' 4.32 x 10" 

2.200 + 0.05 3.5'10 x io-" 1.95 1-04 

ToLal bremsstrahlung energy, Mev/beta par t ic l -e  2.078 x lom2 
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