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NOTICES 

This repor t  w a s  prepared a s  an account of Government-sponsored work. 
Neither the United States nor the National Aeronautics and Space Adminis- 
t ra t ion (NASA), nor any person acting on behalf of NASA: 

A) Makes any warranty o r  representation, expressed o r  implied, with 
respec t  to the accuracy, completeness, o r  usefulness of the infor- 
mation contained in this report ,  o r  that the use of any information, 
apparatus,  method, o r  process  disclosed in this repor t  m a y  not 
infringe privately owned rights; o r  

B) Assumes any liabilities with respect to the use of, o r  for damages 
result ing from the use of any information, apparatus,  method o r  process  
disclosed in this report .  

As used above, "person acting on behalf of NASA" includes any employee 
o r  contractor  of NASA, o r  employee of such contractor,  to  the extent that 
such employee o r  contractor of NASA or employee of such contractor  
prepares ,  disseminates,  o r  provides access  to, any information pursuant 
to his  employment o r  contract  with NASA, o r  his employment with such 
contractor.  

AVAILABILITY NOTICE 

Qualified requestors  may  obtain copies of this repor t  from: 

National Aeronautics and Space Administration 
Office of Scientific and Technical Information 
Washington 25,  D. C. 
Attn: AFSS-A 
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I. INTRODUCTION 

The increased utilization of potassium and other alkali meta ls  in 
space-related r e s e a r c h  and development projects has  created a demand 
for new analytical techniques in this a r ea .  Absolute control of cer ta in  
impurit ies i s  essent ia l  for the high-performance tasks  now in the planning 
stages.  Oxygen, in par t icular ,  presents a problem because of i t s  t r e -  
me,ndous affinity for active metals.  
centration on the physical and chemical propert ies  of the host ma t r ix  resul t  
in a need for  a rapid and accurate method for determination of this element.  
A number of specialized methods have been reported for the determination 
of oxygen, ( l - 4 )  but only nuclear activation analysis(5)  offers an almost  
completely general  approach to the problem. 

The important effects of oxygen con- 

A wide var ie ty  of nuclear 
oxygen determination, e.  g. , 
n)F18, (8) 01 6lY, n)015 ( 9 )  

16 5, 12, 13) 0 l 6 ( n ,  p)N . 

F o r  a number of reasons,  it was felt by the present  investigators 
that neutron-induced reactions offered the most  effective approach for 
oxygen determination in alkali  metals.  Fur thermore ,  it  appeared that the 
neutron-proton reaction on 016  w a s  the reaction bes t  suited for the average 
analytical laboratory- - f rom considerations of t ime required per analysis ,  
equipment availability and cost, concentration sensitivity, and convenience. 
Therefore ,  a proposal entitled "Determination of Oxygen in Potassium' '  
was submitted by General Atomic to  the National Aeronautics and Space 
Administration. This proposal led to the present  r e s e a r c h  contract .  

The intent of this contract  w a s  to develop an activation analysis pro- 
cedure for the determination of oxygen in potassium which incorporated 
the la tes t  developments in the state of the a r t .  
the experimental  work, during the contract ,  was directed toward: 

To accomplish this objective, 

1. Investigation of fission-spectrum fast  neutrons produced by the 
uranium-235 fission reaction ( in  a nuclear reac tor )  as a possible 
neutron source  to induce the 016(n, p)N1 

Investigation of small Cockcroft-Walton positive-ion acce lera tors  
a s  possible sources  of 14-Mev neutron, produced by the deuteron- 
t r i t ium reaction, to  induce the 016(n, p)N16 reaction. 

Investigation of Cerenkov detection sys t ems  as a means  of measu r -  
ing the highly energetic beta par t ic les  emitted in the decay of N16. 

reaction. 

2.  

3. 
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4. 

5. 

6. 

7. 

a. 

9.  

10. 

11. 

12. 

Investigation of sodium iodide detection sys t ems ,  with modified 
electronic c i rcui t ry ,  as a means  of measuring the 6.1- and 7.1 -Mev 
gamma rays f r o m  the decay of the excited s ta te  of 016. 

Design and construction of an  automated neutron-activation 
analysis sys t em which would precisely control such  var iables  as 
i r radiat ion t ime, t ransfer  t ime,  and geometry conditions of the 
i r radiat ion and detection procedures.  

Design and construction of a pneumatic t ransfer  sys t em that would 
move samples  f rom the neutron source to  the detectors  in l e s s  
than one second. 

Design and construction of special  sample containers for alkali  
metals--containers  capable of withstanding the impact experienced 
in  a rapid t ransfer  system. 

Determination of the oxygen content of var ious ma te r i a l s  which 
could se rve  as sample containers. 

Investigation of various metal-cleaning techniques to reduce the 
container blank. 

Determination of the lower limit of detection of the analytical 
method. 

Determination of the precision of the analytical method. 

Determination of the accuracy of the analytical method. 

As a resu l t  of this program,  an analytical method for  the determination 
of oxygen in  potassium has been developed that is exceptionally rapid,  quite 
p rec i se  and accurate ,  and highly sensitive. The en t i re  procedure,  including 
i r radiat ion,  t ransfer r ing ,  counting, and data reduction, requi res  less than 
two minutes  per  sample.  Sample encapsulation and weighing together require  
an  additional five minutes per  sample.  At the level of 30 mic rograms  of 
oxygen (30 ppm in a 1 -g ram sample) precision for  a single i r radiat ion is 
approximately *3070 of the value. This precision value can be significantly 
improved by the averaging of repeat determinations.  
100 m i c r o g r a m s  of oxygen, the precision is *lo70 of the vdlue  (for  a single 
determination).  At s t i l l  higher oxygen levels,  the precis ion approaches 
* l% of the value. The sensitivity of the method ( i f  defined as the level a t  
which the signal is of the same size as the background) is 25 mic rograms  
of oxygen. OFHC copper was found to  be a suitable capsule ma te r i a l  for 
routine determinations in the range of 25 to 500 m i c r o g r a m s  of oxygen. 

At the level  of 
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11. PRINCIPLES O F  ACTIVATION ANALYSIS 

Nuclear activation analysis is  a method for qualitatively and quanti- 
tatively determining elemental  composition by means  of nuclear t r ans -  
mutations. The method begins with the i r radiat ion of samples  for  analysis  
with subatomic par t ic les  o r  high-energy electromagnetic radiation for  the 
purpose of creating radioactive isotopes for subsequent measurement  f r o m  
elements  present  in the sample.  Artificial  isotopes formed in this manner  
a re  character is t ic ,  in numbers  and types, of the isotopic composition of 
the original sample and the irradiation conditions. Assuming a uniform 
and charac te r i s t ic  isotopic distribution in nature,  a uniform radiation 
source,  and a uniform measuring sys tem,  the only var iable  in radioisotope 
production for e lemental  analysis is concentration. In practice,  the analyst  
seldom has a uniform radiation source.  
production is a summation of all events possible within the pe r ime te r s  of 
a given radiation environment. 

As a resul t ,  the total isotope 

THERMAL-NEUTRON ACTIVATION ANALYSIS 

This is the method mos t  widely used in activation analysis work. 
r e f e r s  to a bombardment of samples with neutrons that a re  in  the rma l  
equilibrium with their  environment. 
giving the neutrons an average energy of 0. 025 electron volts (ev).  With 
few exceptions, the type of induced nuclear  reaction at  this energy is the 
so-cal led neutron-gamma (n, y ) ,  o r  capture,  reaction. 

It 

In pract ice  this is room tempera ture ,  

While the samples  a r e  being i r radiated,  two processes  a r e  occurring. 
New nuclei a r e  constantly being formed a t  a r a t e  equal to Nfu, where N is 
the number of ta rge t  nuclei of agiven type present  in  the sample,  f is the thermal -  
neutron flux to which the sample is exposed, expres sed  in units of neutrons 
p e r  square  cent imeter  pe r  second, a n d u  is the capture  c r o s s  section 
(capture  probability), expressed  in square  cent imeters  per  nucleus. Also, 
if these new nuclei a r e  unstable ( radioact ive) ,  they decay a t  a r a t e  equal to 
N":X, where N" is  the number of product nuclei p resent  at any t ime t and A 
is the radioactive decay constant. 
product nuclei is, therefore ,  the difference in the two rates:  

The over -a l l  net  r a t e  of formation of 

.%. 
dN'"/dt = Nfu - N*'*A . ( 1  1 

This  is a l inear  differential equation for which the solution is 
.lr 

N". = Nfu(1 - -At 
e ) / A  I 
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:g 
In practice,  one is interested in the decay ra te ,  XN , ra ther  than in 

N''o Rearrangement of Eq. ( 2 )  gives this a s  

t - Xt N X = Nfo(1 - e ) (3)  

which is the activity in units of disintegration per second af te r  an irradiation 
t ime to  

Of course,  N is a function of the sample weight, the percent of the 
element present  (70 of el. 
(70 ab. ) among the stable nuclides of that e lement ,  
the element,  and of Avogadro's number, Thus, the activity A, in d i s / s e c ,  
is 

the abundance of the target  nuclide in question 
the atomic weight of 

. .. ) 
23 -0.  693t/ T " Of x -  " ab' x (6. 02 x 10 ) x fu(1 - e 

100 100 
sample wt x 

0 (4)  chemical atomic weight of e lement  

F r o m  Eq. (41, it i s  obvious that the activity produced by the (n, y )  reaction 
for  a given sample depends on the neutron flux and the t ime of irradiation. 
Saturation (steady s ta te )  is reached when t >> T, where T is the half-life 
of the product nuclide. 
the activity is 1 / 2  Asat a t  t = T, 3 / 4  Asat a t  t = ZT, 7 / 8  Asat at  t = 3T, 
and s o  on. 

In this case,  (1 - e-Xt) approaches unity. Similarly,  

FAST-NEUTRON ACTIVATION ANALYSIS 

There is no universally accepted definition for analysis based on 
fast-neutron-induced reactions.  In general ,  the t e r m  is applied to sys tems 
which produce radioactive products by the nuclear reaction X(n, b)Y, where 
n is an energetic neutron and b is a nuclear particle (not a gamma ray). 
This would include scch reactions a5 the (n, p), (n,  2n), (n, a), (n,  d),  (n,  t ) ,  
(n,  n ' ) ,and (n, np) reactions.  The thresholds for these par t ic le-par t ic le  
react ions,  e. g. the energies  required to induce the reactions,  with few 
exceptions a r e  in the range of millions of e lectron volts (Mev), 
par t icular  reaction that will dominate under a given se t  of conditions is a 
function of the nucleus involved and the energy associated with the incoming 
neutron. F o r  example, the common isotope of oxygen (0  16 ) does not in te rac t  
with a f a s t  neutron unless the neutron has  a minimum energy of about 10 MeV, 
but when it does react ,  the probability is that it will absorb  the neutron and 
promptly emit  a proton within a period of about 
r e su l t  is that an energetic neutron ( > l o  Mev) w i l l  produce a N16 nucleus 
when i t  reakts  with O1b0 
and can be measured  readily. The (n, a) reaction on 0 1 6  produces only the 
s table  (nonradioactive) isotope C13* 

The 

sec.  The over-al l  

The N16 isotope is radioactive ( T  = 7. 35 sec )  

The (n, 2n) reaction on 0l6 requires  
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a nr~utron cnergy g r e a t e r  than 14 MeV. 
( N 1 4 )  is very  unusual in that i t  will undergo the (n,  p) react ion at  a neutron 
en(’rgy O I  ( 1  ev  to  produce C14. 
10 Mcv ,  N 1 4  undergoes a (n, 2n) reaction to produce N13. 
R very  long-lived ( T  = 5700 years )  radioisotope, whereas  N l 3  is quite 
short- l ived ( T  = 10 min).  I t  is  a s imple t a sk  t o  m e a s u r e  
of N 1  j, and vice v e r s a ,  because of the g r e a t  differences in their  half-l ives 
and radiation energ ies .  

The common isotope of nitrogen 

With neutrons of energy beyond about 
Carbon-14 is 

in the presence  

It is possible to draw severa l  conclusions from the vas t  amount of 
experimental  data available concerning fast-neutron reactions.  F i r s t ,  the 
( n ,  p) react ions general ly  requi re  l e s s  energet ic  neutrons than do (n ,  2n) 
react ions.  The probability for  the ( n ,  2 n )  reaction is general ly  v e r y  low, 
below about 1 0  Mev except for  elements of high atomic number.  
react ions a r e  a l l  endoergic,  mostly having thresholds  in  the range of 8 to  
12 MeV. Second, the probability fo r  (n ,  a ) ,  (11, d), and (n, t )  react ions goes 
down with increasing atomic number (due to  coulomb b a r r i e r  effects).  
Third,  the probability o f  fast-neutron reaction, i. e . ,  the c r o s s  section of 
the react ion,  is usually l e s s  than the probability of thermal-neutron capture .  

The (n,  2n) 

A problem in calculating expected detection sensi t ivi t ies  for  fast-  
neutron-induced react ions is the energy dependence of the react ion c r o s s  
section. 
and  a t  the present  t ime i t  is difficult to pred ic t  the behavior quantitatively. 
In prac t ice  this is not a problem, because a known sample activated under 
the s a m e  experimental  conditions pe rmi t s  a concentration calculation by 
a s imple  rat io  method. 

The react ion cross-sect ion t e r m  va r i e s  with neutron energy,  
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111. TECHNIQUES O F  ACTIVATION ANALYSIS 

Activation analysis can be applied to  the determination of a lmost  
every element of the periodic system down to levels in the mic rogram to 
submicrogram range. 
i s  a function of the ma t r ix  properties,  t r a c e  elements,  sensitivity r equ i r e -  
ments ,  cos ts ,  and the propert ies  of the element in  question. The selection 
of activation analysis a s  the appropriate technique to  solve an analytical 
problem i s  usually based on i t s  sensitivity, speed, economy, and conven- 
ience,  o r  on the absence of other suitable methods. Sufficient qualitative 
and quantitative experimental  data exist in most  ca ses  to enable one to  
select  the most  appropriate  activation -analysis technique. 
following sequence of considerations is  involved: 

F o r  a given problem, the method to  be employed 

In general ,  the 

1 .  
2. 
3. 
4. 
5. Selection of a chemical separation scheme,  i f  necessary.  
6. 

Selection of the optimum nuclear reaction. 
Selection of a suitable irradiation facility. 
Preparat ion of the sample for irradiation. 
Determination of the irradiation t ime to  be used. 

Selection of a suitable postirradiation counting method. 

The choice of nuclear reaction i s  usually based on the physical, 
chemical,  and nuclear propert ies  of the ma t r ix  and t r a c e  elements,  and 
the i r  activation products. 
sitivity of a given nuclide and may dictate the necessity of chemical 
t rea tment  a f te r  i r radiat ion,  before counting. Another factor is economics, 
s ince it i s  generally not feasible to have on hand equipment capable of 
furnishing a complete range of energies for  all known projecti les.  
p resent  t rea tment ,  of course,  only neutrons a r e  considered a s  the bombard-  
ing par t ic les .  

These properties l imit  the instrumental  sen - 

In the 

The selection of a neutron source i s  based on the energies and fluxes 
required.  The nuclear reactor  produces neutrons at  very  high fluxes,  but 
the energies  of these neutrons a r e  predominantly very low. A 150-kv 

reaction, but will not produce the high fluxes available in the reactor .  

deuteron accelerator  will produce 14-Mev neutrons,  via the H 3 (d, n)He 4 

Sample preparat ion is  usually not a problem. F o r  neutron i r radiat ion,  
the sample can be sealed in almost any container of convenient s ize .  
nondestructive method is employed, that  i s ,  one involving no chemical 

If a 
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separat ions,  it  i s  best  to  u se  a container ma te r i a l  that does not become 
radioactive in the neutron field. This eliminates the necessity of changing 
containers before counting. 

The optimum irradiat ion t ime i s  a function of the half -lives of the 
sample nuclei. 
to lerated by the proper  choice of conditions. The determination of platinum 
and chlorine on an alumina catalyst support, for example, i s  hampered 
because of the intense A128 activity produced (T = 2. 3 min).  This problem 
is easily solved by i r radiat ing the samples  for  a n  hour and letting the A128 
decay away before counting for the activated platinum (30-min Pt199) and 
chlorine (37-min Cl38). 

The presence of an interfering isotope can frequently be 

Post i r radiat ion chemical separations a r e  employed when the presence  
of a n  interfering isotope cannot be sufficiently minimized by varying the 
i r radiat ion t ime o r  counting method. In general ,  the methods employed 
a r e  standard chemical reactions. The addition of a c a r r i e r ,  that i s ,  a 
known amount of the s a m e  element in nonradioactive form a s  the radio-  
isotope to  be separated,  to the i r radiated samples  allows the analyst to  
u se  nonquantitative separation procedures.  
the percentage yield be determined. Naturally, the higher chemical yields 
produce the most  sensit ive methods. 

All that is necessary  is that 

If an  absolute a s say  method is employed, i. e . ,  the concentration i s  
calculated f rom the disintegration ra te ,  the a s say  must  be quantitative. 
The neutron flux and the reaction c r o s s  sections must  a l so  be  known for  
this  method. With a comparative procedure,  where a known sample is 
i r rad ia ted  simultaneously, and counted identically, the absolute values of 
flux, c r o s s  sections,  and activity need not be known quantitatively. The 
la t te r  method is the m o r e  widely used, since it is generally m o r e  accurate .  

As shown in Eq. (4), elemental sensitivity to neutron techniques i s  
mainly a function of isotopic abundance, reaction c r o s s  section, and 
neutron flux; radioisotope half -life and decay scheme a r e  a lso important 
pa rame te r s .  Of the four known neutron-induced reactions of the oxygen 
isotopes that resul t  in the formation of a radioisotope, i. e . ,  0 16 (n,p)N16, 
0 l 6 ( n ,  Zn)O15, O17(n, cr)C14, O18(n, r)019, the neutron-proton reaction 
with 0 1 6  i s  definitely the most  suitable for the determination of smal l  
amounts of oxygen in potassium(or  in other mater ia l s ) .  The 016(n, 2n)O15 
reaction requires  neutron energies in the range of 15 t  MeV, which a r e  
produced in quantity only by large acce lera tors .  The O q n ,  Cr)C14 reaction 
requi res  impossibly long irradiation t imes  owing to  the 5700 -year half - 
l i fe  of C14. Also, C14 emits only soft beta par t ic les--no gamma rays.  
The 018(n ,y)019 reaction has  a very sma l l  c r o s s  section, and the isotopic 
abundance of 0 1 8  i s  sma l l  (0. 27’0. 
duces a short-l ived radioisotope (T = 7. 35 sec) .  

The 016(n,p)N16 reaction readily p r o -  
This reaction only 
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requires  neutrons of energies in a more  readily accessible  range, above 
about 10 MeV. 

Neutrons in the 10 - to  15 -MeV range a r e  available f rom both nuclear 
reac tors  and accelerators .  In the case  of reac tors ,  the 10 -  to 15-Mev 
neutron flux is severa l  o rde r s  of magnitude lower than the flux of ve ry  
low -energy neutrons because of the p r imary  fission neutron spec t rum and 
the great  degree of moderation required to  sustain the fission process .  
Acce lera tors ,  on the other hand, can produce only fast neutrons,  i f  de s i r ed - -  
neutrons with energies depending on the nature  and energy of the projecti le 
and on the target  mater ia l .  Small ,  inexpensive, low -voltage acce lera tors  
can produce these very energetic neutrons, but they a r e  l imited to  the 
thermonuclear reaction H3(d, n)He4 t 17. 6 MeV, of which 4 / 5  goes to the 
neutron produced, and 1 / 5  goes to  the alpha particle.  
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IV. EQUIPMENT 

NEUTRON SOURCES 

250-kw TRIGA Mark  I Nuclear Reactor 

The TRIGA Mark  I reactor  w a s  used for all reactor  experiments.  

In the same  
At the 250-kw power level, this reactor  produces a flux of 4. 3X 1 0 l 2  
thermal  neutrons/cm2-sec in the pneumatic-tube position. 
position, there  a r e  lower fluxes of high-energy neutrons: 3.  5 x 1012 
neutrons >O. 01 MeV, 7. 5 x 10l1 neutrons >1. 35 MeV, 1. 25 x 10 l1  neutrons 
>3. 7 MeV, and 1. 9 x 1010 neutrons >6.  1 MeV. The reac tor  can a l s o  be 
"pulsed" to about 109 watts for approximately 15 msec .  During a pulse, 
the neutron flux exceeds 1016 neutrons/cm2-sec.  

The t rans i t  t ime from the sample i r radiat ion position to the counting 
room is about 2 s ec  with the present pneumatic sys tem.  F o r  reasons  of safety, 

he thermal-  
rabbit i s  

the sample containers a r e  enclosed in a second rabbit. To reduce 
neutron-induced reactions in  some of the experiments,  the outside 
constructed with l iners  of boron, boron-10, or  boron-1 0-cadmium 

150-kv Cockcroft- Walton Deuteron Accelerator  

Texas Nuclear Corporation Models 9500 and 9900 150-kv Cockcroft- 
Walton positive-ion machines were used as sources  of 14-Mev neutrons.  
Each of these units consists of three separa te  sections: the acce lera tor  
with vacuum system, a 150, 000-volt power supply, and a control console. 
The units a r e  capable of producing neutrons with no fur ther  equipment 
necessa ry  except a t r i t ium target. Once the vacuum, deuterium gas 
p re s su re ,  extraction voltage, focus voltage, and solenoid cur ren t  a r e  
adjusted to yield the desired level, a source  of neutrons is available a t  
the turn of a switch. 

3 4 
The reaction H (d, n)He is used to generate  neutrons.  In this highly 

exoergic reaction, the neutrons leave the target  essentially isotropically 
with kinetic energies  of approximately 14 MeV. For Model 9500, the 
max imum beam curren t  (Dt-ions) is 1 mil l iampere.  
accelerat ing potential and a tr i t ium target  of 3 to 5 cur ies  per  square  
inch, the neutron yield is about 5 X 1O1O n /  sec .  
obtainable in the center of a 5-cm3 sample is  approximately 5 x 108 n/cm2- sec.  
In the case  of the l a rge r  machine, Model 9900, the maximum D+ beam 
cur ren t  available is 2. 5 mill iamperes.  The neutron yield, however, is  
2 x 1Ol1 n / sec .  

With a 150-kv 

The maximum neutron flux 

This is slightly m o r e  than 2. 5 t imes  the smal le r  model 
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and is explained on the basis  of increased t a rge t  a r ea .  With this machine, 
a 5-cm3 sample can be exposed to an average flux of about 2 x l O 9 n / c m b e c .  

AUTOMATIC CONTROL SYSTEM 

An automatic control mechanism was designed and installed to  
eliminate a l l  manual operations in the analytical procedure.  
inser t s  the sample,  pushes the reset  button, and dials the des i red  
i r radiat ion time. 
the i r radiat ion position, indicated by the panel lights. 
s t a r t ed  by energizing the clock, which turns  on the accelerator .  When the 
clock t imes  out, the solenoidvalve on the nitrogen je t s  opens, the exhaust 
valves a r e  switched to OUT, the accelerator  tu rns  off, and the IRRADIATE 
TO ANALYZE t imer  is energized. Sample and monitor a r e  t r ans fe r r ed  
to the i r  detector positions. When the IRRADIATE TO ANALYZE t imer  
t imes  out, the analyzers  a r e  turned on for a p rese t  time. The counting 
data a r e  displayed on two sca l e r s ,  
of events (logic-upset) a TILT light w i l l  tu rn  on a s  a signal to d is regard  
that determination, 

An operator  

The sample and the monitor a r e  automatically sent  to 
The sys tem is 

If there  is any change in the sequence 

Other features  mounted on the control  panel are:  

1. 
2. WATER ( ta rge t  cooling) light. 
3. Accelerator  BEAM light. 
4. Automatic and manual ON and O F F  switches. 
5. READY light. 
6. VALVE IN and OUT lights and switches. 
7. BLOWER light and AUTO OFF-ON switch. 

Main POWER switch and light. 

The ent i re  assembly is in a standard 19-inch r ack  mount, 
and 15 inches deep. Figure 1 is a photograph of the front panel of this 
equipment and Fig. 2 is a wiring diagram of the electronic c i rcui t ry .  

12 inches high 

TRANSFER SYSTEM 

A dual sample t ransfer  system was designed and built to accomplish 
the following objectives: 

1. Move simultaneously a sample and s tandard from the neutron 
i r radiat ion position to the detector position in one second o r  less .  

Provide rotation for the sample and s tandard in the neutron beam 
to insure a m o r e  uniform irradiation. 

Provide the operator  with a visual indication of the sample location. 

2. 

3. 
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The sample t rave l  t ime is a function of the gas velocity in the t ransfer  tube 
and the t ime required for the force exerted by this gas  to overcome the 
force of gravity. The basic  features of this design a r e  (1)  the nitrogen je t s  
that initially move the samples and ( 2 )  the la rge  volume of nitrogen that 
c a r r i e s  the samples to the detector position. The nitrogen je ts  a r e  powered 
by two cubic feet of dry  nitrogen a t  a pressure  of 50 to 80 psi. 
t ransfer ,  the nitrogen tank is refilled automatically f r o m  a nitrogen cylinder. 
A signal that operates the solenoids for the nitrogen a l so  r e v e r s e s  the 
valves for the g a s  flow. 
Fig. 3. 

After each 

A schematic diagram of the sys t em is shown in 

Rotation of the sample and s tandard is provided by placing spindles 
between two blocks of meta l  at the i r radiat ion position. Each spindle is 
attached to a gear in such a manner that a sma l l e r  gear  in the center 
interlocks the whole mechanism with a single 94-rpm motor.  
is shown in Fig. 4. 

This device 

A visual indication of sample position i s  provided by a se t  of photo- 
e lectr ic-cel l -operated lights on the control console. These photocells a r e  
located a t  the i r radiat ion position and a t  the counting position. 
the lights, an operator can te l l  whether or  not a given sample has  left o r  
entered either end of the system. These lights a r e  a l so  used in the analytical 
procedure logic to prevent the system f rom start ing when the samples  a r e  
not in position. 

By following 

DETECTION SYSTEMS 

Sodium Iodide System 

Interference in the detection of the 6. 13- and 7. 13-Mev gamma rays  
f r o m  N16 is not generally considered a problem. However, the fact that 
many elements have ei ther  a higher activation c r o s s  section than oxygen 
o r  a g rea t e r  abundance in the sample, o r  both, often leads to a large 
amount of activity in addition to and relative to the N16 resulting f rom 
oxygen activation. The interfering activit ies m a y  cause an inordinate 
amount of dead t ime in the measuring device, which ser iously affects the 
counting s ta t is t ics  of the short-l ived N16. 
relatively slow resolution t ime of the sodium iodide scintillation c rys ta l  
( 4 0 - 7  sec) ,  i t  is possible for  two or  more  gamma rays  f rom a ve ry  
radioactive source to be seen  simultaneously and added pr ior  to pulse- 
height analysis. 
which reduces the accuracy of the s ta t is t ics  of counting o r  obscures  the 
photope ak altogether. 

In addition, because of the 

Such pileup may r a i se  the base of the N16 photopeak, 
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Two different techniques were used to  minimize the potential pileup. 
F i r s t ,  a redesigned preamplifier that accepts the signal f rom the photo- 
multiplier tube was tried.  
which is four t imes fiaster than the original device. The chance for pileup 
was reduced, then, by a factor of four. Electronic dead t ime was a l so  
reduced, making the ent i re  sys tem linear over a much l a rge r  concentration 
range. 

The new design has a resoltition t ime of 1 psec,  

Cerenkov System 

The second technique applied to this problem w a s  the use of a 
Cerenkov detector.  ( 1 )  
viously used, this device m e a s u r e s  the Cerenkov radiation f rom high- 
energy beta par t ic les  a s  a function of their  energy. 
charged particle t r ave r ses  a path, 4, in a medium, the number of photons 
radiated,  N, along a shor t  segment, dR, is given by 

Unlike the sodium iodide scintillation c rys ta l s  pre-  

In general ,  when a 

where /3 is the velocity of the particle relative to the velocity of light in a 
vacuum, q is the refract ive index of the medium, l / q  is the minimum 
velocity for the Cerenkov effect, and K is a combined constant that includes 
the fine s t ruc ture  constant and the radiation frequency range under 
consideration. 

F r o m  the beta-particle energy sufficient to cause Cerenkov radiation 
in water  (0.26 Mev), the photon output increases  rapidly with beta energy 
up to about 2 MeV. Fur ther  increase in beta energy resu l t s  in a sma l l e r  
proportionate increase  in light output, in accordance  with the above equation. 
However, the number of beta particles of sufficient energy to cause a la rge  
Cerenkov radiation in water o r  Lucite increases  markedly with increasing 
max imum energy of emission because of the energy- spec t rum charac te r i s t ics  
of beta  emi t te rs .  Thus, the Cerenkov detector offers an advantage for 
measuring beta  par t ic les  (10. 4 Mev Emax) f rom N16 in samples  containing 
relat ively la rge  amounts of interference in the form of gamma rays or  
low-energy beta par t ic les .  
is of the o r d e r  of only 

In addition, the resolving t ime of the detector 
sec.  

One disadvantage in counting only the high-energy beta particles 
f r o m  the N16 isotope is the relatively low abundance of these par t ic les  
re la t ive to the gamma rays.  
Fig.  5), -757'0 of the disintegrations proceed by emission of moderate-  
energy  beta a r t ic les  (Ema, values of 3. 27 to 4. 27 MeV) to  two excited 
s t a t e s  of 01< These excited states r e tu rn  to the ground s ta te  by gamma- ray  

As seen f rom the decay scheme of N16 ( see  
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emission. The remaining 257' of the decays go directly to the ground s ta te  
of 016  by energetic beta emission (10.4 Mev Emax). 
about th ree  t imes as many moderate-energy gamma rays as there  a r e  highly 
energet ic  betas. The nature of beta emission, however, is such that the 
average beta energy is only about 1 / 3  of the Emax. It is the Cerenkov 
de tec tor ' s  efficiency f o r  beta particles and insensitivity to gamma rays  
that makes i t  better for N16 detection than sodium iodide detectors.  
fac t  that the Cerenkov detector is cheaper and more  rugged is a fur ther  
advantage. 

Thus, there  a r e  

The 

ACCELERATOR FACILITY 

An underground location was selected for construction of the new 
acce lera tor  facility. The design is  a U-shape, 'with the two ends of the 
analytical  sys tem ( i r radiat ion and detection) only 14 feet apart .  
ethylene t ransfer -sys tem tubing passes through a 6-foot a r c ,  so  that no 
d i rec t  line of sight exists between the ta rge t  a r e a  and the detectors.  The 
sample t rave l  distance is 2 0  feet, and the t ransfer  t ime for samples  
weighing l e s s  than 2 5  grams is approximately 0. 5 seconds. 

The poly- 

INERT-ATMOSPHERE HANDLING SYSTEM 

A new iner t -a tmosphere chamber has been installed for handling and 
encapsulating oxygen-sensitivive samples. The unit consists of a hermet-  
ically sealed dry  box combined with a highly efficient purification sys tem 
that constantly maintains an iner t  atmosphere with l e s s  than 1 ppm moist-  
u r e  and oxygen. The purification system is basically a copper furnace 
followed by a soda-lime t rap.  Materials a r e  inser ted  into the hnit through 
a vacuum chamber,  which is evacuated and back-flushed seve ra l  t imes  
with purified argon. 
gassing, balances fo r  weighing samples,  and arc-welding torches for 
encapsulation. 
sealing copper and aluminum capsules. 

The box is equipped with induction heaters  for out- 

A MAGNEFORM" head can be installed for magnetically 

~ ~~~~~ ~ 

ak 
Registered in U. S. Patent  Office. 
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V. DETERMINATION O F  OXYGEN B Y  ACTIVATION 
WITH FAST NEUTRONS 

DISCUSSION 

The O16(n, p)N16 Reaction 

The most  widely used nuclear transmutation for the determination of 
oxygen by activation analysis i s  the 0 l 6 ( n ,  p)N16 reaction, which was used 
in this investigation. 
The requirement  of conservation of momentum adds an additional 0 . 6  MeV, 
result ing in a reaction threshold energy of 10.2 MeV. 
to be able to occur  at  all,  the incident neutrons mus t  have kinetic energies  
in excess  of 10. 2 MeV. 
both nuclear  r eac to r s  and small (150 kv) positive-ion Gockcroft-Walton 
acce lera tors .  

The reaction is endoergic to the extent of 9 .6  MeV. 

Thus, fo r  the reaction 

Neutrons in this energy range a r e  available f rom 

Decay Scheme of 

The N16 product has  a very shor t  half-life (7.35 seconds) and decays 
by beta-particle emission to two of the excited s ta tes  of 0 1 6  (-207’0 to one, 
~557‘0 to the other) o r  direct ly  to the ground state of 0 1 6  (-250/0). 
excited s ta tes  of oxygen decay by gamma-ray  emission to the ground s ta te  
in l e s s  than 10-  l 4  seconds. 
757‘0 of the transit ions produce 3. 27 o r  4.27 Mev (max) beta par t ic les ,  
promptly followed by 6. 13 o r  7.13 Mev gamma-ray  photons (557’0 4.27 
Mev p’ t 6.13 Mevy; 207’0 3.27 Mev p- t 7.13 Mev 7 ) .  The other  2570 of 
the transit ions produce a 10 .40  Mev (max) beta par t ic le  with no gamma rays.. 
The unique charac te r  of the N16 isotope, i. e . ,  i t s  very  high-energy beta 
par t ic le  and ve ry  high-energy gamma ray, makes i t  one of the eas i e s t  
radioactive species  to detect  and measure .  Ei ther  the beta o r  gamma 
radiation, o r  both, can be used for  analytical, purposes.  

The 

As a resu l t  of this decay pat tern,  approximately 

SENSITIVITY 

The sensitivity of the activation analysis method i s  generally expressed  
as the number of character is t ic  radiation counts detected p e r  unit weight of 
the element  in a given measurement  t ime. 
example, could be expressed as the number of 6-  to7-Mev gamma-rayphotopeak 
counts obtained in 30 seconds of counting, p e r  g ram of oxygen. 

The oxygen sensitivity, for  

This implies 
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a particular i r radiat ion configuration, neutron source,  i r radiat ion t ime,  
t ransfer  t ime,  and detection system. Sensitivity data can also be expressed 
as the minimum weight of the element in question that will produce a given 
number of character is t ic  counts. 
function of the analytical sys tem and the procedure.  

In either case,  sensitivity values a r e  a 

PROCEDURE 

Samples for analysis a r e  packaged in polyethylene, s ta inless  steel ,  
o r  hydrogen-fired OFHC copper capsules and sealed.  All handling, pr ior  
to the neutron irradiation, is done in a specially constructed iner t -a tmosphere 
box filled with purified argon. Capsules a r e  sealed by e lec t r ic  welding 
techniques. 
and af ter  loading. While s t i l l  in the argon atmosphere,  the capsules a r e  
placed in an air-t ight container and transported to  one of the analytical 
sys tems.  Fo r  long s torage,  the permeability of polyethylene to oxygen 
gas  can be a problem. 
respect .  

Sample weights a r e  obtained by weighing the capsules before 

Polypropylene i s  believed to be bet ter  in this 

I r radiat ion Time 

The i r radiat ion t ime i s  selected on the bas i s  of oxygen content and 
ma t r ix  effects. As mentioned previously, half of all the N16 activity the 
sys t em will produce is obtained in 7. 35 seconds. 
i r radiat ion will produce 75% of the maximum value. Irradiation t imes 
g rea t e r  than 2 0  seconds can only add an additional 10% of the maximum 
but they can produce other problems by appreciable activation of the capsule 
and /o r  the matrix.  F o r  this reason, only in special  ca ses  a r e  samples  
i r rad ia ted  fo r  longer than 20 seconds. 

A 14. 70-second 

Counting Time 

At the end of the i r radiat ion step, the sample and monitor a r e  t r ans -  
f e r r e d  to  their  respective detector positions and the radiation intensity of 
the charac te r i s t ic  gamma rays  o r  beta par t ic les  of N16 is measured  for 30 
seconds.  Since the decay of radionuclides is exponential and the half-life 
of N16 is short ,  it is important to move the samples  f rom the neutron field 
to the detectors as rapidly a s  possible. Again, because of the rapid decay 
of N16, counting t imes  longer than 30 seconds for low oxygen levels produce 
few additional net counts. The counts for the unknown sample a r e  normalized 
with the counts f rom the monitor and compared analytically with a known 
sample  (also normalized) t reated in an identical manner .  Any i r regular i t ies  
in the neutron production, t ransfer  t imes ,  or counting t imes a r e  eliminated 
f rom the final calculation by this monitor technique. 
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Stan da r d C a 1 ib r a t  ion 

Analytical standards used as knowns in this comparator  procedure 
consist  of a specially prepared ser ies  of oxalic acid (AR grade)  samples  
diluted with graphite. They a r e  packaged in identical containers and a r e  
the same physical s ize  and shape a s  the unknowns. 
of oxygen content versus  activity allows a subtraction for  blank oxygen 
by noting where the straight line c ros ses  the activity axis at  z e r o  oxygen 
added. Other factors ,  such as gamma-ray attenuation, a r e  discussed 
below. The oxalic acid-graphite s tandard samples  a r e  cor rec ted  for the 
sma l l  oxygen content (-0. 370) of the graphite. 

A calibration curve 

Data Reduction 

In the procedure, then, the data for the oxygen determination a r e  

The calculation to process  an analytical number is as follows: 
presented on one sca l e r  and the neutron monitoring data a r e  on a second 
sca l e r .  

Counts per mg 0 (known) 
Monitor counts = K  

and 

Counts (unknown) x 100 
= % O .  

(K) (Monitor counts) (Sample wt, in mg)  

Reactor Irradiation 

Samples for reactor  irradiation were prepared in polyethylene vials 
having a 1 - m m  wall thickness, a 2. 3-cm height, and a 1. 0-cm inside 
diameter .  The tops of the vials were  heat-sealed with a soldering pencil 
af ter  the samples  were  loaded. Irradiations were  ca r r i ed  out with the 
sample vial  contained in special  rabbits to maintain a uniform sample 
position f rom one irradiation to another. Time in the neutron fields w a s  
var ied  f rom 15 seconds to 1 minute, a s  desired,  except in the reac tor -  
pulse experiments.  At the completion of each irradiation, the t ime was 
recorded,  and an electronic stop watch was used to measu re  the decay 
and counting t imes  to the neares t  one-hundredth of a second. 

Several  pulsing experiments were ca r r i ed  out to compare the generation 
of short-l ived radionuclides by reac tor  pulsed i r radiat ions with the resu l t s  
of steady-state irradiations.  Radioactivity measurements  were made by 
means  of multichannel gamma-ray  spectrometry.  In all cases ,  a 0. 5-inch 
polystyrene absorber  w a s  placed on the 3-inch by 3-inch NaI(  T1) detector 
to diminish the smearing of the gamma-ray  spec t ra  caused by beta 
par t ic les  f rom the sample.  
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The resu l t s  of reactor  irradiations of oxygen-containing samples  a r e  
l is ted in Table 1. 
iron, vanadium, manganese, and potassium, obtained in a s imi la r  manner .  
The sensitivity of the oxygen method with this sys tem va r i e s  f rom 
1. 5 x 106 photopeak counts (6  to 7 MeV) per  g r a m  of oxygen for  s teady-state  
operation to 2. 1 x l o 7  photopeak counts (6  to 7 MeV) per g r a m  of oxygen for 
pulsed operation. These data  represent  the ideal c a s e  where the ma t r ix  
i s  not activated. Encapsulation in any of the s tandard containers made of 
copper,  s ta inless  s teel ,  e t c . ,  however, produces so much activity that 
the electronic devices a r e  not able to s o r t  the pulses  f rom the detectors .  

Also included are the resu l t s  for aluminum, chromium, 

In o r d e r  to measu re  small  amounts of N16 in the presence of l a rge  
amounts of other activity, a Cerenkov detector was examined because of 
previous successes  with this system a t  General  Atomic. In those exper-  
iments  a flat-bottomed g lass  vessel  3 inches in diameter  and 2-1/2 inches 
high was filled with water ,  and a glass cover  plate was cemented to the 
top. 
tube. 
tape. 
multichannel analyzer.  
activated in the TRIGA Mark  I reactor .  

The device was placed on a 3-inch-diameter DuMont multiplier photo- 
The assembly was held together and made light-tight with black 
It was not shielded. 

Samples were sealed in polyethylene vials and 
Output f rom this detector  was analyzed with a 

The Cerenkov detector was investigated with respec t  to i t s  response,  
a t  severa l  phototube voltages and amplifier gains, to the beta radiations 
of N16 and C138. 
s tandard NaI(T1) detector for  comparison. 

The same radionuclides were  also examined with a 

The sensitivity of detection of N16, f r o m  the reaction O16(n, p)N16, 
var ied  with counting conditions as  shown in Table 2.  
the table a r e  cor rec ted  to counts per  minute (CPM) per  gram of oxygen a t  the 
end of the i r radiat ion.  
well  a s  f o r  the total activity in all but the lowest four channels. 
detector  has  the background character is t ic  shown in Table 3. 

Activities shown in 

Data a r e  shown for  cer ta in  groups of channels a s  
The 

Two se t s  of three oxygen standards each were  run in duplicate and 
the specific N16 activity was compared with that of the water  standard.  
The resu l t s  a r e  shown in Table 4. 

The spec t ra  of C138 and N~~ obtained with the Cerenkov detector a r e  
shown in Fig. 6. Three  spec t ra  a r e  shown: one f r o m  49. 5 mg of chlorine 
a s  the ammonium salt ;  one from 48. 5 m g  of chlorine a s  NH4C1 in 0. 964 g 
of water ;  and one f r o m  1. 0732 g of water .  
a f t e r  i r radiat ion was 98 m r / h r  at 1 cm.  
na tes  a t  channel 34. 
taken to be due to N16 activity produced dur ing  i r radiat ion via  the 016(n,p)N16 
reaction. 

The C138 activity level  3 minutes 
The spec t rum f rom C138 t e rmi -  

Counts in channels > 35 f rom the Cl-HzO sample were  

Calculation of the activity in channels > 35 f r o m  both H20 and - 



2 3  

Table 1 

PHOTOPEAK SPECIFIC ACTIVITIES IN REACTOR IRRADIATIONS 

Element  

Oxygen 

Aluminum 

Chromium 

I ron  

Vanadium 

Manganese 

Po ta s s ium 

_N 

I r radiat ion 
Time (min)  

0. 25  

0. 25  

Pu l se  

0. 2 5  

0. 25  

1 . 0  

1 . 0  

1 . 0  

1 . 0  

1 . 0  

1 . 0  

0. 2 5  

1 . 0  

1 . 0  

1 . 0  

1 . 0  

0. 25 

0. 2 5  

1 . 0  

1 . 0  

1. 0 

1 . 0  

Shield 

None 

Boron 

None 

Boron 

None 

None 

B- Cd 

B- Cd 

B- Cd 

B-Cd 

B- Cd 

10 
B -Cd 

None 

B- Cd 

B- Cd 

B- Cd 

None 

B1 O-Cd 

None 

B-Cd 

None 

B- Cd 

P r o duc t 
Isotope 

N16 

N16 

N16 

0l5 

0 l 9  

*12 

A12 

27  

27 

2 4  

2 4  

Mg (0. 84 MeV) 

Mg (1. 02 MeV) 

N a  (1. 37 Mev) 

Na (2. 75 MeV) 

v52 

Fe59 
59 Fe 
5 4  Mn 
56 Mn 

v 5 2  

v52 
56 

56 
Mn 

Mn 

K42 

K42 

Photopeak Counts 
Per Gram 

6 

6 

7 

3 

4 

9 

8 

7 

6 

4 

4 

5 

1. 5x10 

1. 5x1 0 

2. 1x10 

2. Ox10 

2. 8x10 

5. 9x10 

1.1x10 

1. 6x10 

5 . l x l O  

6. 5x10 

1. 7x10 

5.0xlO 

1. 7x1 o3 
1 

2 

5 

9 

8 

9 . 9 ~ 1 0  

2, 7x10 

2. 9x10 

6. Ox10 

1.  5x10 

9 6. 1x10 
2.2x10 8 

6 1 .2x10 
4 4. 6x10 
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Phototube 
Voltage 

(VI 

900 

900 

1 , 1 0 0  

Table 3 

CERENKOVCOUNTER BACKGROUND 

Channel Groups (CPM)  
Amplifier To tal  

Gain 5-9 10-19 20-29 >29 CPM 

1 /4  36 32 0 0 68 

1 5 ,156  92 8 4 5 , 2 6 0  

114  50 ,080  2 , 5 6 8  20 4 52 ,672  

Multiplier 
Phototube 

Voltage 
(4 
900 

900 

900 

1100 

1100 

1100 

Table 4 

OXYGEN DETERMINATION IN STANDARDS 

Ave r a g d  Actual 
Amplifier Oxygen Oxygen 

Gain (wt-70) (wt-70) 

1 2 . 4 2  *O. 07 2.. 5 4  

1 1. 03 *O. 03 1. 06 

1 0 . 2 8  *O. 02 0. 29  

114 0..125 *O. 010 0. 16 

1 / 4  0 .652  *O. 012 0 . 6 6 4  

1 / 4  1. 130 *O ,  040 1. 14  

Standard 
a Sample- 

Graphite- 1- b 

Graphite -2 

Graphite-3 

Mineral  oil-  1 s  

Mine r a1 oil - 2 

Mineral  oil-3 

&All samples  were  sealed in polyethylene. 
bstandardized with NaI detectors .  
q x y g e n  added as oxalic acid. 
dBy comparison of sample N16 activity with the N16 

activity generated in water. 
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CHLORINE SAMPLE 98MR/NR AT ICM 

0 1.07 G H20, 0.55 MIN AFTER IRRADIATION 

A 48.5 MG CI IN 0.964 G H20, 0.70 MIN 
AFTER IRRADIATION 

X 49 .5  MG CI , 0.85 MIN AFTER IRRADIATION 

I 
20 30 40 50 60 70 

CHANNEL NUMBER 

38 16 
F i g .  6- -Ef fec t  of 98 n i r /hr  C1 level on N spectrum, 

using C e  rcnkov counter 
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HZO-C1 samples  showed a sensitivity of 6 .30  x lo4 cpm/g  and 6. 15 x 10 4 
cpm/g  of oxygen, respectively. 

Examination of the H2O-Cl sample was also attempted with a 3-inch 
Pileup by 3-inch NaI(T1) detector using the same i r radiat ion conditions. 

in the detector rendered it useless for this analysis.  

F o r  the cu r ren t  problem, that of oxygen in potassium, a Lucite 
cylinder was fitted with two 3-inch multiplier phototubes. A hole was 
dr i l led in the center  to accommodate the t ransfer  tube. The concept of 
two phototubes allows the utilization of coincidence electronic c i rcu i t ry ,  
which eliminates a lmost  all  electronic noise,  Although the investigation 
of this detection sys tem i s  st i l l  in the prel iminary stages,  sensit ivit ies of 
bet ter  than 500 counts p e r  mil l igram of oxygen have already been obtained, 
even in a gamma-ray  background of 50 m r / h r .  

Accelerator Irradiation 

Samples for accelerator  irradiation were  packaged in polyethylene, 
s ta inless  s teel ,  o r  OFHC copper capsules,  a s  described above. They were  
t ransported to the accelerator  system in an iner t  atmosphere and placed in 
the nitrogen-filled multiple-inlet device. This device i s  a pa r t  of the auto- 
mated system that selects  one sample a t  a t ime and places it in the t ransfer  
tube. 
positions, and the procedure was s tar ted with a single switch. 
and monitor were  i r radiated with 14-Mev neutrons for 20 seconds. 
were  then returned to their  respective detectors  ( see  Fig. 7)  and the gamma 
rays  grea te r  in energy than 4 Mev were  counted for  30 seconds with two 
3-inch by 3-inch NaI(T1) detectors and two single-channel pulse-height 
analyzers.  
potential) the sensitivity for oxygen was found to be 1. 96 x 10 6 counts p e r  

g r a m  of oxygen. 
point where the signal f rom the oxygen is equal to the background level in 
the detector (cosmic r ays ,  e t c . ) .  In the present  facility, the background 
for  both detectors  i s  approximately 50 counts pe r  30 seconds. This 
corresponds to a lower limit of oxygen detection of 25 micrograms.  

Nitrogen gas was used to move the sample and monitor to the i r radiat ion 
The sample 

They 

At full beam power (2.  5-ma beamcur ren t  and 150-kv accelerating 

The lower l imit  of detection of the method i s  taken a s  the 

PRECISION 

The limiting factor in the precis ion of the method is- that  result ing 
f r o m  the decay s ta t is t ics .  The theoretical  precis ion obtainable, then, at  
the defined lower l imit  of 25 pg of oxygen would be: 

(r = (signal and background t background) 1/ 2 
= (100 counts t 50 counts) 1 1 2  
= i 12 counts ( o r  * 6 Pg). 
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The lower limit is thus real ly  25 *6 pg. The sample examined that was 
closest  to this lower l imit  was the OFHC copper used for the containers 
for the NASA potassium samples.  These capsules weighed slightly over 
18 grams and contained approximately 2 ppm oxygen. An average of 4 
determinations gave an analytical value of 3 5  pg per  capsule, with an 
uncertainty of k9 pg. 
ment. At higher levels of oxygen, the percentage of uncertainty is much 
less .  In the case  of some specially prepared  samples  of tungsten and 
molybdenum, for example, the oxygen concentration was the same a s  in 
the OFHC copper, but the samples were  much la rger .  These data a r e  
l is ted in Table 6. 

Table 5 contains the data obtained f rom this experi-  

Analytical precision, in the case  of encapsulated samples ,  is a lso 
affected by the container-blank determination. 
this problem was the cross-check sample of niobium-encapsulated potassium, 
undertaken jointly with the Oak Ridge National Laboratory (ORNL). 
particular experiment was run in o rde r  to check the method with a second 
activation analysis laboratory.  Two potassium samples  and a niobium 
blank were  prepared  a t  O W L .  Since the inside diameter  of the t ransfer  
sys tem at ORNL is smal le r  than that at General Atomic, it w a s  necessa ry  
to place the capsules inside polyethylene vials to t ransfer  them. As a 
result ,  there  were  two blank corrections for each determination. The 
values found for K-1 and K-2 were 0. 15 *O. 1 mg oxygen and 2 .87  10. 1 3  m g  
oxygen, respectively. These data a r e  l is ted in Table 7. The sample 
weights were  not available (but were about one g ram) ,  so  ppm values a r e  
not l isted in the table. 

A typical case  emphasizing 

This 

ACCURACY 

The accuracy of the neutron activation analysis method for the deter-  
mination of oxygen was checked by analyzing a s e r i e s  of mater ia l s  which 
were  also analyzed by the more established vacuum-fusion method. As 
shown in Table 8, the comparison is quite good, indicating that the accuracy 
of the nuclear procedure is a t  least  as good as that of the vacuum-fusion 
method. This s ame  comparison has  been made by a number of laborator ies  
with similar resul ts .  

DETERMINATION OF OXYGEN IN NASA-LEWIS POTASSIUM SAMPLES 

Due to the large amount of activity generated in the various capsule 
ma te r i a l s  in the reac tor  ( see  Table l ) ,  even when they a r e  shielded by 
B10 and/or  cadmium, it was soon decided that the best  neutron source for 
the determination of oxygen in potassium was the Cockcroft- Walton acce lera tor .  
Also, the sensit ivity of the dual NaI(T1) detector sys tem was bet ter  by a 
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Sample 

Nb capsule t polyvial 1 

Nb capsule 
Polyvial  1 

Nb capsule t K-1 t polyvial 2 
Polyvial  2 
Nb capsule + K-1 

Table 6 

DETERMINATION O F  OXYGEN IN HIGH-PURITY METALS 

1 st 

2. 10 
1. 72 
- - -  

2. 14 
1 .45  
- - -  

Sample 

Nb capsule t K-2 t polyvial 3 
Polyvial  3 
Nb capsule + K-2 

~~ ~ 

Tungsten-1 
Tungsten -2 
Tungsten -3 
Molybdenum - 1 
Molybdenum -2  
Molybdenum - 3 
Molybdenum -4 

5.07 
1. 72 
- - -  

Weight 
(g) 

181.1 
178.5 
177.5 

94.4 
94. 3 
94.1 
93. 5 

5. 12 
1. 83 
- - -  

I Determination (ppm) 

5.13rt0.08 
1.79rt0.07 
3.34kO. 10 

1 st 

2. 1 
1 .9  
1 .2  
6. 9 
6. 5 
5. 9 
6 .0  

2nd 

1. 8 
2.0 
1 . 5  
6. 9 
7. 9 
7. 1 
6 .4  

3rd 

1 .9  
- - -  

Average 

1. 9*0. 2 
2. OkO. 2 
1.4rtO. 3 
6. 9 
7. 2 k l .  1 
6. 5*0. 9 
6. 2 N .  3 

Table 7 

DETERMINATION O F  OXYGEN IN NIOBIUM- 
ENCAPSULATED POTASSIUM 

0 Determination (ma) 
I 

2nd 

2. 19 
1.61 
_ - -  

2 . 1 2  
1 .54 
- - -  

3rd 

2. 14 
1. 68 
- - -  

2. l o  
1. 50 
- - -  

Average 

1.6 7*0. o 7 
0.47 rt0.0 9 

2.12rt0.02 
1.5 0 k0. 0 5 
0.62k0.05 

5. 20 
1. 81 

Comparison of Resul ts  (in mg) 

Genera l  Atomic I ORNL 

Oxygen in  K-1 (0. 69 g) 
Oxygen in  K-2 (0. 75 g) 
Oxygen in  Nb capsule 

b 0. 15kO. 10- 
2. 87kO. 1+ 
0.47*0. 09 

d 0.16- 
2. 51e 
0.45 

a -The experimental  conditions w e r e  as follows : i r radiat ion,  
10 sec ;  counting, 30 sec ;  sensit ivity,  -200 counts /mg oxygen; 
neutron flux, -2 x 10 8 n / cmz-sec .  

%one. of 3826 ppm. 
SConc. of 3346 ppm. 

b -Conc. of 217 ppm. 
dConc. of 232 ppm. 
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0. 137 
0.021 

~ 0.005 

factor  of 4 than the present  Cerenkov detector system. 
the NaI(T1) sys tem was  used fo r  all determinations involving potassium 
sample s . 

Consequently, 

0.11 
~ 0.058 

Table 8 

COMPARISON O F  ACTIVATION ANALYSIS WITH VACUUM 
FUSION FOR OXYGEN DETERMINATION IN METALS 

Sample 

'7'0 Oxygen by 
Vacuum 
Fusion a 

'7'0 Oxygen by 
Activation 

Analysis - b 
~~~ ~ 

Titanium forgings 
No. 1 
No. 2 

Z i rc alo y 
No. 1 
No. 2 

Ferro-A1 alloy 

Deoxidized copper 
No. 1 
No. 2 

Stainless steel 
No. 1 
No. 2 

Nickel 
No. 1 
No. 2 
No. 3 

Tantalum 
No. 1 
No. 2 

0.557 
0.082 

0.091 1 
0.0752 

0.002 

0.007 
0.014 

0.003 
0.002 

0. 57 
0.088 

0.087 
0.079 

0.005 

0.010 
0.011 

0.005 
0.002 

0. 14 
0.020 
0.004 

0.11 
0.075 

2 Vacuum fusion data  obtained by Kobe Steel Works,  Ltd. 
b Activation analysis data obtained by I. Fuj i i ,  e t  al. (14) 

A number of metals were examined as possible containers,  and a 
number  of techniques were  used, in an attempt to lower the blank values.  
The r e su l t s  of this study are  l isted in Table 9. The low-oxygen steel was  
unfortunately not available in  quantities suitable fo r  capsule construction. 
The copper containers sent  to NASA-Lewis f o r  potassium encapsulation 
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( 2  ppm oxygen) were highly polished, vacuum-outgassed, and hydrogen-fired. 
Except for  a r e sea rch  sample of tungsten, this was the best  capsule mater ia l  
found. Polyolefins were  examined but found to be unacceptable fo r  potassium 
containers . 

Table 9 

OXYGEN CONTENT O F  POSSIBLE CAPSULE MATERIALS 
~~ 

Sample 

OFHC copper 
OFHC copper 
OFHC copper 
OFHC copper 
B r a s s  
Steel 
Molybdenum 
Molybdenum 
Niobium 
Niobium 
Steel 
Steel 
Steel 

Weight 
( g) 

2 3 .  .65 
22.43 
20.20 
20.83 
38. 52 
43.30 
15. 18 
14.95 
5. 18 
5.21 

34.81 
34.81 
34.81 

Sample Treatment  

None 
Hydrogen furnace 
S i c  sanding 
Filing 
Vacuum furnace 
Vacuum furnace 
Vacuum furnace 
Vacuum furnace 
Vacuum furnace 
Vacuum furnace 
Zone refined 
Zone refined 
Zone refined 

Oxygen Content 

m g  

2.  85 
0.206 
0.667 
1. 23 
3 .  51 
3. 16 
2.21 
1. 82 
0. 50 
0.49 
0.275 
0.335 
0.222 

PPm 

120 

33 
61  
91 
73 

145 
122 
96 
94 

8 
4 
6 

9. 2 

P r i o r  to filling, the copper capsules were recleaned at NASA-Lewis, 
d r ied  in acetone, and heated fo r  one hour a t  600°F in a hydrogen atmosphere. 
Approximately one g ram of potassium was placed in each container,  and the 
caps were  welded in place at  a p re s su re  of 
operation, severa l  of the welded capsules leaked and were  therefore  d is -  
carded ,  
vapor ,  but were recleaned pr ior  to analysis.  

t o r r .  During the filling 

The other capsules in the chamber  tarnished, due to the potassium 

Each of the NASA-Lewis samples  was i r radiated for  2 0  seconds in a 
14-Mev neutron flux of 109 n /c rn2-sec .  A counting t ime of 30 seconds was 
used fo r  all  samples ,  monitors,  and standards.  Three separate  determin-  
ation,s were  made on each sample, and these data a r e  l is ted in Table 10. 
Also included inTable10 a r e  the resu l t s  obtained a t  NASA-Lewis using the 
m e r c u r y  amalgamation method. 
blank correction. In this case  it was a copper capsule t reated in the same 
manner  a s  the samples .  

The relatively la rge  uncertainty is due to the 
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As pa r t  of this investigation, several  potassium samples  f rom two 
In each case ,  OFHC 

The potassium was encap- 
other laborator ies  were  also examined for  oxygen. 
copper tubing was supplied by General Atomic. 
sulated by pinching off the tube and electron-beam- welding the pinch. 
The two samples  f rom one laboratory were  run only in the copper containers 
The six samples  f rom the other laboratory were  run f i r s t  in the copper 
containers 
ends of the potassium. 
contained samples a r e  an indication that oxygen contamination of the copper 
can occur in the sealing procedure. 
the same procedure a s  previously described. 
Table 1 1 ~ 

and then repackaged in polyethylene vials  after cutting off the 
The lower oxygen values fo r  the polyethylene- 

All eight samples  were  analyzed using 
These data a r e  l isted in 

SOURCES O F  ERROR 

In the determination of oxygen, using the fast-neutron-induced 
neutron-proton reaction, some of the principal nuclei of oxygen ( 0 1 6 )  
a r e  converted to N16 nuclei. 
( shor t  half-life and ve ry  high-energy beta par t ic les  and gamma rays)  
provide a relatively interference-free analytical procedure for the de te r -  
mination of oxygen. There a r e ,  however, cer ta in  mat r ix  and geometry 
effects which can significantly affect the data. These problems a r e  l is ted 
below, along with some of the techniques that have been used to reduce o r  
c o r r e c t  for their  effects. 

The unique propert ies  of this radionuclide 

Interelement Effect. F19(n.a!)N16 

Fluorine i s  the only element, other than oxygen, that yields N 16 

when bombarded with fast  neutrons. The c r o s s  section for  this reaction 
i s  approximately 60% as  grea t  as that for the 016(n,p)N16 reaction, with 
D-T  neutrons. 
measuring the 29.4-second 0 1 9  f r o m  the F19(n,p)019 reaction, o r  the 
1 IO-minute F18 f rom the F19(n, 2n)F18 reactions.  
known, i t s  contribution to the total N16 can  be subtracted- and the oxygen 
obtained by difference. These techniques a r e  effective for F:O rat ios  
up to about 10. 
number  f rom another that i s  only slightly l a r g e r  render  the technique 
useless .  

It i s  possible to determine the fluorine separately by 

Once the fluorine i s  

Above this level, the e r r o r s  involved in subtracting one 

Beta- Gamma Overlap 

Because of the high energy of the N16 P-y rays ,  interference in the 

There a r e  severa l  common elements ,  
oxygen procedure f rom mat r ix  activities (other elements) i s  not a s  se r ious  
a s  in other elemental  procedures.  
however, which do yield fairly high-energy beta and/or  gamma rays when 



36 

4 
h 
k 
0 
Id 
k 
0 
P 

w 

A 

D 
h 
k 
0 
Id 
k 
0 

c) 

s 
IJ 

- m *  
F d 9  o m m  
0 0 0  
. . .  

* * *  cococo 
999 

0 0 0  
. . .  

k k k  
a , a , a ,  a a a  a a a  
0 0 0  u u u  



37 

i r r ad ia t ed  with fast neutrons,  and it is essent ia l  that  the proper  electronic 
discrimination be maintained for  good resu l t s .  Some of the common 
elements  which m u s t  be considered a r e  l is ted in Table 12. 

Table 12 

PRODUCTS O F  THE FAST-NEUTRON IRRADIATION O F  SOME COMMON 
MATRIX AND IMPURITY ELEMENTS 

Element  

Lithium 

Sodium 

Potass ium 

Rubidium 

Cesium 

Flu0 r in e 

Sulfur 

Chlo r in e 

Magne s ium 

Boron 

Reaction 

Li7(n, an)H3 
Li6( n, a )H3 

Na23(n, a ) F 2 0  
Na23(n, p)Ne23 

K39(n, 2n)K38 
41 41 

38 K (n, a ) C &  
K 4 p  p)Ar 

Rb::(n, p)Kr87 
Rb ( n , a ) B r  84 

Rb85(n, 2n)Rb84m 

cs 33(n, a )1130 

~ 1 3 7 ( n ,  p)s37 
C137(n, Q! )p34  

23 Mg2'(n, a )Ne 
Mg24(n, p)Na24 

B::(n, p)Bel l  
B (n, a)Li8 

Product 
Half-life 

12. 3 y r  
12. 3 y r  

10. 7 s e c  
40 s e c  

7. 7 min  
110 min  
37.3 min  

78 min  
6. 0 min  
23 min 

12. 6 h r  

7.35 s e c  
29. 4 s e c  

12. 4 s e c  

5. 0 min 
12. 4 s e c  

40 s e c  
14. 9 h r  

14. 1 s e c  
0 . 9  s e c  

Product  En el 

Gamma 

- - - - -  
- - - e -  

l .  63 
0. 44 

2. 16 
1. 29 
2. 16, 1. 59 

2. 57, 0. 403 
1. 46, 0. 88, 0. 44 
0. 463, 0. 239 

1.15, 0.744, 0.660, 
0. 528, 0. 409 

7. 1, 6. 1 
1. 4, 0 .2  

2. 1 

3. 1 
2. 1 

0. 44 
2. 75, 1. 37 

6. 8 ( ? ) ,  2. 1 
- - - - -  

CY (MeV) 

Beta 

0. 018 
0. 018 

5. 4 
4. 4, 4. 0 

2. 68(pt) 
1 . 2 0  
4. 8, 2. 8, 1. 1 

3. 8, 1. 3 
1. 9, 0. 8 

- - _ _ _  

1. 02, 0. 60 

10.4, 4.3, 3.3 
4. 5, 2 . 9  

5. 1, 3 .2  

4. 3, 1. 6 
5. 1, 3 . 2  

4. 4, 4. 0 
1 . 4  

11.5,  9 . 4  
13, 6, 3 

The magnitude of interference f rom these elements  is eas i ly  seen  
by i r radiat ing each one individually with the s a m e  neutron flux needed 
to produce 1000 counts f rom 100 ppm of oxygen. The concentration of 
each  element needed to  produce the s a m e  1000 counts can be plotted as 
a function of the discr iminator  setting (MeV). 
men t  is given in Table 13, which includes many of the elements  cited in 
Table 12. 
l ead  absorbers .  

A summary  of this  experi-  

Since the boron activity is largely beta,  it can be removed with 
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Disc r iminator  
Setting (Mev) 

1 . 5  
2 .5  
3. 5 
4. 5 

Table 13 

Element (ppm) 

F B Na S c1 Mg 

130 385 120 12, 700 5, 000 6,  600 
170 435 7,200 - - - -  24, 000 16, 000 
170 495 - - -  - - - -  - - - -  25, 000 

- - - -  - - - -  - - - -  170 610 - - -  

CONCENTRATION O F  ELEMENT REQUIRED TO GIVE SAME 
COUNT AS 100 ppm OXYGEN 

Sample Environment Oxygen Found ( m g )  

Recoil Inte r fe r ence 

Irradiation of samples in the presence of oxygen gas can lead to high 
values due to a recoi l  mechanism. The resulting N16 formed near  the 
sample is trapped on the surface by absorption and/or  chemical bonding 
and re turns  with the sample to the detectors. The effect is much m o r e  
ser ious  with metal  samples ,  particularly copper, than with organic poly- 
m e r s .  
the samples  of copper and polyethylene were  i r rad ia ted  separately and 
together, in a i r  and in nitrogen. 
polyethylene with the air irradiation (0.  9 mg 0) represents  a ser ious 
problem, but i t  is five times smaller  than the effect with copper.  A 
possible explanation for this difference is the electron availability of the 
copper versus  the polymer. This problem can be eliminated, however, 
by the use of nitrogen in the t ransfer  system. 

The magnitude of this problem is shown in Table 14. In this case,  

The increase in apparent oxygen for the 

Table 14  

RESULTS OF IRRADIATION IN PRESENCE 
O F  OXYGEN GAS 

Copper 
Po  1 yv ial 
Polyvial 
Cu inside 

polyvial 
Cu inside 

Nitrogen 

Nitrogen 

6. 8 
2. 0 
2 .2  
1 . 3  

4. 3 

Nitrogen 3. 4 
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Beta- Gamma Attenuation 

16 

rays  and beta particles may contribute to the observed activity. Since this 
activity originates inside the sample, it  is subject to attenuation. Fai lure  
to account for the differences in sample density can lead to ser ious  e r r o r s ,  
particularly in the lower Z elements. 
of varying densit ies were dril led and fitted with a small Lucite rod in the 
center.  Each metal ,  then, had essentially the same amount of oxygen in 
the center,  and a l l  were  given identical irradiations.  The only variable 
in the measured  activity was the attenuation in the meta l  mat r ix .  The 
resu l t s  of this experiment are summarized in Table 15. 

In the measurement  of N for oxygen determinations,  both gamma 

In one s e r i e s  of experiments,  meta ls  

Table 15 

BETA-GAMMA ATTENUATION 

Sample 1 Areal  Density (g / cm2)  I Relative Count Rate (70) 
Be 
A1 
Ti  
Ce 
Fe 
Pb  

~ 

0. 6 
1 . 2  
1 . 7  
2 . 4  
3 .  0 
3 .  6 

140 
120 
112 
102 
100 

95 

Pulse  Pileup 

Pulse  pileup resul ts  f rom a ma t r ix  that has a high c r o s s  section for 
fast  neutrons, leading to large amounts of activity. 
gamma- ray  photon s t r ikes  the NaI(T1) c rys ta l  within the resolving t ime of 
the detection system, the energy is summed and counted as a single gamma- 
r a y  interaction. F o r  example, i f  two 0. 51-Mev gamma rays en ter  the 
sys tem a t  near ly  the same  time, the resul t  appears  as a pulse of 1. 02 MeV. 
In a case  where the discriminator is set  at  5 MeV, i t  would require  10 
simultaneous 0. 51-Mev gamma rays to resul t  a s  a count. This type of 
activity (-200 m r / h r )  is within the capability of an  acce lera tor  producing 
109 n /cm2-sec .  Some of the mater ia ls  that can produce this effect a r e  
Ba, Al, Sb, Cu, Rb, Si, Sr,  V, and Z r .  Since mos t  of the elements 
produce long-lived activit ies (half-lives of minutes o r  hours)  the pileup 
is not se r ious  in the f i r s t  oxygen determination. 
s eve ra l  determinations with the same sample that the activity level 
becomes a problem. 

If more  than one 

It is usually only af ter  



40 

Flux Gradient 

2 
The neutron flux v a r i e s  with distance f r o m  a point source as R/r , 

where r is the distance between the neutron source  and the sample.  F o r  
a disk source (which is m o r e  near ly  the case  with the Cockroft-Walton 
target) ,  the situation is m o r e  involved, but the dec rease  of neutron flux 
with distance is still l a rge .  In pract ice ,  this means that there  will be a 
difference in activity in a cylinder I /  2 inch in d iameter  and 1- 1/ 2 inches 
long (capsule size) f r o m  one side to the other.  
counted between two 3-inch by 3-inch NaI(T1) detectors ,  an  e r r o r  of up 
to 5'7'' i s  possible.  This e r r o r  can be eliminated by rotating the sample 
during the i r radiat ion step. 
available by rotating the sample and the monitor  at 94 r p m  in  the 
neutron field. 

When such a sample is  

Table 16 shows the inc rease  in prec is ion  

Oxygen 
Added 
(mg ) 

Table 16 

Oxygen 
Sample Monitor Found % 
Count Count (mg)  E r r o r  

E F F E C T  O F  SAMPLE ROTATION DURING 
NEUTRON IRRADIATION 

67. 4 

69. 4 

70. 1 

68. 9 

70. 5 

1 

2. 5 

0. 3 

1. 4 

0. 3 

2. 0 

1. 3 avg 
- 

69. 1 

69. 1 

69. 1 

69. 1 

69. 1 

23, 511 

23, 820 

23, 760 

23.213 

20.940 

I 

69. 1 

69. 1 

69. 1 

69. 1 

69. 1 

19 ,940  

22, 730 

23,640 

23,870 

21. 860 

13,220 

12, 820 

12, 690 

12, 730 

11, 260 

No  Rotation 

11, 880 

11, 590 

12, 260 

13, 060 

11, 590 

63. 6 

74. 6 

69. 8 

66. 5 

71. 4 

8. 0 

8. 0 

1. 0 

3. 8 

3. 3 

4. 8 avg 
- 

a 
-Sample contained 69. 1 m g  oxygen as 

oxalic acid sealed in polyethylene. 
1/2- in .  -diam by 2-in. -long Lucite rod. 
rotated during irradiation. 

Monitor was 
Both 
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VI. SUMMARY AND CONCLUSIONS 

The development of neutron activation analysis procedures for the 
determination of oxygen in potassium under the NASA Lewis Research  
Center Contract NAS3-2537 has  produced an analytical sys tem that i s  
represent ive of the best  s ta te  of the art a t  the present  t ime. 
cance of the improvements that evolved during the course  of the investiga- 
tion can be seen in the improved sensitivity, precis ion,  accuracy,  speed 
of analysis ,  reliability,and ease  of operation of the equipment now available, 
The oxygen sensitivity of detection, for example, at the beginning of the 
contract  period was approximately 200 photopeak counts per  milligram of 
oxygen. 
this.  A new model of the accelerator  accounted for a factor of t h ree  
improvement,  and the remainder was the resu l t  of fas te r  t ransfer  t imes ,  
bet ter  irradiation geometry,  improved detector arrangement ,  and f a s t e r  
electronics.  
which has  dropped f rom 250 pg to 25 pg during the course  of this contract .  
Without these improvements,  none of the potassium samples submitted by 
NASA-Lewis could have been accurately analyzed. 

The signifi-  

At the present  t ime,  the sensitivity i s  a factor of ten g rea t e r  than 

This s ame  factor of ten applies to the lower l imit  of detection, 

The precis ion and accuracy of the method have a l so  been greatly 
improved. P r i o r  t o  this investigation, one s tandard deviation for  a s e r i e s  
of oxygen determinations on any type sample was between &yo and * l O y o  
for  high oxygen levels (0. 1% to 10% oxygen) and &070 at the lower l imit  of 
250 pg 0. 
oxygen levels and ve ry  nea r  the theoret ical  value (based on just  the count - 
ing s ta t is t ics)  a t  the lower limit of 25 pg (&!6% ve r sus  &2470 theoretical) .  
The dual t ransfer  sys tem,  which essentially eliminates timing and neutron 
production monitoring e r r o r s ,  the automatic control unit, which eliminates 
operator  e r r o r s ,  and the spinning te rmina l  end, which averages the non- 
uniform flux gradient, have all contributed to the increased precis ion and 
accuracy.  A bet ter  understanding of the other sources  of e r r o r ,  such as 
recoi l ,  pulse pileup, and electronic discrimination, have a l so  helped in 
this  respect .  

The present  sys tem w i l l  produce precisions of k170 a t  the higher 

Increases  in the speed, reliability, and ease  of operation of the 
sys tem a r e  a d i rec t  resul t  of automating the procedures.  

The procedures  for handling potassium pr ior  to analysis have a l so  
been improved. 
specially cleaned copper has  made it possible to analyze for oxygen even 

The development of encapsulation techniques using 
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in the 25- to 35-pg range. By allowing the 9. 7-minute Cu62 to  decay 
between determinations,  the samples can be r e run  a s  often a s  desired.  
Stainless -s teel  capsules have better s t ruc tura l  and nuclear  propert ies ,  
but low -oxygen-content s teels  are  not yet available in commerc ia l  quan- 
t i t ies.  Republic Steel  Corporation is producing a var ie ty  of s teels  on a 
pilot-plant scale;  these a r e  quite acceptable, but it will be four  o r  five 
months before they will be available for  u se  in routine analysis.  

Based on General Atomic's experience with a number of laborator ies ,  
i t  appears  that a repackaging procedure may  be  necessary  for  alkali metals .  
In this case ,  an analytical sample is taken f rom the ma t r ix  of the mater ia l ,  
thus eliminating any surface contamination which m a y  have occurred when 
the original sample was taken. Any contamination in the highly monitored 
iner t  a tmosphere could be standardized and a correct ion applied to  the 
final resul ts .  

The principal conclusions to  be drawn f rom this investigation a r e  
the following: 

1. 

2. 

3. 

4. 

5. 

6 .  

7. 

8.  

Oxygen concentrations can be sensitively, precisely,  accurately,  
rapidly, and nondestructively determined in a potassium mat r ix  
by activation analysis methods. 

The pract ical  defined lower l imit  of detection i s  now 25 pg of 
oxygen for  a single determination. 

The pract ical  maximum sample volume i s  about 8 cubic 
cent imeters . .  

An 8 -cubic -centimeter -sample volume will hold approximately 
7 grams of potassium. At the 25-pg-oxygen level,  this c o r r e -  
sponds to an oxygen concentration of 3. 5 ppm. 

At the 1-ppm-oxygen level, the uncertainty would be &to. 7 ppm 
for a single determination. This uncertainty can be reduced by 
redetermining the sample seve ra l  t imes.  

The best  present ly  available capsule ma te r i a l  for  low -oxygen- 
content potassium samples is  OFHC copper. 

An automated activation analysis sys tem eliminates the need for  
a highly t ra ined  analyst. 

The most  sensit ive detection sys tem for  N16 a t  the present  t ime 
is one employing two large NaI(T1) c rys ta l s .  
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9 .  Use of a single-channel pulse-height analyzer eliminates the need 
for  a printout device and spectrum summing. 
analytical t ime by 50oJo. 

This  reduces the 

10. Nuclear r eac to r s  produce ample fast-neutron fluxes for oxygen 
determinations,  but they induce too much activity in the capsules 
and in the potassium f o r  practical  application at this  t ime.  

11. F o r  those interested in  utilizing the technique now o r  in the 
nea r  future,  two possibilities exist: 
analyzed by this method through an existing commerc ia l  service,  
o r  (2) constructing a system in their  own labora tor ies .  
possibil i t ies are currently available and reasonable in cost .  
It should be emphasized, however, that p rec i se  determinations 
of oxygen in the alkali metals  a r e  dependent upon proper  handling 
of the sample and capsule. In general ,  th is  means an  elaborate 
iner t  a tmosphere o r  vacuum sys tem along with special  cleaning 
apparatus for  the capsule. The t ime involved and consequently 
the cost of analyzing these types of samples  a r e  grea te r  than 
for  oxygen- insensitive mater ia l s  . 

(1) having samples  

Both 



44 

VII. FUTURE WORK 

On the basis  of the findings of this investigation, there  a r e  two a r e a s  
in which the desirabil i ty of further work is strongly indicated. F i r s t ,  the 
capsule mater ia l  should be improved. Although i t  is possible to obtain 
copper containing a s  l i t t le a s  2 ppm 0, it is  difficult to design a s t ruc tur -  
ally sound capsule weighing l e s s  than 20 g rams .  
of 40 pg 0. 
20-  second i r radiat ions,  and pulse pileup then becomes ser ious.  A solution 
to this problem may be the use of research-grade s teel  now being produced 
by severa l  l a rge  s tee l  companies. These meta ls  a r e  being produced a s  
p a r t  of the study of the new vacuum-furnace techniques. Several  grades 
of s ta inless  s teel  f rom these programs contain approximately 4 ppm 0. 
Since a strong capsule can be constructed f r o m  even 5 g r a m s  of s teel ,  this 
would immediately lower our blank by a factor of 2. Another potential 
source of good capsule mater ia l  would be one of the newer polyolefins. 
General  Atomic is current ly  trying to locate an acceptable grade of 
polypropylene. 
the capsules  i f  a suitable polymer can be located. 
also be l e s s  permeable  to gaseous oxygen than polyethylene. 

This produces a blank 
Copper also becomes very radioactive (C62) af ter  severa l  

A California plastic-molding company has  agreed to mold 
Polypropylene should 

The second a r e a  in which a sizable gain can be made is  that of 
sensitivity. The efficiency of the 3-inch by 3-inch NaI(T1) detector is 
lower for the 6.  13 - to 7.  13-Mev gamma rays  f rom N16 than that of a 
5-inch by 5-inch NaI(T1) detector.  An o r d e r  for  a l a r g e r  c rys ta l  was 
placed 9 months ago but delivery was too la te  for it to be used to obtain 
data  for  this report .  Pre l iminary  indications a r e ,  however, that  i t  is 
better by a factor of 3 than the 3-inch by 3-inch crys ta l  now in use.  
the defined lower l imit  of detection may become only 8 pg 0 with an 
uncertainty of *l .  9pg. With an optimum sample s ize  (8 c m  ), this c o r r e -  
sponds to a concentration of approximately 1 pprn of oxygen, determinable 
to *O. 25 ppm. 

Thus 

1 



45 

VIII. R E P O R T A B L E  ITEMS O F  NEW TECHNOLOGY 

DURING R E P O R T  PERIOD 

None. 
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Je t  P r o p u l s i o n  L a b o r a t o r y  
4800 Oak G r o v e  D r i v e  
P a s a d e n a  3, C a l i f o r n i a  
Attn:  L i b r a r i a n  

Nat iona l  A e r o n a u t i c s  a n d  S p a c e  Adminis t ra t ion  
W e s t  e r n  Ope  r a t  i on  s Off i c c 
150 P i c 0  Bou leva rd  
S a n t a  Monica ,  C a l i f o r n i a  
Attn:  J o h n  K e e l e r  

Nat iona l  A e r o n a u t i c s  a n d  S p a c e  A d m i n i s t r a t i o n  
W e s t e r n  O p e r a t i o n s  Off ice  
150 P i c 0  Bou leva rd  
S a n t a  Monica ,  C a l i f o r n i a  
Attn: Leon  Dondi 

National B u r e a u  of S t a n d a r d s  
Washington  2 5 ,  D. C .  
Attn:  L i b r a r i a n  

A e r o n a u t i c a l  S y s t e m s  Divis ion  
W r i g h t - P a t t e r s o n  A i r  F o r c e  B a s e ,  Ohio 
Attn: C h a r l e s  A r m b r u s t e r  ASRPP -10 

A e r o n a u t i c a l  S y s t e m s  Divis ion  
W r i g h t - P a t t e r s o n  A i r  F o r c e  B a s e ,  Ohio  
Attn:  T .  C o o p e r  

A e r o n a u t i c a l  S y s t e m s  Divis ion  
Wright  - P a t t e r s o n  A i r  F o r c e  B a s e ,  Ohio 
Attn:  L i b r a r i a n  

A e r o n a u t i c a l  S y s t e m s  Divis ion  
W r i g h t - P a t t e r s o n  A i r  Force B a s e ,  Ohio  
At tn :  G e o r g e  M. Glenn  

A r m y  O r d n a n c e  F r a n k f o r d  A r s e n a l  
B r i d e s  b u r g  S ta t ion  
P h i l a d e l p h i a  17. P e n n s y l v a n i a  
Attn:  L i b r a r i a n  

B u r e a u  of M i n r s  
Albany, O r e g o n  
Attn:  L i b r a r i a n  

B u r e a u  of Ships  
Depar tn i f r i t  of t h e  Navy 
Wa\hiiigton 2 5 ,  D. C .  
A t  t n : L: t >  r a  r i a n  

U .  5 .  Atomic  E n r r g y  C o m m i s s i o n  
He a dqua r t e r s L i b r a r y  
R e p o r t s  S e c t i o n  
Mai l  S ta t ion  G -0 1 7  
Washington ,  D. C.  LO545 

U. S. A tomic  Ene rgy  C o m m i s s i o n  
P .O.  B o x  1 1 0 2  
Middle town,  Conntsctirut 
Attn:  C. E. McCol lcy  

C A N E L  Project Offirc~ 
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U. S. Atomic  Enc.rgy C o m m i s s i o n  
Ge rman town ,  Maryland  
Attn: Col. E. L. Douthett  

U. S. Atomic  Encrgy  C o m m i s s i o n  
G e  rman town ,  Maryland  
Attn:  H. Rochen 

U. S. Atomic  Ene rgy  C o m m i s s i o n  
German town ,  Maryland  
Attn:  M a j o r  Gordon D i c k e r  

U. S. Atomic  Enc rgy  C o m m i s s i o n  
G e  rman town ,  Maryland  
Attn:  SNAP 5O/SPUR P r o j e c t  Off ice  

U. S. Atomic  Ene rgy  C o m m i s s i o n  
Ge rman town ,  Mary land  
Attn: Socrates C h r i s t o f e r  

U. S .  Atomic  Energy  C o m m i s s i o n  
T e c h n i c a l  Informat ion  S e r v i c e  Extens ion  
P.O. Box 6 2  
O a k  Ridge ,  T e n n e s s e e  

U. S .  Atomi r  Ene rgy  C o m m i s s i o n  
Washington 2 5 ,  D.C. 
Attn: M. J. Whi tman 

Argonne  Nat iona l  L a b o r a t o r y  
9700 South C a s s  Avenue 
Argonne ,  I l l inois  60440 
Attn: L i b r a r i a n  

Brookhaven  National L a b o r a t o r y  
Upton, Long Is land ,  New York  11973 
Attn: L i b r a r i a n  

Oak  Ridge  National L a b o r a t o r y  
Oak  Ridge, T e n n e s s e e  
Attn: W. C. T h u r b e r  

Oak  Ridge National L a b o r a t o r y  
Oak Ridge ,  T e n n e s s e e  
Attn:  Dr .  A. J. M i l l e r  

Oak Ridge National L a b o r a t o r y  
Oak  Ridge, T e n n e s s e e  
Attn: L i b r a r i a n  

Off icc  of Naval  R e s e a r c h  
Powvrr Division 
Washington 25,  D. C. 
Attn:  L i b r a r i a n  

U. S. Naval  R r s e a  ~ c h  L a b o r a t o r y  
Washington 25 ,  D. C. 
Attn: L i b r a r i a n  

Advanced  Technology L a b o r a t o r i e s  
Division of A m e r i c a n  S t a n d a r d  
369 Whisman Road 
Mountain View, Cal i forn ia  
Attn:  L i b r a r i a n  
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At.rojet G c n e r a l  Nucleonics  
l , .O.  H o u  78 
'ian Ramon ,  Cal i forn ia  
Attn:  L i b r a r i a n  

A i R e s e a r c h  Manufac tur ing  Company 
Sky H a  r h o  r A i r p o r t  
402 South 36th S t r e e t ,  Phoenix ,  Ar izona  
Attn:  L i b r a r i a n  

A i R e s e a r c h  Manufac tur ing  Company 
Sky H a r b o r  A i r p o r t  
402 South 36th S t r e e t ,  Phoenix ,  Ar izona  
Attn:  E. A. Kovacivich 

A i R e s e a r c h  Manufac tur ing  Company 
9851 -9951 Sepulveda  Bou leva rd  
Los Angeles  45, Cal i forn ia  
Attn:  L i b r a r i a n  

Al l i s  C h a l m e r s  
Atomic  Ene rgy  Div is ion  
Mi lwaukee ,  Wiscons in  
Attn:  L i b r a r i a n  

All ison G e n e r a l  Moto r s  
E n e r g y  Conver s ion  Division 
Indianapol i s ,  Indiana 
Attn:  L i b r a r i a n  

A M F  Atomics  
140 Greenwich  Avenue 
Greenwich ,  Connect icu t  
Attn:  L i b r a r i a n  

A r m o u r  R e s e a r c h  Foundat ion  
10 W. 35th S t r e e t  
Chicago  16,  I l l inois  
Attn:  L i b r a r i a n  

Avco 
R e s e a r c h  and  Advanced Developnivnt Dfpt  
201 Lowel l  S t r e e t  
W i lmington  , Mas s a c  hus e t  t s 

Babcock and W i l c o s  Company 
R e s e a r c h  C e n t e r  
A I  1: ii TIC c , Ohio 
At: 1 1  : Li h r a  r i a n 

I \ a t  t e11 e 1.It.mo r i a1 I n  s t  I tiit (, 
5 0 5  K:ng A\,t.niir. 
Col i imhus ,  Ohio 
Attn:  L i b r a r i a n  

T h e  R en  rI 1 Y C o r  p o  ra t  i o n  

Rcb s C;I r c h LalJo r a t o  r I f i  s Di \ i s 1 o n  
Sori thf i t ld ,  Det ro i t  I ,  Michigan 
Attn: L i h r a r i a n  
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' l ' h c ~  Boring  Company 
S r n t t l r  , Wa shingtori 
At t n : Li h 1' a r 1 an 

B r u s h  B r r y l l i u n i  Company 
Clevc land ,  Ohlo 
Attn: 1 , ibrar ian  

Carborundum Company 
N i a g a r a  F a l l s ,  N e w  York 
Attn:  1 , ihrar inn  

Chance  Vought C o r p o r a t i o n  
P . O .  Box 3907 
D a l l a s  2 2 ,  Teuas  
Attn:  L i b r a r i a n  

C l imax  Molybdenum Company of Michigan 
D e t r o i t ,  Michigan 
Attn: L i b r a r i a n  

G e n e r a l  Dynamics  / A s t r o n a u t i c s  
5001 Kearny  Villa Road 
San  D i r g o  1 1 ,  Ca l i forn ia  
Attn: L i b r a r i a n  

C r u c i b l r  S t e e l  Company of A m e r l c a  
P i t t s b u r g h ,  Pennsylvania  
Attn: L i b r a r i a n  

C u r t i s s  -Wright  C o r p o r a t i o n  
R e s e a r c h  Division 
T u e h a n n a ,  Pennsylvania  
Attn:  L i b r a r i a n  

Dar tmou th  Col lege  
H a n o v e r ,  New H a m p s h i r e  
At tn :  L i b r a r i a n  

E. I. duPont  d e  N e m o u r s  & Company ,  Inc.  
Wilmington 9 3 ,  De laware  
Attn:  L i b r a r i a n  

Edger ton ,Germeshaus t .n  & G r i e r ,  Inc.  
Santa  B a r b a r a  A i r p o r t  
G o l e t a ,  Cal i forn ia  
Attn:  L i b r a r i a n  

E 1 e c  t r o -Opt 1 c a 1 5y s t e m  s , In c o r po r a t e cl 
Advanced €'OM t'r S y s t e m s  Division 
Pa sa d e  na , Ca 11 f o  r n ia  
At t 11 : L i b r a  r i a n  

E';inst(.(.l l f ~ ~ t a l l i i r g i c a l  C o r p o r a t i o n  

Att 13 : 1,) I >  ra r ia  11 

N o r t h  CIlI<<lg", Illinois 

F I rlli St e 1.11 ng , I n c o r p o r a t  e d  
l l c  Kc.~'s po  r t , F' ciin sy lvan  i a 
A t t n :  1,ibr;irian 

For11 hlotor  Company 
A (~ r onr i t  I' on I c 5 

Nc.\vl)u r t  I \  r a  e: I1 , C a l  I Co rni a 
At  t n : LI 1) r ;+ r i a n  
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G e n e r a l  E l e ~ t t . 1 ~  Company 
Atomic  P o w e r  Equ ipmrn t  Division 
P.O.  Box 1 1 3 1  
San J o s e ,  Ca l i fo rn ia  

G e n e r a l  E l r c t r i c  Company 
M i s s i l e  & Space  Vehic le  Depar tmen t  
3198 Ches tnut  S t r e e t  
Phi lade lphia  4 ,  Pennsy lvan ia  
Attn:  L i b r a r i a n  

G e n e r a l  E l e c t r i c  Company 
Val leci tos  Atomic  L a b o r a t o r y  
F leasan ton ,  Ca l i fo rn ia  
Attn:  L i b r a r i a n  

G e n e r a l  Dynamics  / F o r t  Wor th  
P . O .  Box 748 
F o r t  Wor th ,  T e x a s  
Attn:  L i b r a r i a n  

G e n e r a l  M o t o r s  Corpora t ion  
All ison Div is ion  
Indianapol is  6, Indiana 
Attn:  L i b r a r i a n  

Hamil ton  S tanda rd  
Div is ion  of United A i r c r a f t  C o r p o r a t i o n  
Windsor  L o c k s ,  Connect icu t  
Attn:  L i b r a r i a n  

High Vol tage  Eng inee r ing  Corpora t ion  
Bur l ing ton ,  M a s s a c h u s e t t s  
Attn: L i b r a r i a n  

Hughes A i r c r a f t  Company 
Eng inee r ing  Div is ion  
C u l v e r  C i ty ,  Ca l i fo rn ia  
Attn:  L i b r a r i a n  

K a m a n  N u c l e a r  Div is ion  
K a m a n  A i r c r a f t  Corpora t ion  
Co lo rado  S p r i n g s ,  Co lo rado  
Attn: L i b r a r i a n  

Kennameta l ,  Inco rpora t ed  
L a t r o b e ,  Pennsy lvan ia  
Attn:  L i b r a r i a n  

Kodak R e s e a r c h  L a b s  
343 S ta t e  S t r e e t  
R o c h e s t e r ,  New York  
Attn:  L i b r a r i a n  

L a t r o b e  S t e e l  Company 
L a t r o b e  Pennsy lvan ia  
Attn:  L i b r a r i a n  

Lockheed  Georg ia  Company 
Div i s ion  of Lockheed  A i r c r a f t  Company 
M a r i e t t a ,  Georg ia  
Attn:  L i b r a r i a n  

Lockheed  M i s s i l e s  and  Space  Div is ion  
Lockheed  A i r c r a f t  Corpora t ion  
Sunnyvale ,  Ca l i fo rn ia  
Attn:  L i b r a r i a n  

1 

1 

i 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

Lo9 Alamos  Scientific Labora to ry  
Un i v c r s 1 t y of C a1 1 Io r n 1 a 
Los  A l a m o s ,  New Mexico 
Attn:  L i b r a r i a n  

ManLabs ,  Inco rpora t ed  
21 E r i e  S t r e e t  
C a m b r i d g e  39, M a s s a c h u s e t t s  
Attn:  L i b r a r i a n  

M a r q u a r d t  A i r c r a f t  Company 
P. 0. Box 201 3 
Van Nuys ,  Ca l i fo rn ia  
Attn:  L i b r a r i a n  

T h e  Mar t in  Company 
B a l t i m o r e  3, Mary land  
Attn: L i b r a r i a n  

T h e  Mar t in  Company 
Nuc lea r  Div is ion  
P .O .  Box 5042 
B a l t i m o r e  20,  Maryland  
Attn: L i b r a r i a n  

M a r t i n  M a r i e t t a  Corpora t ion  
Meta l s  Technology L a b o r a t o r y  
Wheeling, I l l inois  

M a s s a c h u s e t t s  Inst i tute  of Technology 
C a m b r i d g e  39,  M a s s a c h u s e t t s  
Attn:  L i b r a r i a n  

M a t e r i a l s  R e s e a r c h  Corpora t ion  
O r a n g e b u r g ,  New York  
Attn: L i b r a r i a n  

McDonnell  A i r c r a f t  
St .  Lou i s ,  M i s s o u r i  
Attn:  L i b r a r i a n  

Michigan  S ta t e  Univers i ty  
E a s t  Lans ing ,  Michigan 
Attn: L i b r a r i a n  

MSA R e s e a r c h  Corpora t ion  
C a l l e r y ,  Pennsy lvan ia  
Attn:  L i b r a r i a n  

Nat iona l  R e s e a r c h  Corpora t ion  
405 Indus t r i a l  P l a c e  
Newton, M a s s a c h u s e t t s  
Attn:  L i b r a r i a n  

New H a m p s h i r e  Univers i ty  
D u r h a m ,  New H a m p s h i r e  
Attn:  L i b r a r i a n  

New Mexico  Un ive r s i ty  
Albuquerque ,  New Mexico  
Attn:. L i b r a r i a n  

Nor th  A m e r i c a n  Aviation 
Los Angeles  Div is ion  
L o s  Angeles  9 ,  Ca l i fo rn ia  
Attn: L i b r a r i a n  
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Nor ton  Company 
W o r c  r s t e r , Mas  s a c  hri s e t t s 
Attn:  L i b r a r i a n  

P c ~ i i n ~ y l v a n i a  Univers i ty  
3440 Woodland Avenue 
Phi lade lphia ,  Pennsylvanla  
Attn:  L i b r a r i a n  

P r a t t  & Whitney A i r c r a f t  
400 Main S t r e e t  
E a s t  H a r t f o r d  8,  Connect icut  
Attn: L i b r a r i a n  

Republ ic  Aviat ion C o r p o r a t i o n  
F a r m i n g d a l e ,  Long Is land ,  New York  
Attn:  L i b r a r i a n  

Rocketdyne 
Canoga  P a r k ,  Cal i forn ia  
Attn:  L i b r a r i a n  

S o l a r  
2.200 P a c i f i c  Highway 
S a n  Diego 1 2 ,  Ca l i forn ia  
Attn:  L i b r a r i a n  

Southern  Regional  R e s e a r c h  L a b o r a t o r y  
New O r l e a n s ,  Louis iana  
Attn:  L i b r a r i a n  

Southwes t  R e s e a r c h  Ins t i tu te  
8500 C u l e b r a  Road 
S a n  Antonio 6 ,  T e x a s  
Attn:  L i b r a r i a n  

S tanford  R e s e a r c h  Ins t i tu te  
Men lo  P a r k ,  Cal i forn ia  
Attn:  L i b r a r i a n  

S u p e r i o r  T u b e  Company  
M o r r i s  town,  Pennsylvania  
Attn:  Mr.  A. Bound 

Sylvania  E l e c t r i c s  P r o d u c t s ,  Inc. 
C h e m i c a l  a n d  M e t a l l u r g i c a l  
Towanda ,  Pennsylvania  
Attn: L i b r a r i a n  

T h o m p s o n  R a m 0  Wooldr idge ,  Inc. 
Caldwel l  R e s e a r c h  C e n t e r  
23555 Eucl id  Avenue 
Cleve land  17, Ohio 
Attn:  L i b r a r i a n  

T h o m p s o n  R a m 0  Wooldr idge ,  Inc. 
Caldwel l  R e s e a r c h  C e n t e r  
23555 Eucl id  Avenue 
Cleve land  17, Ohio 
Attn: C. J. G u a r n i e r i  

T h o m p s o n  R a m 0  Wooldridge,  Inc. 
New Devices  L a b o r a t o r i e s  
7209 P l a t t  Avenue 
Clevgland  4 ,  Ohio 
Attn: L i b r a r i a n  
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Union C a r b i d e  Meta ls  
Niagara  F a l l s ,  New York  
At tn :  L i b r a r i a n  

Un i t e d N iic 1 ea r C o r p o  rat ion 
F i v e  New S t r e e t  
White P l a i n s ,  New York  
Attn:  L i b r a r i a n  

Univers i ty  of Michigan 
D e p a r t m e n t  of C h e m i c a l  and  Meta l lurg ica l  

Engineer ing  
Ann A r b o r ,  Michigan 
Attn:  L i b r a r i a n  

Wah Chang Corpora t ion  
Albany,  O r e g o n  
Attn: L i b r a r i a n  

W es t inghouse  E l e c t r i c  Corpora t ion  
A s t r o n u c l e a r  L a b o r a t o r y  
P . O .  Box  10864 
P i t t s b u r g h  36, Pennsylvania  
Attn: L i b r a r i a n  

West inghouse  E l e c t r i c  C o r p o r a t i o n  
A s t r o n u c l e a r  L a b o r a t o r y  
P . O .  Box 10864 
P i t t s b u r g h  36, Pennsylvania  
Attn:  R. T .  Begley  

Wolver ine  T u b e  Divis ion 
C a l u m e t  8t Hecla ,  Inc. 
17200 Southf ie ld  Road 
Allen P a r k ,  Michigan 
Attn: Mr .  Eugene F. Hill 

I l ikon C o r p o r a t i o n  
Nat ick I n d u s t r i a l  C e n t e r  
Nat ick,  M a s s a c h u s e t t s  
Attn: L i b r a r i a n  

Ilikon C o r p o r a t i o n  
Nat ick  I n d u s t r i a l  C e n t e r  
Nat ick,  M a s s a c h u s e t t s  
Attn:  D r .  Se ige  Matsoda 

A m e r i c a n  Machine a n d  Foundry Company 
Alexandr ia  Divis ion 
1023 Worth Royal  S t r e e t  
Alexandr ia ,  Vi rg in ia  
Attn: L i b r a r i a n  

Douglas  A i r c r a f t  Company ,  Inc. 
M i s s i l e  and  S p a c e  S y s t e m s  Divis ion 
300 Ocean  P a r k  Boulevard  
Santa  Monica,  Cal i forn ia  
Attn:  L i b r a r y  

Nucl ide Analys is  A s s o c i a t e s  
P. 0. B,ox 752 
St a t  e Col lege ,  Pennsylvania  
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G e n e r a l  E l e c t r i c  Company 
Chemica l  a n d  M a t e r i a l s  Engineer ing  L a b o r a t o r y  
Advanced  Technology L a b o r a t o r i e s  
Schenec tady ,  New York  
Attn: L i b r a r i a n  

L e s s o n a  M o e s  L a b o r a t o r i e s  
Lake  S u c c e s s  P a r k ,  Communi ty  D r i v e  
G r e a t  Neck ,  Long Is land ,  New York  
Attn: L i b r a r i a n  

N u c l e a r  M e t a l s ,  Inc. 
Wes t  C o n c o r d ,  M a s s a c h u s e t t s  
Attn: L i b r a r i a n  

N o r t h  A m e r i c a n  Aviat ion,  Inc. 
A tomic  In te rna t iona l  Division 
P. 0. Box 309 
Canoga  P a r k ,  Cal i forn ia  
Attn: L i b r a r i a n  

N o r t h  A m e r i c a n  Aviation, Inc. 
A tomics  In te rna t iona l  Division 
P. 0. Box 309 
Canoga  P a r k ,  C a l i f o r n i a  
Attn: D r .  R. L. McKisson  

Wes  t inghouse  E l e c t r i c  C o r p o r a t i o n  
A e r o s p a c e  E l e c t r i c  Division 
L i m a ,  Oh io  
Attn: L i b r a r i a n  

1 West inghouse  R e s e a r c h  L a b o r a t o r i e s  
P i t t s b u r g h  35.  P e n n s y l v a n i a  
Attn: L i b r a r i a n  

B u r e a u  of Weapons  
R e s e a r c h  a n d  Engineer ing  M a t e r i a l  

Washington 25, D. C .  
Attn: L i b r a r i a n  
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E .  I. du P o n t  d e  N e m o u r s  & Company,  Inc. 1 
Wilmington Y3, Delaware  
Attn: E.  M. Hahla  

P r a t t  & Whitney A i r c r a f t  
CANEL 
P. 0. Box 61 I 
I4 i dd 1 e t  o wn , Connecticut 
Attn: L i b r a r i a n  

G e n e r a l  E l e c t r i c  Company 
M i s s i l e s  a n d  Space  Division 
Cincinnat i .  Ohlo 4521 5 
Attn: D r .  J .  W.  S e m m e l  

The  Ledoux Company 
3 5 9  Alfred  Avenue 
Teaneck .  New J e r s e y  
Attn: M r .  Si lve Ka l lman  
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