
S Lh!ibbSO 

33110N 

E 

1NI 
A~OlVtlO8Vl 1VNOllVN 33Clll >IVO 

zz8-X 



d 

B 

As part  of the U. S. pragram i n  the canst;mxction of ultra-high-flux reactors 
2 (1 t o  3 x ld5 neutrons/cm =-set)) the Labora%ory is  designeng a flux-trap reactor 

for  the production of transplutonic elextierits. 

as  the Ugh Flux Isotope Reactor (HlXR)# A prime purpose of t h i s  reactor i s  the 

production of milligram quanut ies  of Cf-2523 t M s  isotope w i l l  be produced from 

successive thermal and epithermdl neutrctn captures i n  A2-242 placed i n i t i a l l y  in  

the central moderating region (flux t r ap )  of the HELR. 

This reae tm has been designated 

The main purpose of t h i s  

from thermal. neutron capture alone. Since ten successive neutron captures (which 

may proceed along several paths) are required %O produce Cf-252 from Pu-242, hand 

calculations are impractical. 

and capable of handling all reaction poss%bflft%es was s e t  up and programed f0r 

the IBM-704 computer, 

es-of Cf-252 

A method abp tab le  t o  aukomtic computing machinery 

I n  addition t o  cf-252 production rates, results are  presented for  heat gener- 

ation rates and average cross section of the  taxget materid as a function of t i m e ;  

recycle irradiation times which w o u l d  maxhize "&he over-all production of Cf-252 

w e r e  also considered. 

The reaction paths involved i n  the produotion of Cf-252 by successive neutron -. 
n 

.. capture using Pu-242 as the s tar t ing materia& are shown %n Fig, 1, The primary 
8 

production path i s  indicated by the  sol id  arrows md the secondary paths by the 

1 6 dashed arrows. 
* In  theory, it i s  possible t o  develop the analytical solution f o r  the ent i re  

rs scheme (with all branch chains) when the neutwn flux is  invariant with t b e  since 

the mathematical system consists of first-order l inear  dtfferent ia l  equations. 
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The algebraic manipulations, however, rapidly become t o o  ponderous t o  handle 

as the number of isotopes increases, 11% i s  simpler t o  compute the rate of 

Cf-252 production as the  sum of the rates of production from a312 the various 

paths as shown. Using t he  general equations developed in t h i s  manner, it i s  

also possible t o  include a-decay by treating it as a @-decay which forms a 

f i c t i t i ous  chain that repeats i tself ,  This w i l l  be discussed la ter ,  

Consider only what mi&% be called a stra2gh-k chain, i.e., no branching; 

propagation of the chain i s  by @-decay or  neutron cap%we, but not by both 

simultaneously. The general equation representing any isotope as a function of 

t i m e  fo r  constan% flux is 

where p 

or 0- 

represents a producticm crass sectLon %ha% c m  be either Ai - i 
4p an4 r a removal crass section tha t  can be any par t  or all of i c i -1 

hi + 0- 4 + (r 4, depending on the  par t icular  isotope. For the  lowest number 

starting mterial (PU-242 i n  our" case) when i = 1, pi = 0. 
i 5 6 

In  solving equakion 

[ d b y  Laplace %ransfoms for i = 1, 2, i, It beeones quickly evfden% that 

the transform of Ni is 

B 
where Noi is  the i n i t i a l  amount of the ith i + ~ ~ t o p  and s is the  transform 

variable. 

The transform equatioxL(2)may be inveded easi ly  by the partial  fraction 

technique which results i n  

e 
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-r t + e.* Noi e i  

Us%= equation(3) it is  possible t o  calculate the ttmount of each iso%ope 

i n  any nonbranching chain as a function of t i m e .  Equa%ion@is, of' courseJ 

res t r ic ted  ts the case of no repeated roots, %.e,, ri g rj . Equatlon (3)my 

be written i n  the  following succinct mannerp which i s  a convenient form f o r  

the  IBM 70% computer. 

where 

r = A. -I- ( crci + rfi) a i 1 

pi+l = A. A. + B. cCi QI 
1 1  1 

A = 1 o r 0 9 B = 1 0 r 0  

and A, crc and vf are the  decay constant, radiative capture cross section 

and f iss ion cross section, respectively. 

8 

c 

8 
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The res t r ic t ing  conditions are: 

= 1 when q = k 

a n d r  - r  =; 1 when q =  i 

*q 

q i  

when A = 0, B = 1 and vice versa. 

!Phe average cross section of the material p r e s e ~ t  at any t i m e  i s  
I 

(ac + Ni 
f i- 

%v - f Ni 
i =1 

( 5 )  

and the heat generation r a t e  i n  kilowatts i s  

I 

1 ai.i N i  
i =1 

3.38 x 10 13 P =  

The calculations required t o  survey Cf-252 production as a m c t i o n  of 

various parameters were much too lengthy t o  do with desk computers, 

[k)through(6)vere programmed for the  LBM-704. 

nature and not confined t o  calculating Cf-252 production, a memorandum des- 

cribing the code wi l l  be written so tha t  it w i l l  be available for  genera  

distribution. 

Qua,tions 

Since the program i s  general i n  

P 

b 



NUCLEAR CONSTANTS 

The thermal cross sections f o r  the transplutonic elements are  not w e l l  

k.no.cnn; consequently, some differences of opinion exis t  as t o  &a% cons-kitutes 

the  best cross section fo r  a particular isotope. The values shown i n  Table 3. 

are a self-consistent set based on experimen4xiL data. (exceptions axe noted) 

and can be considered as good as any other self-consistent set at 'this dake. 
1. 

mZOIWCT16ON PATBS 

In  calculating the production o f  Cf-252 from Pu-242, equation (3) or (4) 

should be applied separately t o  the main path (solid arrowsp Fig. 1) and t o  

each branch path (dashed arrows) The effect  of @&Way iOf' $2-252 r 

a-decay effects  are defini te ly  negligible) c a  be accounted fo r  i n  theory by 

t reatfng the  a-decay as a f3 decay which forms a, f i c t i t i ous  chain tha t  regeats 

i t se l f j  i.e,, the Cf-252 decays t o  a branch chain (start ing with CIII-248) tha t  

generates Cf-252 which i n  turn decays Lo a similar branch chain, arrd so on 

u n t i l  the desired degree of' accuracy i s  attained. 

from each chain is  the total. Cf-232 production. 

The sum of the  contribution 

In us- equation (3) or (4) t o  calculate the effect  of a-decay, i.t i s  nee- 

essary t o  change by a small mount the removal cross sections of Cni-248 through 

Cf-232 i n  each cycle i n  order t o  avoid repeated roots. If the changes i n  re- 

moval cross sections are kept s d l  enough t o  have negligible effect ,  trouble 

develops f r o m  loss of significance i n  the 1Bl-'?'04 calcula%ions (& significwt 

figures are normally carr ied) .  

exposures along the  other paths. 

cision azlthrnetic (161- significant figures are carried), this trouble was 

The same trouble a lso occurred for  small neut:ron 

By programing the  equations i n  double pre- 

p ,  

i ,. 
, 

a 

avoided. 

A.  Chetham-Strode, Private Communication. 
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Table 1 

Nuclear Cross Sections and Decay Constants 

&cay half l i f e ,  Q T’ L7 Isotope C J  
barns barns time uni t s  

Pu-242 

Pu-243 

Am-243 

Cm-244 

F O Q 3  

0 

0 

0 

very large (a) 

4 . 9  hr (B)  

very large (a) 

26 min. (p) 

Cm-244 25 0 18.4 yr (a) 

Cm-24 5 

Cm-246 

200 

15 

very large (a) 

very Large (a, s .f . ) 
200 

2 

3O0Ob 

200 

eg 

very Large (a) 

very large (a, s . f .  ) 

50 rain. (B) l j  

CI 
0 

Bk-249 

Bk-250 

Cf-249 

1100 

5O0Ob 

270 

0 

0 

630 

cf-250 

cf-251 

1500 

3000 

0 

very large (a) 3000 

< 2.2 yT (a) 
< 66 hr ( s e a , >  

Cf -252 30 0 

a Trilinear Chart of Nuclides, W. H. Sullivan 

Guesses from Contour Diagram of J. E. EMns (IDO~l6l.63) 

Actually zero w a s  always used since all captures lead t o  
short-lived Psotopes of Bk that decay to californium. 

c 

h 
> 

w 



- 8 -  

The effect  of all the branch paths has not yet been calculate(%. 

possible t o  show tha t  the difference between maximm possible and m i n i m  

It i s  

possible Cf-252 production is  only 13 t o  25$ i n  the range of interest ,  which 

i s  good enough for  present purposes- 

The maximum production scheme allowed no branch-chain losses ,  

asswned tha t  no radiative capture occurred i n  Pu-243, Am-244, &-21@ and 

Bk-250 and t h a t  Cm-244, Bk-249, Cf-250 and Cf-232 did not decay. 

production scheme permitted all these captures and decays t o  occur (except 

for  Bk-250) but did not consider the recovery of some of the losses by the 

branch chain contribution t o  Cf-252 formation, i . e e ,  all branch chain reac- 

t ions resulted i n  a complete lo s s .  

i n  the m i n i m  production scheme because these captures form isotopes of 

very short half  l i ves  which decay t o  Cf-23 or Cf-252. 

It was  

The m i n i m .  

Captures i n  Bk-250 were not corisidered 

INITIAL IRRADIATION RESULTS 

The ne% cumulative production of Cf-252 from an i n i t i a l  loading of 

100 grasls of Pu-242 for  thermal neutron fluxes (epithermal f lux effects  are 

not considered) from 1 t o  5 x 1d5 i s  shown i n  Fig. 2. 

flux l eve l  is  represented by a band Wi%h a maximum spread of about 25$, 

spread must not be construed as error limits, it merely represents the differ- 

ence between the lnaximm production scheme and the m i n i m  production scheme 

described i n  the  previous section. For the particu2as set of cross sections 

used, the actual Cf-272 production must l i e  between these l i m i t s ,  

Production from each 

This 

1 On comparing Fig. 2 with Fig. 39 which are previously estimated results, 

it i s  appaxent t h a t  previous estimates of Cf-252 production are considerably 

lower. It i s  believed tha t  the results presented i n  Fig. 2 are on a fimner 

3 _I_ 

basis and should be usedi i n  aZ1 &ture HI3.R planning. 

6 
n 

1 

a 
r 

t 

iu, 

J. A. Lane e t  al, ITLUX Isotope Reactor Preliminary Design S.t;i*, I 

CF-59-2-65 (March 20, 1959). 



Californium-232 production i s  shown plotted 

x t i m e )  i n  Fig. 4A and 4B. 

drawn through the points are  minor and tha t  the net cumulative production may 

be considered a finction of neutron exposure d o n e  with no appreciable error  

and, consequently, Cf-252 production would be independent of f lux level  for  a 

given neutron exposure. 

half  l i ves  of all unstable isotopes i n  the  chain. 

It i s  obvious tha t  deviations from the smooth curve 

This i s  not surprising i n  view of the relat ively small 

The above resu l t  suggests 

t ha t  d l  unstable isotopes may be eliminated from consideration and neutron 

captures tha t  normdLly produce unstable isotopes can be considered t o  produce 

instantaneously the  next higher isobar, Some check calculations i n  the range 

of interest  showed that  t h i s  s l ight ly  simplified scheme gave results tha t  were 

within 10%. 
-, Heat generation i n  the fert i le or  target  material as a M c t i o n  of t i m e  i s  

shown i n  F&g. 5. 

the  heat generation rate rapidly rises t o  a maxirmull of 242 kw a t  0.4 

For each 100 grams of Pu-242 exposed t o  a flux of 3 x 10 
& 

8 

peaking results from f iss ion of Cm-245 which also reaches a maximum amount at 

0.4 yr (see Fig. 6B).  

peak heat generation rate is  about 0.5 megawatt, a rather large value for  the 

small allowable volume of the target  material. 

Thus, fo r  a 200-250 gram i n i t i a l  loading of Pu-242, the 

The magnitude of the heat gener- 

ation r a t e  result ing from reactions in i t i a t ed  with pure Pu-242 i s  suff ic ient ly  

high t o  dictate  the a;ilowable l i m i t  of Pu-241 i n  the target  material. PU-247. 
¶ 

has a f iss ion cross section of 1100 barns, so even a s m a l l  percentage wi l l  
p: 

cause a high i n i t i a l  heat generation r a t e ,  I f  it i s  assumed tha t  the peak rate 

a 
4 

indicated in.Fig.  5 should not be exceeded, t h i s  demands tha t  the Pu-241 content 

of the  target be limited t o  1% since the i n i t i a l  heat generation rate from one 

gram of PU-241 exposed 50 a 3 x loL5 flux i s  242 kw. 



The average microscopic cross section of the target  material. ELS a function 

of time i s  also shown i n  Fig, 5. Note tha t  the average cross secti.on rapidly 

r i s e s  t o  a mtzximcun of 70 barns and then drops off t o  25 barns after 2 years- 

This particular behavior is similar t o  the behavior of the average cross 

section of the f iss ion products. This, and the  fac t  t ha t  the majox*ity of the 

f iss ion products a re  genera-bed i n  the first h d f  years, (see power curve of 

Fig. 5 )  w i l l  allow considerable simpliffcatiion i n  estimating the e f fec t  of 

the t o t a l  cross section on f lux depression i n  the target  material. 

The net d a t i v e  production of stab3.e isotopes as a function of t h e ,  

other than Cf-252, i s  shown i n  Fig. 6A and 6Bs 

t o  a 3 x 10'' flux, all isotopes of lower mass number than Cm-248 have passed 

After about one year of exposwe 

beyond two years of i r radiat ion time. 

i s  the  "bottleneck" i n  the production of dkliforniwn. 

section of Cm-248 have ranged from 2 t o  10 barns. 

2 barns w a s  used. 

cause a large increase i n  the r a t e  of Cf-252 production. 

i n  changing the b-248 cross section without concomitant, changes i n  the others 

is  doubtful i n  view of some inherent interdependence of the cross sections tha t  

results from the method of arriving a t  the consistent se%. 

This demonstrates graphisUgr tha t  Cm-248 

Estimates of the cross 

In  t h i s  study the v d u e  of 

Using 10 barns with no changes i n  other cross sections would 

Whether cme i s  jus t i f ied  

PRODUCTION RATE MAXIMf!ZATION 

Without regard t o  cost of processing, production of Cf-252 cm be maximitzed 

on the basis of the largest  net yield over a period of time, which will be tilled 

the  maximum average production rate. c 



The time of i r radiat ion of Pa-242 required t o  give the maximum. average pro- 

duction rate is  readily found as shown i n  Fig. 7, if  recycling of curium i s  not 

considered, 

the net cumulative production curve i s  the average production rate for the  par- 

The slope of a s t ra ight  l i ne  drawn from the origin t o  a point on 

t i cu la r  neutron exposure. 

average production rate, i s  found when the l i n e  i s  drawn tangent t o  the c m e .  

With no recycling of curium, the m a x i m  average production rate occurs at  a 

2 neutron exposure of 5.7 x 1 0 ~ 5  n yr/cm 

irradiation time of 1.9 yr for  an average target  flux of 3 x 1d5  n/cm sec, 

Obviously the  maxim slope, and hence the  m a x i m  

seeg which i s  equivalent t o  an i n i t i a l  
2 

This i s  also clearly indicated in  Table 2. 

When curium i s  recycled, maximizing the production rate involves the time 

It was assumed that a 3-month for  chemical processing and target  fabrication. 

period w a s  sufficient.  

time fo r  each curium recycle i s  similar t o  tha t  shown i n  Fig. 7 except allowance 

must be made for processing t i m e .  

t i m e  from three different i n i t i a l  i r radiat ion times for  a 3 x 1015 f lux is  shown 

i n  Fig. 8 ( in  which all and only curium result ing from the i n i t i a l  i r radiat ion 

of PW-242 was considered.). The recycle i r radiat ion t h e  is  measured from zero 

on the abscissa; -0.25 yr. represents the discharge time a f t e r  the i n i t i a l  ir- 

radiation. 

The procedure for  determining the optimum irradiat ion 

The resu l t  of optimizing the curium recycle 

Allowance for  chemical processing time i s  made simply by d r a m g  

the  tangent l i n e  through the latter point, Each succeeding recycle was opti- 

mized i n  the same manner and the  results f o r  three recycles are shown i n  Table 2. 
4 

Eventually, however, the production rate from recycled material would fw.3.1 off 

due t o  Cm-248 depletion. Consequently, i n  order t o  a t t a i n  full ut i l iza t ion  of 

the  potential production from each target  tube, blending or mixing of the re- 

cycle material becomes necessary. This leads t o  a complicated i r radiat ion 



Table 2 

Maximum Average Cf-252 Production Ratasa 

Xnitial irrad. Cycle irrad* Total time,b Cycle Cwn. prod. Average 
the, yr. time, yr. Yr. production, a l l  cycles, prod I. rates, 

L &v 0 

1 .o 

1.5 

2 .o 

2.5 

1 .o 

1.5 

2 .o 

295 

1 .o 

1.5 
2 -0 

2.5 

1 .o 

1.5 
2 .o 

245 

SnitihtJ Srradiatfon of 100 g Pu-242 

1 1.25 30.2 30.2 

1.5 1 *75 68.8 68.8 

2.0 2.25 97.5 97.5 

2.5 2.75 112 112 

1st Curium Recycle 

0.60 2 -10 70.5 101 

0.42 2.42 74.2 143 

0-37 2.87 76 -7 174 

0.35 3 *35 76 .o 188 

0.40 

0.37 

0.35 

0.34 

0-37 

0.35 

0-35 
0.34 

2nd Curium Recycle 

2.75 7405 
3 -04 76.0 

3 047 75.8 

3.94 73-2 

3rd Curium Recycle 

3 -37 76.3 

3.64 75.4 

4.06 72.5 

4033 71.5 

251 

294 

322 

333 

62.5 

72 .O 

72 -0 

66-2 

B 
c 80.8 

a Assumes uniform flux of 3 x 10'' in target 

Includes 3-month processing time 
CSmiLative production divided by totaL time 
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sched.de . 
the  data of Table 2, 

considered, on an average a l i t t l e  over half  the target tube w i l l  be f i l l e d  

with Pu-242 during i n i t i a l  i r radiat ion of one t o  1.5 years while the remainder 

w i l l  be f i l l e d  with recycle material tha t  on an average has been irradiated 

somewhat over two years. For an i n i t i a l  200 gram l?u-242 loading;, t h i s  w i l l  

lead t o  an eventual production r a t e  of about one gram/F of Cf-252. 

A "steady-state" production r a t e  may be estimated by extxapolating 

When heat transfer l imitations aad processing time are  

w 

B 
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Figure  3 .  Production of Cf-252 from P u - 2 4 2  ( f r o m  C F  59-2-65)  
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