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Design Study of a 


Megacurie Source 


B. Manowitz, D. J. Metz, R. H. Bretton 

Now that power reactors are in the de- 
sign and construction stage, it is interest- 
ing to note that many of these rcactors 
can economically produce megacurie 
amounts of cobalt-60. T o  get a feeling 
for the economic feasibility of such a 
scheme, considcr the case of a reactor 
gcncrating 500 megawatts of heat power. 
Each watt corrcsponds roughly to 3 x  1OX0 
fissions pcr second, and each fission will 
relcasc about 2.5 ncutrons, one of which 
must be spcnt in continuing the chain re- 
action while the others are absorbed in 
the system. Allowing one of these latter 
neutrons to be captured in cobalt-59 will 
produce 3 x 1010 atoms of cobalt-60 per 

second, per watt, or, utilizing only 2 per-
cent of thc powcr of the rcactor to be 
uscd in producing cobalt-60, there will 
have been produced 

0.693 

5.2 yr x 3.17 x lo7-
sec 

X 3.7 X 10"-
Yr sec c 

x 3 .17  x 107-sec = 
Yr 

1 x 10"urie of cobalt 60/Yr 

The cobalt can so be placed in the re- 
actor that it will actually improve upon, 
rather than hinder, the efficiency of heat 
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removal. For instance, cobalt can be used 
for the control rods of the rcactor; it can 
also be uscd in flattening positions in the 
reactor; that is, it can be placed in such 
positions that the neutron flux distribu- 
tion will be flattened, thus making the 
temperature distribution more uniform 
throughout the systcm and improving on 
the efficiency of hcat rcmoval; finally, co- 
balt can be put into periphcral positions 
in the rcactor whcrc it will have little 
effect on the flux distribution but will 
catch ncutrons that ordinarily would 
havc been lost to the thermal shield- 
thus the duty for the secondary cooling 
systcm on the thermal shield could be 
reduced and morc heat could be directed 
to the powcr cycle. 

At any rate, it is feasible in many 
powcr rcactor designs to incorporate 
space for cobalt in such positions that the 
neutrons absorbcd are essrntially free, 
and the true costs involved are the cost 
of fabricating the cobalt picrcs and the 
infrequent operational cost of rcmoving 

Mr. lfanowitn and Dr. hfetz are memhrrs o l  the 
nuclear engineering department a t  Brookhaven Na- 
tional Laboratory, Upton, N.Y., and Dr. Bretton 
is on the staff of the chemical engineering depart- 
ment a t  Yale University, New Haven, Conn. 
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the cobalt from the reactor and trans-
ferring it into shipping casks. Calcula- 
tions have been made of the specific ac- 
tivity of cobalt-60 to be expected by ir- 
radiating cobalt-59 at various flux levels, 
and they are presented in Table 1. 

Assume that there is available a 500- 
megawatt reactor where one can make 
use of 10 megawatts of the power gen- 
erated, and that the 10 megawatts is 
available at an average depressed flux 
of 2 x 1013 neutrons per square centi-
meter, per second. In order to produce a 
megacurie of cobalt-60 in 1 year, having 
a specific activity of approximately 22 
curies per gram, one will have to insert 
in the reactor 10G/22 ~ 4 . 5 5  x lo4 grams 
of cobalt-59. Although the particular 
geometry of the individual of co-
balt may depend on the ultimate use of 
the radiation sources, for the purposes 
of this paper assume that the cobalt is 
fabricated into rectangular slabs 1 inch 
wide by 0.160 inch thick by 10 inches 
long, these dimensions including 0.030 
inch of stainless steel cladding. Each ele- 
ment will contain 136 grams of cobalt 
and will have a total weight of 221 grams. 
Thus, a total of 334 of these elements will 
be required, each of which will contain 
approximately 3000 curies. 

Radiation Levels 

In use as a radiation source, these ele- 
ments can be assembled in various ways. 
Assuming that a flat-plate geometry is 
desired, the radiation level to be expected 
immediately in front of the array ( 1 cen- 
timeter away in air) can be calculated 
by assuming that at this distance the 
source is essentially an infinite slab source 
of finite thickness. The radiation intens- 
ity, I, in roentgens per hour, at such a 
point is given by the expression: 

where Sois the specific activity in curies 
per cubic inch, p is the absorption coeffi- 
cient of the gamma rays in air, Y is the 
absorption coefficient of the source mate- 
rial, h is the thickness of the source, and 
F , ( v h )  is defined as 

Fl ( vh) = J ~ ~ x ~ e ~ " ' d x  ( 2 )  

the so-called Gold integral. Taking 
the values S,=3210 curies per cubic 
inch (averaged over entire array), 
p=1 .74x104  per inch, and v=1.19 
per inch (an average for the relative 
amounts of stainless steel and cobalt), 
Eq. 1 reduces to 

The results of applying Eq. 3 to a 
range of thicknesses of the source are 
shown graphically in Fig. 1, where the 
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Table 1. Specific activity of cobalt-60 ob- 
tained by irradiating cobalt-59. 

Curies of Neutron Atom % Co,,Oper 
flux* 

(n/cmz, sec) 
CoaO

after 1 yr 
Oram after 

1 Yr 

10" 
1oi5 

0.100 
0.990 

1.17 
11.6 

1 0l4 9.52 11 1 
.-

* T h e  flux used here is not the undepressed flux 
but the flux that the cobalt actually sees. 

radiation intensity at 1 centimeter in air 
from the center of a flat plate made by 
assembling the 334 elements into a 
roughly square sheet is plotted against 
the thickness. The radiation level near 
the surface of the most extended array 
( h= 0.160 inch) is 2.97 x lo7 roentgens 
per hour and approaches an asymptotic 
value of 7.18 x lo7 roentgens per hour as 
the array is condensed to a rough cube 
many elements thick. 

Shipping-Container Problem 

Plotted in the same figure are the tons 
of lead shield necessary to reduce the 
radiation level to 100 milliroentgens per 
hour (or lower at the ends) on the outer 
surface of the container. This value ap- 
proaches an asymptotic value of 6.5 tons. 
Figure 2 is a plan view of the shielded 
array. 

I t  would appear then that it might be 
feasible to d e s k  a shipping container to 
transport safely and store a megacurie of 
cobalt-60, i f  the only concern were safe- 
gunrding against the radiation emitted by 
the sou&. However, this quantity of 
cobalt-60 would gcnerate 15 kilowatts of 
power, all of which would be dissipated 
as heat within the source itself and the 
shield material. Thus, serious thought 
must be given to the proper design of a 
container for a megacurie of activity that 
will properly shield against radiation 
and, at the same time, provide for the 
safe dissipation of the heat energy thus 
generated. 

The first question to be resolved is 
whethcr or not multiple shipments of 
quantities of less than 1 million curies 
are to be considered. By reducing the 
curies per shipment sufficiently, one may 
effectively eliminate one of the main de- 
sign problems-the removal of heat gen- 
erated by the source. However, the weight 
of shielding required does not decrease 
in proportion. As a means of illustration, 
a 3000-curie source in the form of one of 
the afore-mentioned metal strips would 
probably require about 1.5 tons of shield- 
ing, but one could neglect the heat-re- 
moval problem. 

I t  is shown in subsequent paragraphs 
that a suitable facility for transporting 
1 million curies can be designed, which 
would weigh less than 15 tons, but the 
heat-removal problem must be given 
careful consideration. O n  the basis of 

Fig. 1. Results of applying radiation intensity to a range of thicknesses of the source. 

Fig. 2. Array for shielding and intensity calculations. 
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equal weight ,  48 shipments each, con-
sisting o f  seven o f  t h e  3000 curie sources, 
~ r o u l d  be required for t h e  transportation 
o f  1 mil l ion curies as compared w i t h  one 
shipment w i t h  t h e  single facility. Obvi -  
ously, there are intermediate cases tha t  
compare m u c h  more  favorably t h a n  the  
illustration given here, bu t  this illustra- 
t ion  does lend justification t o  considering 
the  transportation i n  a single shipment,  
w h i c h  is done i n  the  discussion t o  fol low. 
I t  might  b e  added that  a facility for 
transporting 0.5 mill ion curies, rathcr 
t h a n  1 mill ion,  would no t  d i f f e r  signifi- 
cantly f r o m  t h e  one t o  b e  desciibcd 
below. 

Before proceeding any further,  i t  
might  be well t o  state qualitatively some 
o f  t h e  requirements that  should be m e t  
b y  a properly designed facility. ( i )  T h e  
facility mus t  be properly shielded. ( i i )  
T h e  temperature i n  the  lead shield mus t  
always b e  below the  melt ing point o f  
lead,  since any small crack developing i n  
t h e  container during shipment m i g h t  re- 
sult i n  complete loss o f  shield i f  t h e  lead 
wcre i n  a m o l t e n  state. f i i i )  T h e  use o f  

\	 , 

power-driven auxiliary equipment  should 
b e  avoided,  i f  possible, sincc loss o f  
power might  lead t o  intolerable condi- 
tions. ( i v )  I t  should b e  borne i n  m i n d  
that  the  facility mus t  be loaded and un-  
loaded and ,  hence,  should b e  designed t o  
permit such operation without  leading 
t o  intolerable conditions. ( v )  I n  general, 
the  temperatures throughout the  facility 
should b e  as l o w  as ~ o s s i b l e  t o  reduce 
thermal stresses in t h e  shield container 
and also i n  t h e  cobalt strips themselves t o  
prevent, i n  the  latter case, rupture o f  the  
stainless steel sheath. 

I n  all probability, t h e  use o f  water as 
a heat-removal agent would result i n  the  
smallest size practical facility for trans- 
porting 1 mill ion curies. I-Iowcvcr, there 
are potential hazards involved w i t h  the  
possible physical loss o f  coolant. Consc- 
qucntly,  i t  was decided t o  a t tempt  a dc-

Fig. 3 .  Shielded containc 

Table  2. Ternperature values for a megacurie source 

Assumed 

Air  emissivity 


circulation o f  tlQ tz* t s Q  ta* Remarks 

rate stainless ( O F )  ( O F ) 
( O F )  ( O F )  

( l b / h r )  steel 

surface 


0 1 340 444 510 N o  air circulation 
0 0.5 410 516 590 N o  air circulation 

162 0.5 317 350 440 353 Natural circulation; n o  stack 
400 0.5 273 300 350 308 Natural circulation; 6.4 f t .  stack 

1000 0.5 185 200 245 210 Forced convection 

* I t  will he noted that in most cases these are maximum temperatures for the general location 

sign that  would use air as a coolant and 
heat-transfer media .  

All  the  heat  generated i n  the  cobalt 
mus t  b e  transferred across a n  air gap 
w h i c h  o f fers  a large resistance t o  transfer 
and thereby results i n  a very large t e m -  
perature di f ference.  I t  is readily appar- 
en t  that  this could b e  avoided i f  the  
g a m m a  radiation wcre absorbed i n  shield 
material rather t h a n  i n  t h e  cobalt. T h i s  
can  b e  accomplished b y  dividing the  e n -  
tire cobalt mass into smaller masses, each 
surrounded b y  shield matcrial. I n  order 
t o  determine the  extent  o f  subdivision 
necessary, one  requires in format ion  o n  
the  fraction o f  g a m m a  energy that  is ab- 
sorbed i n  various geometric shapes. O f  
particular interest i n  this design is the  
fraction absorbed i n  flat strips. For a n  
infinite flat platc o f  thickness "h," t h e  
following equation m a y  be der ived:  

where J ,  is t h e  fraction o f  g a m m a  encrgy 
that  is absorbcd, p is absorption cocffi- 
cient, and h is platc thiclmess. 

T h e  integral expression i n  Eq. 4 can  
be evaluated f r o m  available tables. FOP 

I 
.r for megacurie source. 

+ 	 a n  infinite plate o f  thicl<ncss correspond- 
ing t o  one o f  t h e  afore-mentioned cobalt 
strips, the  fract ion o f  g a m m a  energy ab- 
sorbed would b e  0.30. For a n  actual finite 
strip o f  the  dimensions given here,  t h e  
value would b e  less t h a n  this. I t  has b e e n  
estimated that  i n  such a strip the  fraction 
o f  the  total energy absorbcd ( b o t h  0 and 
Y )  would b e  about 0.33, assuming that  
t h e  beta encrgy (amount ing  t o  11.5 per-
c e n t )  is totally absorbed b y  t h e  cobalt. 

I t  is obvious f r o m  this calculation that ,  
i f  most  o f  t h e  energy is t o  b e  absorbcd i n  
the  shield material, t h e n  individual strips 
mus t  be used, each surrounded b y  shield 
matcrial. T h u s ,  a practical facility would 
consist o f  a shield block containing a cen- 
tral core consisting o f  a large n u m b e r  o f  
slots, each containing one  or more  cobalt 
strips. T h i s  is surrounded b y  further 
shielding t o  reduce the  intensity o f  radia- 
t ion t o  a tolerable value at t h e  surface. 
O n e  proposed design is shown i n  Fig. 3. 

T h e  spacing be tween  slots mus t  b e  
given careful consideration. I f  t h e  slots 
are too close, t h e n  the  contribution o f  
nearby strips t o  t h e  absorption i n  any  one  
particular strip will b e  excessive, and t h e  
figure o f  33 percent given i n  a foregoing 
paragraph would be raised appreciably. 
O n  t h e  other hand ,  too great a spacing 
would  add unnecessarily t o  the  size and 
weight  o f  t h e  facility. A n  arrangement 
allowing 0.5 inch  o f  shielding matcrial 
be tween  strips was selected a f ter  consid- 
eration had been given t o  t h e  a forc-mcn-  
tioncd factors. Another result o f  subdi- 
viding the  total mass o f  cobalt is the  
increase i n  area available for heat  trans- 
fer .  Rectangular slots wcre selected i n  
preference t o  circular ones, main ly  be-  
cause this particular geometry allows 
more  shicld material i n  the  central core. 

T o  increase the  e f ic iency  o f  the  facility 
w i t h  regard t o  t h e  removal o f  heat ,  the  
facility has b e e n  designed t o  permit natu-  
ral circulation o f  air through t h e  slots. 
T h i s  has been  done b y  means o f  a Iargc 
number  o f  connecting tubes, as is shown 
i n  Fig. 3. T h e  number  and size o f  tubes 
is governed b y  t w o  factors:  ( i )  the  pres- 
sure drop  through t h e  facility and ( i i )  
the  level o f  radiation scattered through 
t h e  tubes. I t  will b e  observed tha t  none  
o f  t h e  cobalt strips actually sees out  the  
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tubes, dild hrtlce radiation redchlng tht 
outside must arise from multiple scattcr- 
ing proccsscs. This considcration re-
quires that the tubrs be small. 

Thc fluid-flow relationships involved 
cither require rclativcly few large tubcs 
or a large number of small tubes. JVith 
respect to the fluid-flow relationship, the 
criterion used was to make thc largest in- 
dividual pressure drop be that associated 
with thc slots, since their size, as de-
scribed herc, is governed by other factors 
and not easily subject to change. As a re- 
sult, many small tubes are used. The 
natural circulation can bc improved by 
adding a stack to thc facility, as 1s shown. 

Thc over-all dimensions of such a pro- 
posed facility would be about 4 fect in 
diameter by 4 feet in height, with a 
6-foot stack having an internal diameter 

of about L O  irtchca. The welght of such a 
unit would be about 13.5 tons. The  inncr 
cylindrical core (containing the rectangu- 
lar slots) would bc about 2 fcct in diame- 
ter by 2 feet in height. Each slot would 
contain two cobalt strips arranged verti- 
cally, onc above the othcr. Since 334 
strips are required to constitute a mega- 
curic, 167 slots would be required, and 
these would be arranged on concentric 
circles spaced 1% inches apart. Each rod 
in a given circle would also be about 1.5 
inchcs apart, from center to center. Since 
each slot is 1 inch bv 0.5 inch. thc thick- 
ness of lead betwcen slots (and hence 
betwcen cobalt strips) would bc 1 inch 
in a radial direction and 0.5 inch along 
thc circumfcrcnce of thc circle. The air 
chambers above and below the central 
core would bc 4 inchcs in height, and 

Bendix Time-of-Flight 
Mass Spectrometer 

The combination of high resolution 
with the spced of response and geometric 
simplicity of time-of-flight mass spec-
trometers makes possible the application 
of mass spectrometry to a number of 
analysis and rcscarch problcms which 
heretofore have not bcen well suited to 
this technique. The development of the 
Bendix spcctromcter began with the in- 
vention of a new ion gun ( 1 ) which was 
capable of providing very high resolving 
powcr when used in a time-of-flight mas, 
spectrometer. Further developmcnt work 
was encouraged by the inherent versatility 
of the instrument both in its operation 
and in its design. Several models have 
now been designed and built on special 
order to satisfy a numbcr of different ap- 
plications. Following a description of the 
spectrometer's operation and a summary 
of its characteristics, some of these appli- 
cations are discussed. 

Operation 

Sevcral classes of mass spcctromcters 
are commonly referred to as time-of-
flight instruments. The Bendix spcctrom- 
etcr belongs to the class which probably 
represents the most straightforward ap-
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plication of timc of flight to mass spec- 
trometry and, in its simplest form, con- 
sists merely of an ion source and an ion 
collcctor situated at oppositc ends of an 
evacuated tubc, as is shown in Fig. 1. 

Ions arc first formed, usually by elec- 
tron bombardment, between the two 
elcctrodcs of thc ion source. By applying 
a voltage pulse between thesc clectrodcs, 
the ion bunch can bc ejected through an 
opening or grid in one of the electrodes. 
Because the ions, as a rcsult of thc ac-
celerating ficld, reach a velocity that is 
a function of their mass to charge ratio, 
the original bunch of ions separates as 
it passcs through the ficld-free rcgion bc- 
twccn the source and the detector into 
several bunches, each containing ions of a 
specific mass to charge ratio. Hence, the 
light ions will rcach the ion detector 
first, followed in succession by the heavier 
ions. 

One of the many methods in which 
the Bendix spectrometer can be operated 
is described in more detail with the aid 
of Fig. 2. The first event in the creation 
of a single mass spectrum, many thou- 
sands of which may be formed evcry sec- 
ond, is the establishment of the electron 
bcam in thc temporarily field-free ion- 
izing rcgion. This beam, which usually 

there would be 100 I-inch lubes in the 
top and bottom sections to pcrmit circu- 
lation of air. 

The temperatures of interest in such a 
facility are those at the outer surface, in 
thc central corc, and in the individual 
cobalt strips. Since thcse tempcraturcs 
are dependent on position, the values 
given in Table 2 refer to specific loca- 
tions as follows: t ,  is the temperature of 
the outer surface at a point midway be- 
tween top and bottom; t ,  is the tcmpera- 
ture at the center of the core; t ,  is the 
temperature at  the center of a cobalt 
strip; and t ,  is the temperature of the air 
in the tubes leaving the facility. Thc cal- 
culations that lcd to the results givcn 
hcre involved many assumptions and ap- 
proximations, which arc too numcrous 
and too involved to discuss in this paper. 

lasts a fraction of a microsccond, is pro- 
duccd when clcctrons are drawn off a hot 
filament by a voltage pulse applied to 
the adjacent electrode. After this beam is 
turned off, grid 1 is pulscd to eject the 
resulting ion bunch into the accclcrating 
region. The direct-current sourcc po-
tentials are arranged so that the ions re- 
ceive their major acceleration as thcy 
pass through this area on thcir way to 
the field-frcc separating region or drift 
SDace. 

If the ions before pulsing wcrc at  rest 
and all in a plane parallel to the elec- 
trodes, almost any method of ejecting 
thcm from thc source would provide 
infinite mass resolution, regardless of thc 
total length of thc flight path. The rc- 
solving power of the instrument is, there- 
fore, a measure of the ability of the 
sourcc to dclivcr the ions of onc mass to 
chargc ratio to the dctcctor in a sharp 
pulse, even though thc ions will inevi-
tably vary in initial position and velocity. 
The effcct of variations in the ions' initial 
position can be rcduccd by taking ad- 
vantage of the fact that those ions farther 
away from grid 1 fall through a larger 
potential during the ion-ejection period 
than do those ncarer this grid. The trail- 
ing ions will, therefore, acquire a greater 
vclocity and will eventually overtake 
those in front. A proper adjustment of 
the ficlds in the ionizing and accelerating 
regions, usually made by varying thc 
height of the ion-ejecting pulsc applied 
to grid 1, causes the "crossovcr point" 
for all ion peaks to occur as they pass 
through grid 3 into the ion detector. The 
deleterious effect of initial ion velocities 
on the resolution of a time-of-flight spcc- 
trometer can bc reduced in two ways: 
( i )  thc final vclocity of the ions can bc 
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