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FOREWORD 

The Committee on Nuclear and Radiochemistry is one of a number 
of committees working under the Board on Chemical Sciences and 
Technology of the Commission on Physical Sciences, Mathematics, 
and Resources of the National Academy of Sciences--National 
Research Council. Its members are drawn from academic, 
industrial, and government laboratories and represent the areas 
of nuclear chemistry, radiochemistry, and nuclear medicine. 

The Committee has concerned itself with those areas of 
nuclear science which involve the chemist, such as the 
collection and distribution of radiochemical procedures, 
specialized techniques and instrumentation, the place of nuclear 
and radiochemistry in college and university programs, the 
training of nuclear and radiochemists, radiochemistry in 
environmental science, and radionuclides in nuclear medicine. A 
major interest of the Committee is the publication of the 
Nuclear Science Series of monographs on Radiochemistry and on 
Radiochemical Techniques. In 1982 a third series on Nuclear 
Medicine was initiated. 

The Committee has endeavored to present monographs that will 
be of maximum use to the working scientist. Each monograph 
presents pertinent information required for radiochemical work 
with an individual element or with a specialized technique or 
with the use of radionuclides in nuclear medicine. 

Experts on the various subjects have been recruited to write 
the monographs. The U.S. Department of Energy sponsors the 
printing of the series. 

The present monograph consists of two reviews. The first 
section deals with radiopharmaceutical and biomedical 
applications. The second section deals with analysis of carbon, 
nitrogen and oxygen in different materials by use of nuclear 
techniques. This monograph is published as part of our 
continuing effort to update, revise, and expand the previously 
published monographs to keep them current and relevant. 

Edward S. Macias, Chairman 
Committee on Nuclear and Radiochemistry 

iii 
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PREFACE 

This report on the radiochemistry of carbon, nitrogen and oxygen 
has been prepared as one of a series of monographs on the 
radiochemistry of the elements under the sponsorship of the 
Committee on Nuclear and Radiochemistry within the National 
Research Council. 

This report consists of two reviews. The first section 
deals with radiopharmaceutical and biomedical applications. 
This section covers the production and the preparation of the 
important precursors of carbon-11, nitrogen-13, oxygen-14 and 
oxygen-15. The production yields for the important nuclear 
reactions are tabulated. The second section deals with analysis 
of carbon, nitrogen, and oxygen in different materials by use of 
nuclear techniques. A survey of the radiochemical methods 
(Table IX) for analysis of carbon, nitrogen, and oxygen in 
various matrices will be of interest to the scientist working in 
the field. A collection of radiochemical procedures for carbon, 
nitrogen, and oxygen as found in the literature is also 
included. 

It is hoped that the bibliography is sufficiently extensive 
to serve the needs of the radiochemist. However, it is to be 
expected that important references may have been unintentionally 
omitted. The authors would appreciate being made aware of such 
omissions so that the references may be included in a future 
update of this monograph. 

The authors appreciate the assistance of Miss Mabeth P. 
Martinez for typing the monograph. 

iv 
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[. GENERAL REFERENCES ON THE RADIOCHEMISTRY OF CARBON , 
NITROGEN AND OXYGEN 

A. Radiopharmaceutical 
Applicatio n s  

Chemistry and Biomedical 

The Chemistry o f  Pos itron Emitting Nuc leog e nic <Ho t >  Atoms 
with Reg ard s to Preparati on of Labe led Compounds o f  
Prac tic al Util i ty . "  R . A .  Ferri e ri and A . P . Wo l f .  
Radioch imic a Acta . l!• 6 9  <1 9 8 3 ) . 

"T he Synthes i s  of Carbon-1 1 , Fl uorine- 1 8 , and Nitrogen-13 
l abeled rad i o tracers for biomedical appl i c ati o n s . "  J.  S .  
Fo wler and A . P .  Wol f .  Nu c lear Science Series . 
NAS-NS-32 01 < 1 9 8 2 ) u.s. Department o f  Energ y . 1 2 4  pp . 

"Nuc lear Data Relevan t  to Cyc lotron Produced Short-Lived 
Medical Radioisoto pes . "  S . M .  Qaim . Rad i ochimic a .  Acta . 
lQ. ,  1 4 7 (1 9 8 2 ) .  

"Cyc lotrons f o r  Biomed ical Rad i o i s otope Producti on . "  A . P .  
Wo l f  and W . B . Jon es . Rad i ochimic a. Acta . l!• 1 <1 9 8 3 ) . 

"In-Beam Production o f  Labe led Compound s . "  G . A. Bri n kman . 
Int .  J .  App . Rad i at . Isot. }1, 5 2 5 <1 9 8 2 > .  

"Spe c i al Charac teris tic s and Potential f o r  
Rad i oph armac e u ti c al s f o r  Pos i tron Emi s s ion Tomography . "  
A . P . Wol f .  Semi n ars i n  Nuc l e ar Medic i ne Vol . XI , 2 
( 1 9 8 1 ) .  

"Some Aspects o f  Radioanalytical Qual i ty Control o f  
Cyc l otron -Produced Short-Lived Rad iopharmaceuticals . "  
G . J . Meye r .  Radioch i mica Acta . lQ. ,  1 75 < 1 9 8 2 ) .  

S ynthes is with Isotopi cal l y  Labe led Carbon . Methyl 
Iod ide , Formaldehyde and Cyan i de . "  R . D .  F i n n , T . E . 
Boothe , M . M . Vora , J . C .  Hil d n e r ,  A . M .  Emran and P . J .  
Koth ari . Int .  J .  App . Rad iat . Iso t .  35 , 323 <1 9 8 4 ) .  

"Ac c e l e rator production o f  med i ca l l y  u s e f u l  
rad i onuc l i de s , "  D . J .  S i l ve s ter in Radiopharmaceuti cals 
and Labe led Compound s .  IAEA , V i e n n a ,  Vol . 1 ,  1 9 7  <1 9 73 ) . 

"The chemical f o rm o f  N- 1 3  produced in various nuc lear 
reactions and chemical environ ment . "  R . S .  Tilbury i n  
Short-Lived Rad i onuc l i de s  i n  Chemi s try and Bi o logy . (J . 
Root and K .  Krohn , Ed s l . A . c . s .  Advances i n  Chemi s try 
Series Monograph , Ameri can Chemical Soc i e ty ,  Was h i ng ton , 
D . C .  1 9 8 1 . 

"Preparation of short- l i ved rad i oac tive gases f or med i cal 
s tud i es , "  M . J . Wel c h  and M . M .  Ter-Pogos s i an .  Rad i at .  Res . 
1.§_ ,  5 8 0  ( 1 9 6 8 ) .  

1 
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"Produc t i on and use of N-1 3 gases and 
Parks  in Appl ica t ions of Nuc lear and 
( R . M .  Lambrecht and N . A .  Morcos , Ed s ) .  
New York . p .  15 ( 1 9 8 2 ) . 

aerosol s , "  N . J .  
Rad i ochem i s t ry .  
Pergamon Press , 

Rad i oact i v i ty and i t s  mea surements . W . B .  Mann, R.L . Ayres  
and S .  B .  Gar f i nkel , 2 nd Ed . Pergamon Pres s , Oxf ord . 
( 1 9 8 0 ) .  2 8 2 pp . 

"Bra i n  oxygen uti l i z a t i on mea s ured wi th oxygen- 1 5  
rad iotracer s  and pos i tron emi s s i on tomography . "  M . A .  
Mintun , M . E .  Ra i ch le , W . R . W .  Mar t i n  and P .  Her scov i tch . 
J .  Nuc l . Med . 2 5 , 1 7 7  ( 1 9 8 4 ) . 

B .  Radiochemi s t ry i n  Ma teria l s  S c i ence Appl icat ions 

There i s  no  gene r a l  rev i ew publ i shed . We 
rev iews pub l i shed for d i f f eren t  Act i vat i on 
Methods . 

l i s t  he re 
Ana lys i s  

"Neutron-Capture Prompt Y-ray Act i vat ion Ana lys i s  for 
Multi-e l ement Determi n a t i on i n  Complex Sample s . "  M . P .  
Fa i ley , D . L .  Anderson , W . H .  Zol ler , G . E .  Gordon and R . M .  
L i nd s trom . Ana l . Chern . 5 1  , 2 2 0 9  < 1 9 7 9 ) .  

" I n v i vo neutron act i vat ion ana lys i s  
and f uture prospects . "  S .  H .  Cohn . 
( 1 9 8 1 ) . 

: s tate o f  the art 
Med . Phys . .!!.• 1 4 5  

" The present state o f  i n  v i vo neutron act i vat i on analy s i s  
i n  c l i n i ca l  d iagnos i s  and therapy . "  S . H .  Cohn . Atom i c  
Energy Rev iew , Vol . 1 8 . IAEA , V ienna , p .  1 8 3 ( 1 9 8 0 ) .  

" Determi nat ion of  H ,  c ,  N ,  0 content of  bu l k  mater i a l s  
f r om neutron-a t tenuat ion mea suremen ts . "  J . C .  Ove r l ey . 
I n t . J .  App . Rad i a t . !sot. 3 6 ,  1 8 5  ( 1 9 8 5 ) . 

2 
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II . Table of Isotopes of Carbon, N i t rogen and Oxygen 

Isotope Abundance or Ha l f  

9c 0 . 1 2 6 5  s 

l O c 1 9 .2 s 

1 1 c 2 0. 38 m 

1 2 c 9 8 .8 9 %  

1 3c 1 . 1 1 %  

1 4 c 5 7 30 y 

1 5 c 2 . 4 4 9  s 

1 6 c 0.7 5 s 

1 2 N 1 1 . 0  ms 

1 3 N 9 .9 6  m 

1 4 N 9 9 . 6 3 %  

1 5 N 0.3 6 6 %  

1 6 N 7.13 s 

1 7 N 4 . 1 7 s 

1 8 N 0 . 6 3 s 

1 3 o 8 . 9 ms 

1 4 o 7 0.6 0 s 

1 5 0 1 2 2  s 

1 6 0 9 9 . 7 6 %  

1 10 0.03 8 %  

1 8 0 0.204 % 

1 9 0 2 6 . 9  s 

2 00 1 3 .5 s 

3 

L i f e  Decay Modes 

s+, p2a 

s+ 

B+ 9 9 .7 6 % ,  EC 0 . 2 4 % , no Y 

s-, 

s-

-B , 

s+ 

s
+, 

a­

s­

B 

s+ 

s
+ 

no Y 

n >9E.Ct 

no Y 

B
+ 9 9 . 89 % ,  EC 0 . 1 1 %  no Y 
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I I I . INTEREST AND USE 

Hud i s  < l a >  prepared the f i r s t  rev iew of the rad iochemi s t r y  of 

carbon , n i t rogen , and oxygen nea r l y  2 8 year s  ago . The 

i n terest  i n  the rad iochemi s t r y  of the three elements  lay 

relat i ve l y  dormant unt i l  the pa s t  1 0  yea r s . The j u s t i f i ca t i on 

for  an updated rev iew i s  ev ident now due to the i n tense demand 

for rad iochemi s t s : ( 1 )  for the product ion and appl i cat ion of 

the sho r t- l i ved pos i tron emi tters  < Ca r bon- 1 1 , N i t rogen- 1 3 and 

Oxygen- 1 5 > in rad iopha rmace u t i cal chemi s t r y  and b i omed ical 

research � and < 2 > for acc urate analys i s  of trace leve l s  of 

carbon , n i trogen and oxygen impu r i t ie s  in  semi-conductors 

u t i l i z ed for  mic roch ips , solar energy conve r s ion dev i ces, and 

var ious re f ractory methods < eg :  n i ckel > uti l i z ed in the 

nuclear power reactor indu s try . The rad iochem i cal methodology 

u t i l i z i ng carbon- 1 4  as a labe l  of orga n i c  and biochem i cal 

subs tance s , as we l l  as in  archeology for rad i o i sotop i c  dat i ng 

of  ob j ects  of  h i stor i cal i n terest  are es tabl i shed techn iques 

and are not included in the present rev i ew . 

Stable and i sotop ic 

d i f ferent areas  of 

trace rs are ut i l i z ed very widely in 

resea rch . New appl ications  are not 

uncommon , such as  use of  ca rbon- 1 4  to e s t i mate the microbial  

bioma s s  in  lake  sed ime n t  ( 27 )  and  the  fate of cr ude oil  spi l l s  

( 2 8 ) . Ment ion i s  made , howeve r ,  t o  the new f i eld o f  

Accelerator Mass Spectrometry ( AMS )  wh i ch ha s ove r lapped i n to 

the rad i ochemi s try of ca rbon , pa r t icularly  for de termi n i ng 

ca rbon i sotop ic ratios  ( 1 4 c;l 2 c and 1 4 c;l 3 c )  and i t s exte n s i on 

4 
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to a rou t i ne radioca r bon dat i ng tool ( 2 9 ,  3 0  > .  L i ther land 

( 3 1 >  has c i ted 2 8 fac i l i t ies  wh ich  rou t i ne ly per form AMS 

measu rements . The AMS method con s i s t s  of count i ng of  s i ng l e  

radioac t i ve i sotopes that have been i on i z ed ,  

h i gh energ y , and ma s s  ana l y z ed to select 

accelerated to 

and iden t i fy 

i nd i v idual atoms . Th i s  type of  measurement permits  smaller  

samples for  dete rmi nation of older  ages  than  is  pos s i ble wi th 

standa rd radiochemical methods . Rad i o i sotopic dat i ng w i th AMS 

wa s a top i c  of  an i nternat i onal sympo s i um ( 3 2 ) and o f  rev i ews 

( 3 3 - 3 5 ) to wh ich the reader is referred for deta i l s  of  sample 

prepa ra t i on , ion serv i ce s  and problems of  accelerator phy s i cs 

that are outs i de the expe r t i se of  the radi ochemi cal 

speci a l i s t . 

A complete set of rad iochem i cal separation procedu res for  

ca r bon , n i t rogen and  oxygen is  not  prac t i cal as the  var iat ions 

between the d i f f e rent i nvestigator ' s  techn iques are  not 

usua l l y  dras t i c . However ,  we have chosen e i ght ( 8 > 

representa t i ve examples i n  a var i ety of ma tr i ce s . The table 

IX and the b i bl i og raphy con ta i n  spec i a l i z ed add i t i onal 

c ita t i on s . As a general prac t i ce ,  c i ta t i ons i n  less common 

language are excl uded , as are man y  references to laboratory 

repo r t s  and con f e rence proceed i n g s  that are d i f f i cu l t  to 

obta i n . I f  a c i tat i on i n  the the b i bl i og r aphy was publ i shed 

in a language other than Eng l i sh ,  th i s  is i nd i cated at  the end 

of  the c itat i on . 

The use  of S I  ( Systeme I nte rna t i onal > un its as the standard 

f o r sc i e n t i f ic commu n i cat ion has bee n  a g reed by the 

5 
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i nternat ional s c i e nt i f ic commun ity . However ,  the trad i t i onal 

u n i t s  con t i nue to be the mor e  commonly used in the day-to-day 

prac t i ce . Therefore , the data has been repor ted i n  the un i t s  

used b y  the author s .  The un i t  of act i v ity  i n  S I  u n i t s  i s  

bequerel ( B q  > .  One bequer e l  i s  equa l  t o  one d i s i nteg ration  

per second . The  conve r s ion factor i . e . 1 C i  = 3 . 7  x 1010 Bq 

can be used to conver t  the trad i t ional un i t s  of cu r i e  to 

bequerel . 

6 
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IV . CHEMICAL AND BIOMEDICAL SCIENCE APPLICATIONS 

In thi s section , we wi l l  on l y  focus on the as pec t  of 

c hemi s t r y , i . e .  the product i on of nuc l i de s . The synthesis of 

l abeled compounds w i t h  these isotope s  have been previo u s l y  

revi ewed i n  detai l ( l bl . Table 1 l is t s  t h e  diffe r ent me thods 

of produc t i o n  of the commo n ly u s ed medical rad i ois otope s  

[Car bon- 1 1 , N i t rogen- 1 3 ,  Oxygen- 1 4 , and Oxygen -15 ] .  

The selec tion o f  the product i on method i s  dependent o n  the 

type of cyclotron avail able . N u c l ear reac t i on c r o s s  sec t i o n  

data ar e needed fo r the produ c t i on of radio i sotopes . T h e  data 

ar e impo rtant fo r: 

( i l dete r mining the opt i mum ene rgy range fo r the product i on 

of a spec i fic radioisotope , 

( i il cal c u l at i ng the expected th i c k  target y i e l d  of the 

i so tope unde r  production cond i t ion s . 

(iii l cal cul ating the y i e l d s  of rad i onuc l i dic i mpur i ties fo r 

a g i ven th i c kn e s s  and enr i chment of the target 

mate r i al . 

The s e l ec tion 

maximize the 

of 

yie l d  

the 

of 

projec t i l e  

the de s ired 

ene rgy range 

pr oduct and 

that 

that 

wi l l  

wi l l  

m i n i m i ze the yie l d s  o f  rad i oac tive i mpurit i e s  i s  o f  great 

i mpo r tance i n  opt i mi zi n g  a production method . 

7 
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Methods 

React ion  

lOs < d , n >  l lc 

l l s < p , n > l lc 

1 4N ( p ,  a > l lc 

' 

1 2 c < 3 He , 4 He > l l c 

1 2 c < p , pn > l lc 

1 3 c < p , n ) l 3 N 

1 2 c < d , n ) l 3 N 

1 6 o < p , a >  1 3N 

1 4 N ( n , 2 n ) l 3 N 

1 4 N ( d , n ) l 5 o 

1 6 o < p , pn ) l 5 0 

1 5 N ( p , n ) l 50 

1 6 o < n , 2 n ) l 5 o 

1 6on , n > l 5 o 

1 4 N < p , n ) l 4o 

1 2c < 3 He , n > l 4 o 

1 2c < a , 2n > l 4 o 

Ta ble I 
of  Production for Med ically Useful  Isotopes 

Natu ral Abu ndance Thresho l d  ( MeV ) Reference 

1 9 . 9 0 0 1 9 

8 0 . 1 0 3 . 0 2 1 9 , 2 0 

9 9 . 6 3 4 3 . 1 3 3 , 4 , 5  

9 8 . 9 0 0 1 9  

9 8 . 9 0 2 1 . 8  1 0  

1 . 1 0 3 . 2 3 2 0 , 2 1 

9 8 . 9  0 . 3 5  2 1 , 1 9  

9 9 . 7 6 2 5 . 5 2 1 0 , 1 1 

9 9 . 6 3 4  2 3 

9 9 . 6 3 4  0 7 , 9  

9 9 . 7 6 2 16 . 6 8 9 

0 . 3 6 6  3 . 7 8 8 

9 9 . 7 6 2 2 4 

9 9 . 7 6 2 5 

9 9 . 6 3 4  6 . 3 2  2 6 , 6 

9 9 . 9 0 1 . 3 7 5 6 

9 9 . 9 0 2 8 . 9 3 6 

8 
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The th i ck target y i e l d  for a par t i cular reac t i on can be 

cal culated by an i n teg r a t i on of the measu red exc i tation  

function ove r  the  energy  range  covered by  the  target , us i ng 

the r e l a t i on , 

< eq . 1 > 

where N i s  the Avogadro Numbe r , H i s  the isotop i c  en r i chment 

of  the target nucl ide , M is  the ma s s  number of the ta rget 

el ement , I the pro j ect i l e  cu r rent , ( dE ) / ( d  p x ) , stoppi ng 

powe r , a ( E )  i s  the cross  section at energy E,  A i s  the decay 

con s tant of the product and , t is the dura t i on o f  i r rad iation . 

The sub j ect of  cross  sect i on and stopp i ng power ha s been 

de scr i bed i n  deta i l  el sewhere ( 2 ) .  

The calculated y ie ld val ue represents the maximum y i e l d  wh ich 

can be expected for a g i ven ta rget sy stem . I n  pract i ce , 

howeve r ,  the y i elds are  much lower than the theo ret i cal 

values , ma i n ly due to i nhomogene ity i n  the i n c i dent beam , loss  

of  the  prod uct due  to  the beam heat i n g  e f f ect ( or den s i ty 

reduction > ,  etc . 

Excitat ion f unct i o n s  for Ca r bon- 1 1  ( 3 - 5 ) v i a  1 4 N < p , a  ) l l c ;  

Oxygen- 1 4  ( 6 )  v i a  Oxygen- 1 5 ( 7 , 9 )  v i a  

1 4 N ( d , n ) l 5o ,  1 5 N ( p , n ) l 5o a n d  1 6 o < p , pn ) l 5 o ;  and N itrogen- 1 3  v i a  

the 1 6Q ( p , a ) l 3 N ( l 0 , 1 1 ) nuclear react i o n s  have been publ ished . 

The se refe rences g i ve ca lculated satu ration y i elds  as  a 

9 
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f u nc t i on of a part i c le energy on the target . Data f rom these 

papers are l i sted i n  Tab les II - VIII . Y i e lds are reported 

f or 20 �A and 50 �A beam cu rrent . A beam c u rrent of 20 �A i s  

usual l y  used i n  med i cal radioi sotope production runs, but the 

new generat i on of cyc l ot rons can d e l iver external beam 

current s up to 50 � A .  Theref ore, the calcu lated yie l ds are 

report ed f or 2 0  � A  and 5 0  � A  current s .  The y i e l d s  listed in 

Tables II VIII are the theoretical y i e l ds, and are not 

rou t i ne l y  ach i eved at high beam c u rrent s with the avai l able 

technol og y .  

The red uct i on i n  gas d ensi ty d u ri ng bombard ment i n  gas targ e t  

i s  mainly respons i b l e  f or reduced yiel d s .  This prob lem has 

been addressed in the l i terature <1 2 - 1 5 ) .  The c ross sec t i ons 

are measured using gas targets at 1 pA beam current or less .  

However, yields cannot b e  estimated based on thin or t h i c k  

targ e t  y i e l d  a t  1 � A  by mu l tiplying b y  beam current . These 

th eore t ical y i e l ds can only be used as a g u ide l i ne . Al l gas 

and l iqu id targ ets require thin me tal foi l windows to separate 

the targ et f rom the cyc l otron vacuum. Theref ore, the maximum 

energy of any machine exceeds that wh i c h  is avai l ab l e  on the 

targ e t . The t h i ck targ e t  yield i s  cal c u lated using the cross 

sec t i on and stoppi ng power data . Nitrogen-1 3  and f l u ori ne-1 8 

can be prod uced by the proton bombardment of oxygen, g as and 

water . While cal culat i ng the thick targ et yiel d , one must use 

appropriate stopping power val ves such as tabu l ated by 

Wi l l iamson et.al . <161 and by Northcl i f fe et . al .  <171 . 

10 
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Table I I  
Th i ck Target  Carbon- 1 1  Y ields 

1 4 N 2 Target 1 4 N ( p , a ) 11c Threshold 3 . 1 3  MeV 

t:J..2 = 2 0 . 4 m i n  

Energy on Satura t i on Y i e ld at  Y i e ld at  Yield  at  
Target MeV Y i e l d  mC i/J:!A 2 0 J:!A 2 0 llA 2 0 min  5 0 �A 

< mC i l < mC i l < mC i l 

1 7  1 8 4  3 6 8 0  1 8 4 0  9 2 0 0  

1 6  1 7 2 3 4 4 0  1 7 2 0 8 6 0 0  

1 5  1 5 4  3 0 8 0 1 5 4 0 7 7 0 0  

14 1 3 5  2 7 0 0  1 3 5 0 6 7 5 0  

1 3 1 1 5  2 3 0 0  1 1 5 0  5 7 5 0  

1 2  9 4 1 8 8 0  9 4 0  4 7 0 0  

1 1  7 7  1 540 7 2 0 3 8 5 0 

1 0 6 2 1 240 6 2 0 3 1 0 0  

9 4 9  9 8 0  49 0 2 4 5 0 

8 3 8 7 6 0  3 8 0  1 9 0 0  

7 2 2  440 2 2 0 11 0 0  

6 5 1 0 0  5 0 2 5 0 

11 

Copyright © National Academy of Sciences. All rights reserved.

Radiochemistry of Carbon, Nitrogen and Oxygen
http://www.nap.edu/catalog.php?record_id=19140

http://www.nap.edu/catalog.php?record_id=19140


16o2 - Target 

Energy on 
Target MeV 

1 5  

14 

1 3  

1 2 

1 1  

1 0  

9 

8 

Ta ble I I I  
Th i ck Target N i trogen - 13 Y i elds 

1 6Q ( p , a ) l 3 N Threshold 5 . 5 2 MeV 

tlll = 9 .  9 6  mi n 

Satura t i on Y ie l d  at  Y i e l d  at 
Y ield mC iLJ.lA 2 0 JJA 5 0 �A 

< mCl ) < mCl ) 

3 7 7 3 6  1 8 5 0  

3 1  6 1 6  1 5 5 0 

2 6 5 2 0 1 3 0 0  

2 1 42 0 1 0 5 0  

1 5 . 0  3 0 0  7 5 0  

8 . 0  1 6 0  40 0  

6 . 5  1 3 0 3 2 5 

2 . 6  5 2 1 3 0 

12 
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Table IV 
T h i ck Targ et N i trogen - 13 Yie l d s  

1 4 N 2 Targe t 1 4 N ( p , pn ) l 3N Thre s hold 1 1 . 4  MeV 

tlt2 = 9 . 9 6 min 

energy on Saturation Y i e l d  at Y i e ld at 
Target MeV Y i e l d  mCi /\..IA 20 \..lA 5 0  \..lA 

<mC1l <mCl ) 

2 6 1 1 6  2 32 0 5 8 00 

2 5  1 03 206 0  5 1 5 0  

2 4  9 1  1 8 2 0  4 5 5 0  

2 3  79 1 5 8 0  39 5 0  

2 2  6 7  134 0 335 0 

2 1  5 6  1 12 0 2 8 00 

2 0 4 5 9 00 2 2 50 

1 9  35 700 1 7 5 0  

1 8  2 6 5 2 0  1 300 

1 7  1 8  36 0 9 00 

1 6  1 1  2 2 0 5 5 0  

13 
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Table V 
T h i ck Target Oxygen- 1 4  Y i e lds 

14N2 - Target 14N ( p , n>l40 Threshold 6 . 3 MeV 

tlll = 7 0 . 6  s 

Ene rgy on Satura t ion Y i eld at  Y i e l d  at  
Ta rget MeV Y i eld rnC iLllA 2 0 llA 5 0 llA 

( rnC1 ) ( rnC1 ) 

14 8 . 4 1 6 8  4 2 0 

1 3 6 . 9  1 3 8  345 

1 2 5 . 5 1 1 0  2 7 5  

1 1  4 . 4 88  2 2 0 

1 0  3 . 3 6 6  1 6 5  

9 2 . 3 46 1 1 5  

8 1 . 3 2 6 6 5  

7 0 . 3 6 1 5  

1 4  
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Table VI  
Th i ck Target Oxygen- 1 5 Y i elds 

1 5N2 - Target 1 5N ( p , n >  1 5o Threshold 3 . 7 8 MeV 

tl,2 = 2 . 0 3m 

Energy on Saturat ion Y ield a t  Y i e ld at  
Target MeV Y i e ld mC iLJlA 2 0 llA 5 0 llA 

< mC i > < mC i > 

1 7  1 7 2 3 4 4 0 8 6 0 0  

1 6  1 5 6  312 0 7 8 0 0  

1 5  1 4 0 2 8 0 0  7 0 0 0  

1 4  1 2 3 2 4 6 0  6 1 5 0  

1 3  1 0 5 2 1 0 0  5 2 5 0 

1 2 8 6  1 7 2 0 4 3 0 0  

1 1  7 0  1 4 0 0  3 5 0 0  

1 0 6 0  1 2 0 0  3 0 0 0  

9 5 2  1 0 4 0  2 6 0 0  

8 4 3  8 6 0  2 1 5 0  

7 2 9 5 8 0 1 4 5 0 

6 1 3  2 6 0  6 5 0 
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Table V I I  
Th i ck Target Oxygen - 1 5  Y i eld 

14N2 - Target 14N (d , n l  1 5 0 Threshold 0 

tl,2 = 2 . 0 3m 

Energy on Satura t i on Y ield at  Y ield at  
Target MeV Y i e ld mCi L\JA 2 0 lJA 5 0  llA 

( mC i l ( mCl. l 

1 2 1 1 1  2 2 2 0 5 5 5 0  

1 1  1 0 0  2 0 0 1  5 0 0 0  

1 0  8 9  1 7 8 0 445 0· 

9 7 7  1 540 3 8 5 0  

8 6 5 1 3 0 0  3 2 5 0  

7 5 3  1 0 6 0  2 6 5 0 

6 40 8 0 0  2 0 0 0  
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16o2 - Target 

Energy on 
Target MeV 

3 2 

3 0  

2 8 

2 6 

24 

2 2  

2 0 

1 8  

Table VI I I  
Thick Target Oxygen -

1 6o < p , pn ) l 5o 

t1,2 = 2 . 0 3m 

Satura t i on 
Y i eld mCiL\JA 

2 7 1  

2 0 8  

1 5 0  

1 0 0  

5 6  

3 1  

1 5  

5 

17 

1 5  Y i e lds 

Threshold 1 6 . 7  MeV 

Y ie l d  at Yield at 
2 0 l!A 5 0  J;!A 

<mci l ( mC1 ) 

542 0 1 3 5 5 0  

41 6 0  1040 0 

3 0 0 0  7 5 0 0  

2 0 0 0  5 0 0 0  

1 1 2 0 2 8 0 0  

6 2 0 15 5 0  

3 0 0  7 5 0  

1 0 0  2 5 0  
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V .  PREPARAT ION OF PRECURSORS 

Th i s  sub j ec t  has been rev iewed in deta i l  (18 , 3 6 l . These  are 

important i ntermed i ates wh ich  are requ i r ed for the 

i n troduct ion of rad ioact i ve spec i e s  i n to complex organ i c  

molecules . 

V-1 . CARBON - 1 1  

Carbon- 1 1  labe l l ed precurs o r s  s u c h  as  ca rbon monox ide , carbon 

d ioxide , cya n i de ( as HCN and NaCN l , ace tyl ene and methy l  

iod ide have been prepared . 

The most  useful  reactions  for  l lc product ion are the proton 

and deuteron react ions  on natur a l  and enr iched boron oxide 

targets < 1 9 , 2 0 )  and proton react i o n s  on n i trogen ( 3 , 4 , 5 ) .  

a l l lco and l lco2 prepara t i on : [ l l c ] -Ca r bon monox i de and 

[l lc ] -Carbon dioxide can be prepared by bombard i ng Boron- 1 1  or 

enri ched Boron- 1 0 w i th protons and deuterons re spect i vely . 

The product ion , storage and the targetry i nvol ved i n  th i s  

method has  been reported i n  the l i terature ( 3 7 -41 ) .  The 

chemical form of the product nuc l e i  recovered from the target 

is largely determi ned by the targ et sweep gas  compo s ition . 

[l lc ] -Carbon monoxi de i s  prepa r ed i n  h i gh act i v i ty by reduc i ng 

l l co2 , by pa s s i ng the l l co2 over  zn held at  4oooc < 3 9 , 4 2 l .  

[l lc ] -Carbon d ioxide can a l so be produced by i rrad i a t i ng 

n i trogen gas  with  proton s (43 -45 , 48 ) . The n itrogen gas  target 

has several advantages over the boron ox ide targets for the 

18 
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l l co 2 prod uction . The amount of activity prod u ced per �A·hr 

is over five times g reate r ,  and there is essential l y  no 

requirement f or maint enance of the targ e t .  T h e  trace amount 

of oxygen in the tank nitrog en 

oxidation reac tion to oc cur. 

- l ppml is suf f icient for the 

Hig her oxygen concentration 

re 'su l t s  in the formation of nitroge n  oxides f rom the 

16ocp , a J l3 N 

[l l cJ-Carbon 

reac tion 

monoxide 

and f rom 

contaminants 

rad iol y sis processes. 

can be e l iminat ed by 

passing the targ e t  gas over cuo at 5 0 0 °C f or catal y t ic 

oxidat ion. 

bl l l cN Preparation: A number of me thods f or the 

preparation of Hl l cN has been reported <46- 4 8 ) .  

Lamb, e t.al . ( 46 l have reported re coil synthesis of 

l l c-cyanide via direct bombard ment of solid LiNH2 targ e t  or 

N 2 + H2 gas . The direct bombard ment of N2 + H2 g as mix tures 

yie l d s  Hl l cN, however, the radiolysis of the prod u c t  in the 

targ e t  gas red uces the yie ld. The anal y sis of l l c- ac t ivity in 

the gas stream f rom the targ e t  d u ring bombard ment showed 61 % 

Hl l cN, -28% l l c-hydrocarbons, - 9 %  l l co and -2% l l co 2 . 

Finn, et.al. <4 7 )  have reported a chemic al synthesis me t hod . 

( l l cJ-Carbon dioxide generated f rom the boron oxide t arg e t  was 

reacted with potassium and ammonia yielding Kl l cN. 

1 9  
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In another me thod , NaCN target bombarded wi th proton s res u lted 

in the product ion of  Na l lc:N due to reco i l  label ing . 

1 2 11 C(p,pn) c 
Nac=N -------------• Nal l c:N 

14N (p , a ) 11c 7 0% 

The l lc-cyan ide y i eld from th i s  target i s  high but g i ves  poor 

spec i f i c  act i v i ty . The cya n i de spec i f i c act i v i ty was 1 1 . 5  and 

6 2 . 7  mCi/mmol/ 1 0 0  �A-min for NaCN and a2o3target , respectively. 

The method developed by Chr i s tman , et . al . (48 ) i s  mos t  

commonly used for the production o f  l l c-cyan ide . The 

procedure is descri bed be low . 

(p,a) * 
•21��: -- ------ -;c 1 

rad io l y s i s  

\ I P t  11 NH 3¥ l cH4 - - - ------ --+H Ctl 
1 0 0 0 ° C 

* i nd i cates nucleogen i c  < energe t i c ) carbon - 1 1  

Th i s  procedure g i ves l lc-cyanide in  very high  spec i f i c  

ac t i v i ty . A rout i ne production me thod of Hl l cN by remote 

2 0 
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control u s i ng the above method has been reported ( 4 9  l. The 

target gas stream is bubbled through a 3M ammon ia sol u t i on and 

sent over 15 g of plati num wire heated at 8 7 0 ° C .  

[l lc]-Cyan ide i s  trapped i n  water . 

Iwata et . al .  ( 149 l have recently inve s t igated the catalytic  

product ion of Hl lcN from l lco 2 . [l lc ] -Carbon d ioxide was 

reduced to l lcH4 w i th H2 on N i  and then conver ted to H l lcN by 

reac t ion with  NH J on Pt in a rad iochemi cal yield  of  more than 

9 5 % .  Th i s  method has the advantage that in  add i t ion to Hl l cN 

other l lc-label i ng precursors can be ava i lable with a s i ng le 

target system for the produc t i on of l l co2 . 

c )  l lcHJ I  and H l l cHO Prepara t i on: The synthe t i c  route 

commonly used for the preparat ion of labeled me thyl iod ide and 

f ormaldehyde is the l i th i um a l umi num hydride reduction of 

labeled carbon dioxide to yield  methanol ( 5 0 - 5 2 ) .  

Appropri ate subsequent reac tions  lead to the des ired product 

as  shown i n  the scheme below: 

4 H 20 
LiAl (Ql l cH 3 l 4 -- - -- - - - -- - --•Al ( OH ) J  + LiOH + 4l l CH]OH 

2 1 
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[ l lc]-methyl iod i de has a l so been produced by d i rect recoi l 

synthes i s  by pro ton irrad i a t ion of N 2/HI  flow target system 

(5 3 ) .  The rad iochemica l  yie ld of l lcH 3 I under opt imi z ed 

cond i t ion was 2 5% .  

Recen t l y , ( 5 4 )  d i phosphorus te tra i od ide sol id reagent has been 

used to convert l l cH JOH into l l cH J I .  The reagent wa s found to 

be reusable for about f i f teen preparat i ons w i t hout loss  of 

e f f i c i ency and wi thout any contam i n a t ion of the appara tus 

re sul t i ng from vola t i le decompos i t i on product s .  The rad i oche­

mical  puri ty of the product var i ed between 9 8 . 5% and 9 9 . 5% .  

The mea n  spec i f i c  act i v i ty o f  all the preparat ions  wa s 

3 . 4 pC i/ � mol . A f u lly automa ted , mi croproce s sor control led 

system for the product ion of l lcH 3 I has been reported < 5 5 > .  

Automated sys tems are now commerc i a l l y  ava i lable (5 6,5 7 ) .  

d )  [llc]-C2 H2 Prepara t i on :  [l l c]-Acetylene wa s f irst 

prepared by bombard i ng sol i d  bari um carbonate with protons 

wh ich genera ted aallco3 (5 8 ) . Upon reduc t i on to 

[l lc]-BAC 2 and subsequent hydroly s i s ,  [l lc]-C2 H 2 i s  rel eased 

i n  good y i el d .  [l l c]-C2H2 has also been produced by 3 He 

bombardment of ca l c i um carb ide < 5 9 >  to obta i n  [ l l c]- labe l ed 

carbide fol lowed by hydro l ysi s w i th wa ter to obta i n  acetylene , 

but th i s  method g i ve s  ace tylene of  very low spec i f i c act i v i ty 

< few � C i / � mo l ) .  The same type of  target when irrad i a ted w i t h  

protons (60 ) re sul ts  i n  a bet ter carbon- 1 1  product i on y i e ld , 

and there fore llc-ace tylene o f  h i gher spec i f ic act i v i ty .  

2 2  
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[ l lc ] -C2 H 2 has al so been obtained by proton bombardmen t  of 

s imple hydrocarbons < methane , cyclopropane) gas targets 

( 6 1 - 6 3 l .  The h i ghest yie ld of  [ l lc J -c2H 2 was - 5 0 %  when 

cyclopropane wa s used a s  the subs tra te . 

A dif f erent approach was developed which generated 

[ l l c ] -C2H 2 from the carr ier added pyro ly s i s  of l lcH4 i n  an 

i nduct i ve argon plasma ( 6 4 ) .  S i xty percen t of the methane i s  

converted instantly i nto acetylene , 3 0%  rema i ns a s  l l cH4 . The 

acetylene obtained in th i s  manner has a specif i c  activity of 

l SOmCi /� mol and a pu rity of 9 8% .  

V- 2 . N I TROGEN-1 3 

Rad i o l a beled N2 , NH3 , N 20 ,  N02 and NO) are of grow i ng intere s t  

for  use i n  nuc lear medic ine as  we l l  as  i n  bio logical , 

ag r i cultura l and env ironmenta l studies . 

The production me thods of important syntheti c  precursors are 

described . 

a) 1 3 N-gas  Preparation : Buck ingham and Clark (6 5) have 

descr i bed a method for prepa r i ng saline solution of 

n itrogen- 1 3 , wh ich  u t i l i z e s  g r aph i te as the target materia l 

and carbon d ioxide a s  the sweep gas . N itrogen- 1 3 i s  produced 

by t
,
he 1 2ccd , n)l 3 N react i on . In the pre sence of  C02 , the 

g r aph ite wh i c h  is raised to a tempe rature in exce s s  of 1 4 5 0 ° C 

by the beam power , i s  eroded contin uous ly as the fol lowing 

reaction occur s . 

2 3 
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1 4 5 0 ° C 
C + C0 2 --------• 2 CO 

The con t i nuous eros ion leads to the release of vola t i le 

1 3 N- label led molecu les  prev iously trapped i n  the graph i te 

latt i ce . Presuma bly , reaction of nuc leogen i c  1 3 N w i th 

d i n i trogenous contami nates l eads to 1 3 NN . 

Crouz a l  and Comar ( 6 7) i rrad i ated h i g h  pur i ty C0 2 with  

deuterons ,  conden s ed the  C02 and  1 3 NN i n  l iquid n i trogen . 

C02 was removed by pumpi ng w i th a Toepler pump and obta i ned 3 0 

mC i of  1 3 NN from an i r rad iat ion of  4 0  minutes  by a 20 � A  beam 

o f  9 MeV deuteron s .  The d i s solved 1 3 NN i n  phy s i olog ical 

sal i ne had a f i nal act i v i ty o f  1 mCi /ml . 

Clark and Buck i ngham < 6 8 )  have compared the various way s of 

produc ing n i trogen- 1 3  sol u t i on s . Targetry , produc t i on 

parameters , advantages and d i sadvan tages of  each techn ique are 

d i scussed . 

Aus t i n , et . al .  < 2 1)  reported another method us i ng proton 

bombardment of  enr i ched 1 3 c- targets wh ich  is very u s e f u l  for 

obta i n i ng h igh spec i f i c ac t i v i ty of  1 3NN by the 1 3 c < p , n)l 3 N 

reaction . They have reported a spec i f i c  act i v i ty 

o f  - 2 0mCi/ml . The bombard i ng energy of the protons was 1 1  

MeV . The irrad i a ted mate r i a l  i s  converted t o  1 3 Nl 4 N g a s  by 

automated Dumas combus t i on and compre s s ed i n to 1 ml v i al s . 

The ent ire procedure take s l e s s  than 1 5  m i n . 

Parks , et . al .  ( 6 9 )  produced 1 3 N-labe l ed atmospheric  gases v i a  

proton i rrad i a t i on of h i g h  pre s s ure oxygen target b y  the 

2 4  
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16o < p ,  a 

i ncorporated 

1 3 No2 in a 

nuclear 

i nto the 

react ion . 

pri mary 

The n i trogen 

products , 1 3 N2r 

are 

and 

rat i o  of 8 : 1:3 . 5  respecti ve ly . The recoverable 

fraction o f  all  1 3 N- labe l ed compounds was 1 0% .  

Jo·nes , et . al .  ( 7 0) have de scr i bed a system for the product ion 

o f  1 3 N l a be l ed mol ecu lar  n i trogen ( 1 3 NN) d i s sol ved in  

phy s i ological sa l i ne . The 1 2 c (d , n)l 3N reaction w i th 5 0 � A of 

6 MeV deuterons from a sma l l  med i ca l  cyclotron was used to 

produce 1 3 NN as the sole product i n  the target chamber . 

Ca r bon dioxide i s  both the target and the sweep gas i n  a f l ow 

system that termi nate s with conti nuous absorpt ion of  C02 i n  a 

NaOH bubble r . 1 3NN i s  shaken wi th phy s i ological  sal i ne to 

produce 2 0 ml of ster i l e , pyrogen- free i n j ectate wi th a 

spec i f i c act i v i ty of 2 7 0  � Ci /ml . 

S u z uk i  and I wata ( 7 1) has descri bed a s i mple  method f or the 

1 3NN production by i r rad i at i ng an  aqueous so l u t i on of  ammon i a  

with 1 5  MeV proton s . I rrad i at i on of  O . lM ammon i a  sol u t i on at 

10 � A for twenty minute s produced 11 3 mCi of greater than 

9 9 . 9 % 1 3 NN . 

Fer r i er i , et . al . ( 2 2 > have deve loped a sol i d  1 3 c-enriched 

ta rget for the product i on of 1 3 N as n i trogen  gas u s i ng the 

1 3 c (p,n)l 3 N nuclea r reac t i on . The ta rget is of the f low­

through type wh ich a l lows for on- l i ne recovery and separation 

of the radionucl ide f r om the enri ched target matr i x  and permi t 

reuse of the target without detr iment  to its produc t i on 

2 5 
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capabi l i ty .  At low beam current  the unt reated target y i e lded 

mos t l y  ox ides of  1 3 N .  However ,  reduct ion in the absorbed 

oxygen concen trat ion through  a hea t i ng pretreatment of the 

target served to enhance the labe l ed d i n i trogen product s 

8 - fold . At 1 0  � A  beam i nten s i ty the pret rea ted target y i elded 

in greater than 99% rad iochemi ca l l y  pure 1 3 N-n i trogen gas . 

b ) 1 3N-Ammo n i a  Prepara t i on : [1 3 N ] -Ammon ia i s  the mos t  

w i de l y  u sed 1 3N- labe l ed precursor f o r  synthe s i s . I t  has a l so 

been the mos t  expl o i ted f orm of  N i trogen-1 3  for  med ical use . 

Ammon ia has been prepa red by irrad i a t i ng sol i d  i no rgan i c  

carbides w i th deuterons i . e .  c l 2c c d , n ) l 3 N ) . For example , 

a l um i n um car b ide target upon d i s s o l u t i on i n  ac i d  sol u t i on gave 

1 3NH 3 and CH 3 1 3 NH 2 as the ma j o r  product ( 6 6 ) . However , 2 8Al 

is a l so produced by the i r rad iat ion of th i s  carb ide targe t . 

Th i s  con s t i tutes a con s i derable rad i a t i on ha z ard i n  hand l i ng 

and proces s i ng the target . 

T i l bury , e t . al . C 7 2 ) have sugge s ted an al ternate procedure , 

wh i ch i nvolves the deuteron bombardme n t  of methane . The 

methane was f l owed through a g la s s  target chamber i n to a 

bubb l e r  conta i n i ng i soton i c  sal i n e  sol u t i on . Analys i s  of the 

sol u t i on in the bubbler by rad ioac t i ve gas chroma tography 

i nd i cated 1 3 NH J ( 9 5 %) , CH 3 1 3 NH 2 ( 2 % ) , Hcl 3 N ( > 3 % )  and 

C 2Hs1 3NH 2 ( trace > .  

Present l y , the mos t  commonly  used method for  1 3NHJ  i s  the 

proton i r rad i a t ion o f  an H 20 target ( 7 3 - 7 6 ) . N i t rogen-1 3  

2 6  
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labe l ed 1 3No) , 1 3 No2 and 1 3NH! are produced dur i ng the 

bombardment . The n i trate and n i tr i te is chemi cal l y  reduced to 

ammon i a  by u s i ng De varda ' s  a l loy . 

The i r rad i a ted water a l so conta i n s  1 5o and 1 8 F a l ong w i th the 

1 3N .  Fl uor i ne- 1 8  g i ve s  no problem as th i s  rad i o i sotope does 

not d i s t i l l , but 1 5o i s  present i n  the f i nal  1 3 N-ammon ia 

solution . U s ual l y , the ove ral l t i me neces sary for  the 

preparat i on of the ammon i a  solution and the transport of the 

rad i opharmaceutical  is long enough that mos t  of the 1 5o ha s 

a l r eady decayed pr i o r  to del i ve r y  of  the labe l ed compound . 

I n  a recent st udy , 1 3 NHJ  was synthes i z ed on- l i ne by expo s i ng 

1 3 N- labe l ed n i t rogen gas plus  hydrogen to a microwave 

d i scharge ( 2 2 ) .  The reac t i on o f  the atom i c  1 3N w i th hydrogen 

wa s enhanced four- fold by plac i ng pre-reduced pa l lad i um metal  

f i l l i n g s  ( heated to  2 0 0 ° C l a f t e r  the  d i scharge cav i ty .  A ten­

mi nute d i scharge resulted in 6 5% convers ion of  the 1 3N- labe l ed 

n i trogen gas introduced i n to the rec i r culat i on loop , to 

1 3N-ammo n i a. However , the e f f i c i ency of conve r s ion to ammo n i a  

wa s found t o  b e  very sen s i t i ve t o  t h e  trace presence of  trace 

chemical  contam i nants . 

C) 

two 

1 3 N20 Prepa r a t i on 

methods for  the 

NH 4N03 in su l f ur i c  ac id . 

N i ckle s , et . al .  ( 7 7 )  have reported 

syn thes i s  of 1 3 N 20 by pyrolys i s  of 

2 7 
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Method 1 

Car r i e r  NO) and 1 3No) we re  reduced i n  the DeVarda's al loy to 

1 3NH 3 wh ich was d i s t i l l ed f r om bas i c  sol u t i on and col lected by 

bubb l i ng through 2 5 ml of cold H 2 S04 wh ich contai ned an 

add i t ional 3mmol The apparatus was swept by a 

N i trogen gas stream .  

The H2 S04 wa s heated to 26 0 ° C and N20 produced by the reaction  

wa s quan t i ta t i ve l y  evol ved and col l ec ted over  water . 

Method 2 

The i r radiated wa ter wa s combi ned wi th car r i er NH 4N03 and 

concentrated to 1 ml by rotary evapora t ion . Twenty- f i ve ml of 

H2 S04 conta i n i ng 3 mmol of add i t i onal NH 4 N03 wa s added and N20 

evolved at  2 6 0 ° C as i n  Method 1 .  

V- 3 . OXYGEN- 1 5  

Oxygen- 1 5  can be produced by the 1 4N ( d , n ) l 5o ,  1 5 N ( p , n ) l 5o and 

1 6o ( p , pn ) l 5o nuc lear reac t i on s . By the f i r s t  two react ions , 

oxygen- 1 5  can be produced i n  high  spec i f i c act i v i ty . 

a )  1 5o2 P repa rat ion : 1 5o- labe l ed oxygen can be produced by 

us i ng a f l ow i ng gas target of 0 .  5 - 4 .  0% 0 2 + N2 with  the 

1 4N ( d ,  n > 1 5o reac t i on . Whe reas , high  pur i ty oxygen gas wa s 

2 8 
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used a s  a target gas for the 16o ( p , pn ) 1 So react i on . I f  the 

02 car r i er gas was greater than 2 \ ,  the 1 So2 yield i ncreases  

to  about 9 7 \ . The rad iochromatograph i c  ( 9 )  analys i s  of the 

target gas for 1 4 N ( d , n ) 1 So react ion showed l Soo = 9 7 . S \ ,  N2 l So 

= 2 . 3 \ ,  c l So2 = O . S 4 \ and 1 3 N2 = O . l S \ .  Whereas , the analys i s  

o f  the target gas for the 1 6o ( p , pn ) 1 So react ion showed l Soo = 

9 9 . S \ ,  l lco2 = 0 . 2 \ ,  1 3 N20 = 0 . 1 \ ,  1 3N2 = 0 . 1 \ and l lco2 = 

o.on. The C02 , N20 and CO can be removed by pas s i ng the 

ta rget gas through a soda l i me and an acti vated charcoal trap 

at amb ient temperature . Further deta i l s  about 

[l So ] -02 product ion are g i ve n  i n  the l i terature ( 6 8 ) . The 

product ion y i e lds of a l l  the reactions  for !So-production were 

recently compared ( 9 ) . 

b ) el Se and c1 So2 Prepara t i on : Carbon monox ide labe l l ed 

wi th oxygen- l S can be prepared by pa s s i ng the target gas 

through act i vated charcoa l ma i ntai ned at 9 0 0 ° C .  

Reac t ion at S0 0 ° C generates a mixture of  el Se and cl So2 . 

Convers i on o f  el Se to c1 So2 can be obta i ned on- l ine with  cue 

combus t i on f urnace ma i nta i ned at  S 0 0 ° C .  

cue 
c ls0 ---------�cls02 

S 0 0 ° C 

clSo2 can a l so be produced on- l i ne by us i ng a f low i ng 

N2/C0 2 gas  target . 

2 9 

Copyright © National Academy of Sciences. All rights reserved.

Radiochemistry of Carbon, Nitrogen and Oxygen
http://www.nap.edu/catalog.php?record_id=19140

http://www.nap.edu/catalog.php?record_id=19140


c >  H 2 1 5o preparat ion : The preparat i on of oxygen- 1 5  l a be l ed 

water < H2 1 5o) wa s f i r s t  prepared i n  sma l l  amount by pa s s i ng 

l a be l ed mol ecu l a r  oxygen together wi th hydrogen gas over a 

heated pa l l ad i um catalyst  ( 7 8) . 

Wel ch and co-worke r s  ( 7 9) have prepa red H 2 1 5o by an  exchange 

method . Th i s  techn ique u t i l i z ed the fast exchange react i on 

between l a be l ed ca rbon dioxide < c l 5 oo > and wa ter . U s i ng th i s  

method , water w i t h  a spec i f i c  act i v i ty o f  8 0 mCi /ml wa s 

prepared . 

Oxygen- 1 5  labeled water can a l so be prepa red by reco i l  

labe l i ng techn ique ( 8 0 ) .  oxygen- 1 5  i s  produced i n  a f l ow i ng 

N2+H 2 ( 5 %) target v i a  the 1 4 N ( d , n)l 5o react ion . The 1 5o 

reacts d i rectly with molecular  hydrogen i n  the gas pha s e  to 

produce l a beled no-ca r r i e r-added wa ter . 

N i ckles , et . a l .  ( 8 1) have descr i bed a cat a l y t i c  generator for 

the product ion of  H2 1 4o and H 2 1 5o .  The i n i t i a l  act i v i t i e s  of 

1 5o2 and 1 4 o2 we re produced f rom the 1 4 N ( d , n)l 5 o and 

1 4 N ( p , n)l 4 o nuclear reac t i on s , respect i ve l y . The target gas 

wa s m i xed wi th hydrogen and car r i e r  oxygen a t  5 0 0  and 1 0 0  ml 

( STP ) /mi n . , respect i ve l y . The tr i nary gas m i x ture f lowed over 

a pla t i n um-on-a l um i n a  cata l y s t  cont a i ned in a water-cooled 

quar t z  tube . At an i n c ident energy of 8 MeV , the H2 1 5o 

act i v i ty saturated to 1 5mC i / �A .  

d) N2 1 5o Prepara t i on : Rece n t l y , a n  on- l i ne synthe s i s  method 

o f  1 5o- labe l ed n i trous oxide has been reported ( 1 4  7 > • The 
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oxygen-15 wa s produced by the reaction . 

[1 5 o ] -N i t rous ox i de wa s produced by catalyt ic ox idat ion of 

anhydrous ammo n i a  i n  a gas  m i x t ure con ta i n i ng 1 5o- la be l ed 

mol ecu l a r  oxygen . Anhydrous ammon ia  wa s mi xed wi th the gas 

cqnta i n i ng 1 5o2 , and after preheat i ng to about 2 0 0 ° C wa s 

car r i ed through an oven con ta i n i ng a Pt ca talyst  kept at about 

310 ° C .  Labe l ed gas  wa s pur i f i ed i n  H 3P04 and KOH. 

Rad i ochemica l pur ity of the [ 1 5 o ] - labe l ed n i t rous ox i de wa s 

g r ea ter  than 98% , and the specific act i vity  at the end o f  

synthe s i s  wa s about 5 0  mC i /mmol . 
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VI . RADIOCHEMI STRY IN MATERIALS SCIENCE APPLICATIONS 

The knowledge of trace level s  of carbon , n i trogen and oxygen 

i n  d i f f erent sol id ma ter i a l s  is of scienti f i c ,  technolog ical 

and economic impor tance . For example ,  the presence of trace 

amoun ts of oxygen in pure meta l s  and al loys of ten has a 

detr imental e f f ect on parameters such as duct i l i ty and 

e l ectr i cal conduc t i v i ty . Semi conductor behavior can be 

adversely a f f ected by low level c ,  N, 0 impur i t i e s . 

Convent ional vacuum f u s ion and iner t  gas f u s i on techniques are 

adequate for the assay of the relative l y  large amounts of 

oxygen C 9 7 )  e . g .  > 5 \.1 g .  However ,  the level of oxygen 

currently of i n terest  i n  the f ie l d  of pure ma ter i a l s  and semi­

conductor research are very low (<10  ppm ) �  add i t i ona l ly , the 

amounts of sample mate r i a l  available are of ten sma l l .  Under 

these cond i tion s , the convent i onal fus ion techn iques are of 

l imited use due to the problem associated wi th apparatus and 

reagent blanks and surface contamination of the samples . The 

mi cro-K j eldahl and the f us ion extrac t i on are the mos t  useful 

method for the determination of trace n i trogen i n  sol ids . 

These methods are capable of determi n i ng n i trogen down to 1 

ppm . The blank problem is u s ual ly the l im i t i ng factor for 

these techniques . 

Several nuclear techn iques based on d i f ferent pr i n c i ples have 

been developed for the determi nat i on of trace contents of 

carbon , nitrogen and oxygen . The fol low i ng are the important 

activat i on techn ique s . 
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a )  Charged Part i c l e  Act ivation 

b )  Photon Acti vation Analys i s  ( PAA ) 

c )  Neutron Act ivation Analy s i s  C NAA ) 

1 )  CHARGED PARTICLE ACTIVATION 

The charged part i cle ac t i vat i on techn i que has been desc r i bed 

el sewhere ( 9 7 , 9 8) . D i f ferent types of interac t i on occur as a 

result of ion-beam i nterac t i on w i th ma tter . They can be at 

the atom i c  or nuclear leve l s , and some of these i n teractions 

result  i n  the emi s s i on of s igna l s  wh i ch are e l ement or i sotope 

spec i f i c . The probabi l i ty of the d i f ferent i n teractions  

var i e s  w i th the  type and  the  energy of the  bombard i ng ions . 

Three types of i n terac t i on s  can be explo i ted for chem i ca l  

analys i s . 

1 )  The emi s s ion of  characte r i s t i c  x-rays i nd uced by charged­

pa r t i c le beams has been used for e l emental  analys i s . I nner 

she l l  vacanc ies  created due to ion-atom col l i s i on a r e  

f i l led f rom outer shel l s . Th i s  results  i n  t h e  emi s s i on of 

K ,  L ,  or M X-rays . Th i s  is the bas i c  pr i n c i p l e  beh i nd 

proton i nduced X-ray emi s s i on techn ique C or PIXE ) . Deta i l s  

a bout PIXE are descr i bed el sewhe re ( 8 2 - 8 4) .  

2) The energy o f  the e l a s t i c  scattered pro j ec t i l e s  are used to 

mas s  a na l y z e  the elemen t in the target surf ace . Th i s  

techn ique i s  known a s  Ruthe r ford back scatte r i ng 

spectrometry  ( 8 5) .  
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3 > Nuc lea r rea c t i on s  y i el d i n g  new rad i o i sotope s .  The 

charact e r i st i c  Y-ray and the amount of ac t i vi t y  is used to 

iden t i f y and quan t i f y  the pa r e n t  i sotope s .  The bomba r d i n g  

pa r t i c l e s  are pr otons , deute rons , tr i tons ,  he l i um- 3 i on s  

and he l i um- 4 i ons or a l phas . 

The e l eme n t s  may be determi ned s i ng u la r ly or i n  combi n a t i o n  

d u e  to na t u r a l  occurence a n d  simi l a r i t y o f  possessing a sho r t  

ha l f - l i f e  a n d  detec t i on by an n i h i l a t i on radiat i on . 

P ie r ce , e t . a l . ( 8 6 >  have determi n ed the conce n t r a t i o n  of 

ca r bon in ste e l  by measu rement of the prompt y- rad i a t i on 

emi t t ed d u r i n g  pr oton bombard men t .  Ta r g e t s  we r e  i n  the f o r m  

o f  ste e l  d i sks .  our i n g  i r rad ia t ion , a 2 .  3 MeV Y-ray was 

e mi t t ed , and th i s  was measured in these determinat ion . By 

t h i s  me thod , they we r e  able to measure the conce n t r a t i o n  of 

carbon to as l ow as 70 0 ppm . 

Goeth a l s ,  et . a l .  ( 87 )  have determi ned t he concent ra t i on o f  

ca rbon i n  a l uminum by d e ute r on a c t i vat ion anal ysi s vi a t h e  

1 2 c ( d,  n > 1 3 N reac t i on . T h e  sampl e s  a n d  stand ards we r e  placed 

in a wat e r-cooled target holde r , and i r radia ted w i t h  a 7-MeV 

d e u te r o n  beam . The 1 3 N was sepa rated f rom other a c t i v i t i e s  by 

steam d i st i l l a t i on . A ca rbon concen t ra t i on o f  

0 . 2 5  �g . g-1 w i th a stand ard devi at ion o f  0 . 0 5 � g . g- 1  was 

obta i ned f o r  a l um i n u m  o f  9 9 . 5 % pur i t y .  

Cleme n son , e t . a l . <88> determi ned total carbon i n  atmosphe r i c  

aeroso l . De ute rons o f  7 . 6  MeV we r e  used to bombard the target 
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to produce 1 3N by the 1 2c ( d , n ) l 3N nuclear react ion . Th i s  

method was non-destruc t i ve , wh ich permi tted the sample to be 

stud i ed by add i t ional methods . Compa r i son of  car bon found by 

deuteron activat ion analys i s  w i th that f ound by i ndependent , 

but de struct i ve combustion methods showed a s tandard dev iat ion 

of 1 0 %  for  15 samples analyzed over a wide range of carbon 

contents . The detect i on l imi t was e s t imated to be 

0 .  5 llg . cm- 2 , correspond i ng to a carbon concentra t i on of 0 .  2 % 

i n  a sample of  total th i ckness  2 5 0  lJg . cm- 2 . 

Bottge r , et . a l . ( 8 9 )  have developed a sen s i t ive method for the 

determi nat i on of carbon in s i l i con by deuteron and 3He 

pa r t i c l e  ac t i vat ion f o l l owed by chemical  separa t i on of the 

mea sured nuc l ide ( 1 3N and l lc ) . 1 3N was produced by the 

1 2c < d , n ) l 3N reac t ion ; whereas l lc wa s produced by 

the 1 2c ( 3 He , a ) l lc reac t i on . The detection l imit , was 

improved by a separa t i on of  3 0p and 3 0 si formed by deuteron 

reac t i on i n  s i l i con by i ne r t  gas f us i on extraction . The 

detec t i on l im i t  wa s repo rted a s  -3 ppb for deuteron 

a c t i va t i on , and -1 ppb for 3 He ac t i vat ion . 

Vandeca stee le , et . a l .  ( 9 0 )  have determi ned carbon i n  gold 

laye r s  e lectropl ated on bra s s  by deuteron activation analys i s  

us i ng the 1 2c < d , n ) l 3 N react ion . The re s u l t s  range f r om 2 to 

1 3 0 0  llg g -1 and the re l a t i ve standard dev iat ion from 0 .  9 to 

1 3 % .  

Bar i t , et . a l .  ( 9 1 )  have determi ned the carbon concentrat ion i n  

th i n  laye r s  u s i ng a 2 MeV van d e  Graaf acce lerator . Carbon 

3 5  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

R a d i o c h e m i s t r y  o f  C a r b o n ,  N i t r o g e n  a n d  O x y g e n
h t t p : / / w w w . n a p . e d u / c a t a l o g . p h p ? r e c o r d _ i d = 1 9 1 4 0

http://www.nap.edu/catalog.php?record_id=19140


wa s determi ned by nondestruc t i ve method i n  laye r s  of 3 - 1 0 � m 

th i ckne s s . The method was based on u s i ng the 1 2c c d , n ) l 3N 

nuclear reac t i on wi th s imultaneous account of surface 

contami nat i on by mea ns  of the 1 2 c c d , p ) l 3c compe t i t i ve 

react ion . Var i a t i on of the amount of 1 2c nuc l e i  on the sample 

surface per cm2 and the temperature of annea l i ng for 1 0 0  �m 

molybdenum foi l  were stud ied . M i n ima l  surface carbon content 

was ach i eved in the case of annea l i ng samples prev ious l y  

oxid i z ed to surface oxygen contents of 2 - 5  �g/cm2 . The 

i r rad iation of  the samples by proton or deuteron beams of high 

i n ten s i ty can cause the d i f f us ion of 1 3N as we l l  as carbon 

from the surface to the bulk of  the sample .  D i f f us ion of 1 3N 

i s  not i n f l uenced , s i nce the total yield  of 1 3N was 

i ndependent of the locat i on i n  the sample .  The tempe rature 

and time of annea l i ng was chosen to mi n imi z e  the d i f fus i on of 

car bon . The accuracy of the method wa s ver i f i ed by compa r i son 

wi th other analytica l  methods . 

Mac i a s , et . al . 

nondestruct i ve 

( 9 2 )  

method 

have 

f or 

reported the development of 

the determi nat ion of car bon , 

n i trogen and su l f u r  i n  atmospher i c  aerosol s .  The method wa s 

based on Y-ray emi s i son fol low i ng the i n e l a s t i c  scatter i ng of 

7 . 0  MeV protons . The inelast i c  scatter i ng of protons exc i tes 

the target nucleus to a low- ly i ng exci ted states wh ich dexci te 

by the emi s s ion of Y -ray . The Y -ray spectrum from each 

sample , recorded du r i ng the bombardment , conta i n s  at least 

one Y-ray from each element of interest . A ca l i bration for 
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n i t rogen , s u l f u r  and carbon depos i ted on f i l t e r s  wa s carr ied 

out u s i ng standard meth ion i ne ae rosol C C s H1 102 SN ) sample s . 

The results  obta i ned by Y - ray method we re compa red wi th other 

methods . Tota l  carbon wa s obta i ned by us i ng the Dohrmann 

DC-50 Car bon Ana l y z er . An average dev iat ion of 7 . 3 % wa s found 

between the resu l t s  of two methods . Carbon , n i t rogen , and 

hydrogen were a l so mea sured us i ng a Model 2 4 0  Elemental 

Ana l y z er . The average d i f ference between th i s  and Y -ray 

The l i ke l y  methods f o r  n i trogen was 1 1 %  and 1 6 %  f o r  carbon . 

explanat ion of the poorer ag reement for car bon l i es in  the 

method of blank subtract i on . Detection l im i t s  for atmospher i c  

samples we re i n  t h e  �g/cm2 range with  a prec i s ion o f  5 % . 

S tr i j ckmans , et . al .  ( 9 3 )  have determi ned car bon , n i trogen and 

oxygen in n i ckel by charged par t i cle  act i vat ion us i ng the 

react ions 1 2 c c d , n ) l 3N ,  1 4N ( p , n ) l l c and 1 6o c 3 ae , p ) l 8 F .  The 

l lc ,  1 3N and 1 8 F were separated by oxygen combu s t i on fol lowed 

by trapping of l lco2 in NaOH and by steam d i s t i l lat ion of 

1 3NH 3 and of H2 S i F6 - l 8 F ,  respect i vel y . 

A method for  the analys i s  of the rare stable i sotopes of 

carbon , n i t rogen and oxygen us i ng charged-pa r t i c l e  induced 

prompt Y - rays have been reported ( 9 4 > .  The sen s i t iv i ty of 

the method depends on var ious expe r imental cond i t ions such as 

backg round , i nc ident par t i c le energy , beam d i str i btu ion , 

sample homogene i ty ,  target overhea t i ng , and the pe r formance of 

the coun t i ng equ ipmen t .  

af fect the sen s i t i v i ty 

Inter f e r i ng nuclear react ions can 

of the method . To obv iate 
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inte rferences , the cho i ce of a s u i table pro j ect i le and 

inc ident energy wa s important . Protons gave the bes t  result  

for 1 3 c .  Deuterons we re idea l for assay i ng l SN ,  because the 

anal ys i s  wa s free of interference . Al l three par t i cl e s  can be 

used for the analys i s  of the stable tracer of oxygen . 

C layton & Wooler  ( 9 5 )  have used he l i um backscatter i ng to 

determine hydrogen ,  carbon , n i t rogen , oxygen and sulfur i n  

ha i r  samples . Spec tra we re measured wi th a beam of 1 .  4 MeV 

4ae+ ions inc i dent norma l l y  to the sample su rface , at a ta rget 

current of 5 0  � A .  The backscattered pa r t i cles  were detected 

w i th a s i l i con surface bar r ier  de tector set at 1 3 5 ° to the 

beam . 

Clemson , et . al . ( 9 9 >  have determi ned tota l n i t rogen i n  

atmosphe r ic aerosol s b y  proton act i vat i on analys i s . 

Rad i oact i ve l l c wa s detected v i a  i t s  0 .  5 1 1 -MeV ann i h i lat ion 

rad iat ion fol low ing the 1 4 N ( p , a ) l lc react ion . A compa r i son of 

n i trogen found by proton act ivation  method to that found by 

destruct i ve combust ion method gave an average pe rcent 

d i ffe rence of 1 4 %  for 17  samples analy z ed over a concentrat ion 

range of two orde r s  of magn i t ude . A detect ion l im i t  of 

approximate l y  0 . 1  � g/cm2 , ( corre spond i ng to 2 0 0  ppm > wa s 

cal culated for an aerosol sample of 5 0 0  � g/cm2 th i cknes s .  

Sastr i & Kr i van ( 1 0 1  > have proposed a new act ivat i on method 

for the determi nat ion of n i t rogen w i t h  beryl l i um-? as the 

ind icator radionuc l i de .  Beryl l i um-? wa s produced by the 

1 4N ( p , 2 a ) 1Be and 1 4 N ( d , 2 a n ) 1Be nuclear react i on s . Both 
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act i vation methods were app l i ed to the determi nat ion of  

n i trogen i n  n i o b i um .  The result obta i ned we re compared with  

that  found by  the  K j eldah l method . The detection l imi t for 

deuteron act i va t i on wa s 2 5 ppb ( at 2 5 MeV l . The detection 

l im i t  f o r  proton act ivat i on , was as low as 3 ppb ( at 2 2  MeV ) .  

Gon z i , et . al . < l O l l have used the 1 4N ( d , p ) 1 5N react ion for 

mea surements of  n i trogen depth d i s t r i bu t i on in  s i ng le seeds of 

wheat . The measured n i t rogen d i s t r i bu t i ons  show str i k ing 

cor relat i ons  with pa rameters descr i b i ng the n i trogen level of 

f e r t i l i z er , the t ime of harves t i ng , the gra i n  pos i t ion i n  a 

head and the var i ety of wheat be i ng analyzed . Gon z i  al so 

d i scus sed the pos s i b i l i ty to use the techn ique for selection 

purposes i n  plant breed ing . 

Mora les , et . al .  ( 1 0 2 l have reported ni trogen determi nation 

with 1 4 N ( p ,  a ) l lc react ion at  6 . 8 1  MeV pe r f ormed i n  organ i c  

compounds .  Pos i tron ann i h i lat ion f r om l lc a l l owed 

determi nation of n i trogen contents to as l i ttle as 0 . 3 5 %  dr i ed 

we ight . The res u l t s  we re ident ical with the K j eldahl method . 

The prote i n  content of an ag r i culture product i s  the most 

impo r tant i nd i cator of its nutr i t ional val ue . A conve r s i on 

factor of 6 . 2 5 related n i t rogen to prote i n  con ten t i n  ce real s .  

Con s tan t i nescu , et . al .  ( 1 0 3 ) have per formed the analys i s  of 

prote i n  content in cereal by tota l -n i t rogen proton act i vat ion . 

The tota l n i trogen wa s determi ned us ing  the 1 4N ( p , n ) l 4o 

reac t i on . The 1 4 o ac t i v i ty i s  detected by means  of i t s  
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characte r i s t i c  2 . 3 1 2 MeV gamma rays . A mechan i z ed system was 

constructed , wh ich  was capable of analy z i ng samples at a rate 

of one per mi nute . The rad iat ion damage was concentrated in a 

layer of  1 . 7  - 2 mm under the i rradiated surface of the seeds . 

The embryo reg ion was protected by select i ng a su itable 

geometry of the g r a i n s . The f uture germi nat i on of the 

analy z ed seeds was qu ite norma l . Th i s  is an important 

advantage of the method as i t  permi ts seed l i ngs of r i chest 

prote i n  gra i n s . 

S h i kano , et . a l .  ( 1 0 4 ) have determi ned car bon i n  gal l i um 

ar sen ide by deuteron act i vation anal ys i s  u s i ng the 1 2 c c d , n ) l 3 N 

reaction . Interferences of act i v i t i e s  induced f rom mat r i x  and 

impu r i t i e s  were removed . Produced 1 3N wh ich  might be present 

i n  var ious chemical spec ies such as l JNH 4+ , 1 3NOJ and 

1 3No2 was converted to 1 3 NH J by steam d i s t i l lat ion with  

Dewarda a l loy and con sequen t l y  prec i p i tated substo i ch io­

metr i ca l l y  as ammon i um tetrapheny l borate . I t  wa s found that 

the decontamination factors  of coexi sten t e l ements such as 

7 2 Ga , 7 6As and l lco to 1 3N we re large enough to determi ne 

carbon as low as 1 ppb i n  gal l i um arse n i de . 

S h i kano , et . al . ( 1 0 5 ) have a l so reported the determi nat i on of 

oxygen i n  gal l i um arsen ide by 3 He ac t i vat ion analys i s  u s i ng 

substo i c h i omet r i c  prec i p i tation . 1 8 F i s  produced by 

16o c 3He , p ) l 8 F react ion . The radiochemical  separation of 1 8F 

wa s requ i r ed for  the accurate determi nation of oxygen at  the 

ppb level . The nuc lear reac tion of  7 5As ( 3 He , 2 n ) 7 6 sr produced 
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7 6 sr ( 8 + , t� m 1 5 . 9  h ) wh i c h  interfered w i th the measurement 

of the 1 8 p act i v i ty . Fluor i de was separated by d i s t i l lation 

of f l uor i de as f l uoros i l i c  ac id and f i nal ly precipi tated as 

lanthanum f l uor ide . Two d i s t i l la t i ons  followed by 

substo i c h i ometr i c  prec i p i ta t i on were app l i ed to determi ne the 

oxygen concentration in gal l i um arsen ide . 

No zaki  ( 1 0 6 ) had reported that 7 6 sr was decontami nated to 

approximate ly l o - 7 by the rad iochemi cal separation of 1 8p as 

KBF4 . The chemi cal yield of  the separation was cor rected 

we igh i ng the prec i p i tate of KBF4 . 

ga l l i um arsen ide . 

Oxygen was determi ned i n  

A method f o r  the analys i s  o f  the d i f feren t i a l  and i ntegral 

d i str i bu t i ons  of light  elements admi xed to the sur f ace layer 

of mate r i a l s  have been proposed < 1 0 7 ) .  The method was based 

on anoma lous scatte r i ng of a - par t i cles  at pro j ec t i l e  

energ ies above t h e  coulomb bar r ie r  o n  l ight nuc le i . I t  was 

found that the min imum number s  of admi xed nucl e i  of car bon , 

n i t rogen and oxygen , wh i ch could be determi ned , were 2 x 1 0 1 3 , 

1 . 5  x 1 0 1 4  and 1 x 1 0 1 3 nucle i . cm- 2 , respect ively . 

Lee , et . a l .  ( 1 0 8 ) have developed a rad ioac t i vation method to 

determine trace concentrat i ons of oxygen in copper by us i ng 

3He as the bombard ing par t i c le . The 1 8 p wa s produced by the 

nuclear reac ti on of 1 6o with low energy 3He ions . At 3He 

energ ies be l ow 6 .  3 MeV , no i n terfe r i ng rad ioact i v i t ies  f rom 

reac t i ons w i th the Cu ma t r i xes were present , therefore , good 
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results can be ach i eved by nonde s t r uct i ve analys i s . A 

rad iochemi cal separat ion method of  1 8 F as Pbl 8 F2 wa s repor ted . 

Fluor i ne , i f  presen t , would produce 1 8 F �  v i a  the 1 9 F ( 3 He , p l l 8 F 

react ion . The cross sect i o n  for the 1 9 F ( 3 He , p l l 8 F react ion i s  

1 5  m b  a t  6 . 5  MeV � whereas it  i s  3 5 0  m b  for the 1 6o ( 3 He , p l l 8 F 

react ion . I t  wi l l  requ i r e  2 4 t i me s  as much f l uor i ne as oxygen 

to produce an equal amount of 1 8 F at 6 . 5  MeV . If f l uor i ne i s  

presen t i n  cons iderable amounts , a chemical  separa t i on would 

be neces sary . The oxygen content of 1 x l o - 4 i nch th i ck Cu 

fo i l  was mea sured to be 5 5 0  ± 3 0 ppm . The relat i ve standard 

dev iation  wa s 5 % . 

Wa i & Dysart ( 1 0 9 l have u sed proton act i vat ion ana l y s i s  w i t h  

t h e  1 8o (  p , n ) l 8 F react i on for t h e  determi nat ion of oxygen i n  

mol ten a l ka l i ha l ide s . T h e  1 8 F produced wa s separa ted 

rad i ochemi cal ly as LaF 3 . 

extreme l y  sma l l  ( Ksp = 

The sol ub i l i ty product of LaF 3 i s  

3 x l o - 1 9 ) .  The rad i oac t i ve 1 8 F 

produced i n  the chlor i de sa l t  samples wa s prec i p i tated i n  the 

form of LaF3 by the add i t ion of LaC l 3 and NH 4F . HF to the ac id  

solution . Co-produced 6 4 cu , 7 2 Ga , 6 9 mzn  were separated f r om 

the 1 8 F .  I n  the case of a l ka l i f l uor i de sal ts , the 

1 9 F ( p , d ) l 8 F reaction  can cause inter ference for oxygen 

determi nat i on . The Q-value of  th i s  inter f e r i ng reac t i on i s  

- 8 . 2 MeV . Th i s  can be ea s i ly el imi nated by keep i ng the 

bombarding energy of the proj ect i le bel ow 8 . 2 MeV . 

R i c c i  and Hahn ( l l O l have developed an approximate method f o r  

t h e  rap i d  computat ion of  t h e  average cross  sec t i on to 
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faci l i tate the cal cu l a t i o n s  of sen s i t i v i t i e s  and i nter f e rences 

i n  terms of bombard i ng ener g i e s  i n  3 He act i vat ion analys i s . 

The method i s  based on the straight- l i ne f i t t i ng of exci tat i on 

funct i on s , wh i ch leads to the f i na l  s i mple formula cr = 2/3  mE 

a + b/E2 . The con s tants m ,  a ,  b and other important 

parameter s we re g i ven for mos t  s i gn i f i cant reac tion s .  The 

average error of the method wa s not found to be larger ( and i n  

mos t  cas e s  much l e s s > than 1 3 . 5 % .  

Proton act i va t i on can be used to determ i ne the oxi de f i lm 

th i ckne s s  on me ta l s  ( 1 1 1 ) . The method wa s based on the 

act i va t i on of natura l l y  occ u r i ng oxygen- 1 8  wi th protons 

accord ing  to the react i on 1 8o < p , n ) l 8 p . Wi th a proton energy 

of 4 MeV and beam current of 10 � A ,  the lower l im i t  of 

detec t i on of the method cor responds to a th i ckness  of  the 

order of l A .  The upper l imi t is  l 0 5 �A . E lemen ts  i n ter fer i ng 

wi th the mea surement were  copper , n i ckel , z i nc and t i tan i um .  

The carbon d i s t r i bu t ions  i n  meta l s  can be exami ned by the 

nuclear microprobe method ( 1 1 2 ) .  P ummery and McMi l lan ( 1 1 3 ) 

improved the sen s i t i v i ty of  the nuclear m i croprobe method f rom 

2 0 ppm to 1 ppm in pure meta l s . The improvement wa s obta i ned 

by opt im i z i ng coun t i ng and i r rad i a t i on cond i t ions . Exce l lent 

agreement wa s obta i ned between nuclear microprobe and gamma­

photon act i vation analys i s  of car bon i n  n i ckel at 

concen trations  between 10 and 1 0 0 0  ppm . Techn iques for , and 

the l imi t s  of detec t i on of , CPAA have been d i scuss ed by 

Engelmann ( 1 5 0 - 1 5 8 ) .  
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2 ) PHOTON ACTIVATION ANALY S I S  ( PAA ) 

Nuclear react ions may be i nduced by the i nterac t ion of photons 

with target nucle i . The production  of  the high energy photon 

beam is u s ua l l y  accompl i s hed by accelerat i ng electrons in  a 

Li nac , and then al low i ng them to imp i nge upon a tungs ten 

target . The slow i ng-down of the electrons causes the emi s s ion  

of  photons wh i c h  are known as " bremsstrahlung . "  The 

bremss t r a h l ung may be used to induce nuclear react ions  in a 

second target . Such react ions  are cal led photonuclear 

reac t i on s . Photon act i vation analy s i s  i s  useful  for a number 

of elements  such as carbon , n i trogen , oxygen , i ron and lead 

wh ich are not highly  act ivated w i th therma l  neutron s . I n  

add i t ion , severe d i f f i c u l t i e s  due t o  sample sel f - s h i el d i ng a r e  

encoun tered when a matr i x  t o  b e  ana l y z ed conta i n s  substant ia l  

amounts of  elements w i th large therma l  neutron absorpt ion 

cross sec t i on s . H igh energy photon act i vation  is  u se f u l  i n  

many  of these s i tuat i on s . 

Lutz  ( 1 1 4 ) has calcu lated the sens i t i v i t i es for photon 

act i vat ion ana l y s i s . The expected spec i f i c act i v i ty has been 

e s t i mated f r om brems strah l ung produced by an electron 

acce lerato r . The photon f l ux d i st r i but ion wa� cal culated for 

electrons str i k i ng a 0 . 6  em tungsten target at d i f ferent 

energ i e s . The y i e l d  ( i . e .  f l ux t imes cross sec t i on ) for  

photonuclear reac t i on s  of anal yt i ca l  uti l i ty were integrated . 

The d i s i nteg rat ion rates of the reac t i on products for  mos t  of 

the elements under cond i t ions of d i f ferent electron energ ies  
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and i r radiation times wer e  calculated . Nordmann ,  et . al .  ( 1 1 5 )  

have determined oxygen i n  ces i um .  

enabled metal analys i s  i n  the 

The technique developed 

bul k  of the sample by 

mechanically  scrapi ng the surface of ces i um af ter its  

irradi at ion i n  the sol id state . The oxygen- 1 5  was separated . 

By thi s  method , 0 . 1  pg g- 1  of oxygen could be determi ned . 

Sharma , et . al . ( 1 1 6 ) have i nvest igated the accuracy i n  the 

determination of c ,  N ,  o, F ,  D and K by the photon act ivation 

method . The method can be appl i ed for the est imation of the 

elements w i th a prec i s ion of 0 . 6 \ in a compound prov ided that 

the amount of one of the elements is known . However , the 

l imi tation can be overcome by int imately mix i ng known amounts  

of  a compound as an i nternal s tandard i n  the  sample provided 

the elements  in the compound are not present in the sample .  

I t  was shown that the elemental est imat ion i n  both inorgan i c  

and organ i c  compounds can b e  car r i ed o u t  wi th good prec i s ion . 

Rod i onov , et . al .  ( 1 1 7 ) have repor ted the determi nation of 

carbon in high pur i ty i ron and molybdenum . The i r radiat ions 

were  per f ormed at 3 0 MeV . After the i r radiat ion , the samples 

were  etched with three succes s i ve ac id  baths i n  order to 

remove a layer approximately of 5 0  p m .  For i ron the bath was 

HNOJ 9 0 \  + HF 1 0 \ . For molybdenum the bath was H 20 4 5 \  + 

H 2 S04 4 5 \ + HNOJ 1 0 \ . The sample was then i n troduced i n  an 

a l umina cruci ble conta i n i ng the ox id i z ing bath of 8 7 . 5 \ 

Pb304 and 1 2 . 5 \ B203 and a piece of i ron i n  order to start the 

fusion and to prov ide carbon car r i e r . The cruc i ble was heated 
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by a high  frequency furnace of  2 . 5  KW . The C02 f ormed dur i ng 

fus ion was car r i ed by an argon f l ow .  The gas was pas s ed 

throug h  Schut z e  reagent i n  order to ox i d i z e  the even tual ly 

formed CO , and f i na l l y  the C02 was adsorbed on KOH . The 

detect ion l im i t  of 0 . 01 � g . g- 1  was obta i ned . 

A method of  carbon determi nation i n  chromi um by pho ton 

act ivat ion analys i s  has been descr i bed ( 11 8 ) .  The sample s  

were  i r radiated b y  photons emi tted f r om a pla t i num target 

subm i tted to an electron beam o f  3 5 MeV . After the 

i r radiation , the sample wa s etched i n  hot 1 N HCl , i n  order to 

r emove surface contami nat ion . The sample wa s then oxi d i z ed 

and d i s solved i n  a f used bath  conta i n i ng 1 . 5  g of NaOH , 5g  of 

NaN03 and 5 mg of Na 2C03 i n  a n i ckel cruci ble heated by gas 

burner . The oxidat ion was per f ormed i n  l e s s  than two mi nute s . 

The bath was then cooled , and the obta i ned sol id r e s i due was 

tran s ferred to f lask A of the apparatus . ( F ig . 1 > . Th i s  

appa ratus was swept b y  a i r  a t  a f l ow rate o f  about 0 . 2 

l . m i n- 1 wh i ch was bubb l i ng through two absorbe r s  con ta i n i ng 

1 2 M KOH . The res idue was d i s solved i n  9 M HN03 . The 

solution wa s heated to boi l i ng and the a i r  f l ow ma intai ned for  

1 0  mi nutes . The con trol was per f ormed by u s i ng rad iotracer i n  

cond it ions q u i t e  s im i la r  t o  t h e  ana l y t i ca l  procedure . The 

rad ioact i v ity of the KOH absor be r s  wa s meas u red dur i ng the 

whole procedure . · Evaporat ion of  C02 took place j u s t  a f t e r  

ac id i f i cat ion a n d  wa s accel e rated b y  heat i ng t h e  solu t i on . 

The detect ion l im i t  was 0 . 0 3 � g .  
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F i g u r e  1 Appa r a t u s  f o r  the sepa r a t i on of car bon . 1 -
f la sk f o r  the d i sso l u t i on of the sol i d r e s i du e  
o f  t h e  a l ka l i n e  bat h ,  2 r e f r i g e r an t , 3 
per i sta l t i c  pump , 4 - quar t z -woo l  f i l t e r , 5 , 6  -

1 2  M KOH absorber s .  
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Oxygen can be analyzed by the 1 6o ( p , p2 n ) ) l 4o and 1 6o ( Y, 2n ) l 4o 

react i ons . These react ions have been used to determi ne the 

oxygen contents i n  the organ i c  ac i d .  ( 1 1 9 ) . The ma i n  

inte r fer i ng element , i f  protons were used , i s  n i trogen because 

it consti tutes a d i rect source of 1 4o due to the 1 4N ( p , n ) l 4o 

reaction . I n  the pre sence of n i tr ogen , photon activation 

accord i ng to 1 6o <  Y , 2n ) l 4o should be the method o f  cho i ce . 

Wi l l iams , et . al .  ( 1 2 0 )  have determi ned trace leve l s  of oxygen 

u s i ng the react ion 1 6o <  Y , n ) l So .  The l So was separated f rom 

the mat r i x  by inert gas fus i on techn i que . The post 

i r rad iat ion etched sample , together w i th a sui table f l ux ,  was 

placed i n  graph i te cruc i ble . The purpose of the f l ux was to 

ensure int imate contact between the fused sample and the 

cruci ble mater i a l  and to prov ide i nact i ve oxygen car r i er . The 

f l ux can a l so i n h i b i t  the release of certa i n  undes i rable 

e l ements f rom the mel t .  The choi ce of the f l ux depends upon 

the matrix  to be analyzed . The l i m i t  of detection for oxygen 

l i e s  in the range of 0 . 2  to 0 . 0 2 lJg . Oxygen was ana l y z ed i n  

the fol low i ng mate r i al s :  steel , i ron , copper , 

molybdenum , german i um ,  arsen i c  and i nd i um phosph i de . 

n i ckel , 

Federof f ,  et . al .  ( 1 2 1 ) have reported a systema t i c  study of 

rad iochemical separations of carbon in mol ten salts . The 

fol lowi ng three bas i c  mixtures of mol ten  sal t s  wer e  stud i ed : 

Pb304-B203 , NaOH - NaN03 and H 2 S04 - KI04 wi th some add i t ion 

of complexi ng agents . Selected procedures for the 

determi nation of carbon by photon acti vation were reported for 
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the f o l l ow i ng sample s : Ag , Al , Cr , Fe , Mg , Mo , N i , S i , Ti , w ,  

Z n , Z r , AlMg , Ag Z n  and Z nMgTe . The detection l imi t for carbon 

was l o - B g and the accuracy f rom 5t to l O t . 

Schmi tt , et . al .  ( 1 2 2 ) have measured the concentration of 

n i trogen and f l uor ine  i n  A i r -Dust samples by PAA . The a i r-

dust was col lected on a •mi krosorban f i lter " ( polystyrene ) 2 5 0  

mm i n  diameter b y  f i l te r i ng 7 1 6 0  m3 of  a i r . Photon energy of 

1 5 MeV was used to avo i d  i n terference of carbon and oxygen . 

Copper and n i trogen have approximately the same threshold for 

acti vation , the same ha l f - l i fe and the same a + radiation 

produci ng the ann i h i lati on rad i a t i on of two Y- rays of 5 1 1  KeV . 

Nei ther nuc l i de emi ts characte r i st i c  radiation wh i ch can be 

used for y-spectroscopy . Radi ochemical sepa ra t i on of n i t rogen 

was not pos s i ble because of the chances of n i t rogen loss 

dur i ng a sh i ng of  the f i l ter  mater i a l . Copper wa s analyzed by 

atom i c  absorpti on spectrometry ( AAS )  after the act i vat ion 

analys i s . The sample of  about one mi l l i gram of  dust conta i n s  

l e s s  than one mi crogram of copper . The interference due to 

copper was neg l i g i ble due to the low copper concentra t i on . 

The activation was followed by measurement of the decay curves 

of n i trogen and f luor i ne . The detect ion l imit for the 

instrumental method was 4 pg for both n i trogen and f luor i ne . 

Dav idson and Landsberger ( 1 2 3 ) have measured the 

concentrations of carbon in coal by i n s trumental photon 

activation analys i s  by means  of the 1 2c ( Y , n a) 7Be react ion . A 

rota t i ng target holder was used to ensure a uni form exposure 
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of samples . Accuracy was determi ned by analyz i ng coal 

s tandards f rom the Nat i onal Bureau o f  Standards . The overall  

error was about 4 . 7 % ,  and car bon detec t i on l imi ts ranged f r om 

1 9  �g . g- 1  to 4 4  �g . g- 1 . 

Federof f ,  et . al . ( 1 2 4 ) have determi ned simultaneously n i trogen 

and carbon in s i l i con by PAA . The analyt i ca l  procedure 

i n c l uded i rrad i a t i on by 3 0 MeV photons fol l owed by a chemical 

separa t i on by evolution f r om mol ten KOH . Two rad iochemi cal 

states of n i trogen were observed , i . e .  NH 3 and N2 . F i na l l y , 

a l l  ammon ia were conver ted to N2 wh i ch was absorbed on a 

t i tan i um sponge . Carbon was converted to C02 , wh ich was 

absorbed i n  a KOH solution . Detect ion l imits  of 0 .  0 1 �g 

carbon and 0 . 1 � g  n i trogen were achi eved . 

3 ) IN VIVO PHOTON ACTIVATION ANALYS I S  

Recently , measurement of total-body oxygen , n i trogen , and 

carbon in v i vo by photon act i vat i on analy s i s  has been reported 

( 1 2 5 ) . The Y -ray beam o f  a 4 5 -MeV betatron and a whole body 

counter was used for the measurement l S o ,  l lc and 1 3 N .  The 

decay curves were corrected for i nter f e r i ng act i v i ty f rom 3 0 p ,  

3 8 K ,  and 3 4mc l , and i n  the case of l i ve an imal s ,  a l so 

corrected for a subs tan i ta l  frac t i on of llc lost through 

exhal a t i on . Wi th a rad i a t i on dose  of 4 0 cGy , total body o, N 

and C were measured i n  dead rats wi th est imated accurac i e s  of  

1 . 4 % , 4 . 5 % ,  and 1 . 5 % ,  respect i ve l y . 

s o  
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4 )  NEUTRON ACTIVATION ANALYS I S  

Neutron activat i on analy s i s  has been reported i n  the 

l i terature for the analy s i s  of carbon , n i t rogen , and oxygen . 

The samples can be anal y z ed us i ng the conventional neutron 

act i vat i on analyses ( NAA )  or neutron-capture prompt Y -ray 

act i va t i on analys i s  ( PGAA ) . I n  convent i onal NAA the 

bombard ing par t i cle is absorbed and a new radi oac t i ve isotope 

i s  produced . Th i s  i sotope has a characte r i s t i c  hal f - l i fe  and 

gamma-ray . Whereas in PGAA , one observes Y -rays emi tted whi le 

the sample i s  be i ng i rrad iated wi th neutron s . Nuc l e i  formed 

in capture have exci tat ion energ i es equal to the b i nd i ng 

energy of the added neutron , f r om 5 to 11  MeV . The exci tat i on 

energy i s  released by emi s s i on of one of  several 

" prompt • Y - rays over times < l o -1 4 s .  In  PGAA , the neutron 

capture does not necessar i ly form a radioact i ve spec i e s . The 

resulting product may be stable , have a very short or long 

ha l f - l i fe  or emi t  no i ntense Y -radiat ion . The deta i l s  of the 

PGAA techn ique have been desc r i bed by Fa i ley , et . a l .  ( 1 2 6 ) . 

Three bas i c  ana lyt ical conf igurations  are u t i l i z ed .  Fast 

neutrons f rom the spontaneous f i s s ion of 2 5 2cf  are therma l i z ed 

by moderators before imp i ngement on the sample .  Th i s  neutron 

source is rugged and por table , but its detec t i on l imit for 

carbon and n i trogen analyses s u f f e r  from low neutron f l uxes . 

Two d i f ferent reactor based methods are ava i lable . A neutron 

beam may be extracted f r om the reactor , and the sample placed 

i n to th i s  beam and observed with a nearby Ge ( L i ) detector . 
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Alternately , the sample may be placed d irectly i n  the therma l  

column of the reactor , and observed at  some d i s tance b y  a 

Ge ( Li ) detector ( 1 2 7 , 12 8 ) .  The former  has a much lower 

neutron f l ux , but a more e f f i c i ent  coun t i ng geometry . 

Bobrova & Naval i kh i n  < 1 2 9 )  have repor ted the determinat ion of 

the total n i trogen content and i t s  i ncorporat i on i nto t i tan i um 

carbide with fast neutron act i vat ion analys i s . The 

n i trogen- 1 3  was separated by d i s t i l la t i on as  ammon ia . I t  was 

e s tabli shed that the bu lk of the n i trogen was completely 

bonded to the mat r i x  i n  the form of t i ta n i um carbon i t r i de and 

other chemical forms , as  wel l  as in the form of n i t r i de .  NAA 

has also been used to measure the n i trogen , oxygen , f l uor i ne ,  

phosphorus , s u l f ur and chlor ine i n  a l umi num alloys ( 1 3 0 ) . 

Measurements  of  n i trogen i n  var i ous plants ( 1 3 1 ) have also 

been repor ted . Seme i , et . al . ( 1 3 4 > have used the 

1 4N ( n , 2n ) l 3N reac t i on to mea sure n i trogen content in some 

foodstu f f . The n i trogen concen tration val ues were used to 

calculate the prote i n  content s .  

Lavrukhi na ,  et . a l .  ( 1 3 2 > have mea s ured the n i trogen content i n  

meteor i te s  and rocks . T h e  method i s  based on t h e  1 4 N ( n , p ) l 4 c 

react ion . The samples wer e  i r rad iated for  1 2 9 h  i n  a h igh f l ux 

reactor . Car bon-1 4 wa s isolated as  C02 . Gas- f i l led 

propor t i onal coun te r s  wer e  used . 

0 . 0 0 1  � g wa s obta i ned . 

The detect ion l im i t  of 

Rouchard and Fede r o f f  < 1 3 6 )  have also  app l i ed th i s  reac t i on 

for  determi n i ng n i trogen i n  steel and semi conductor s . The 
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sample was i rradiated for  7 0 h  i n  therma l-neutron f l ux .  A 

selec t i ve chemical separat ion was per f ormed . The samples were 

counted i n  a l iqu id  sc i nt i l lation counte r . A l imi t of  

detect ion of less than 1 �g . g- 1  of n i trogen was  ach ieved . 

Anderson ( 1 3  3 )  developed a procedure for assay i ng for low 

level s  of oxygen i n  uran i um .  The nuclear react ion used for 

oxygen assay was 1 6o ( n , p ) l 6N .  The neutron energy was 1 4 MeV . 

The 6 . 1 3 MeV gamma-ray of 1 6N ( t�•7 . 1 3 s )  was used for oxygen 

assay . The procedure desc r i bed has been successful for 

assayi ng oxygen i n  ura n i um in the 0 . 1  - 1 . 0  wt% ( U/0 )  range . 

Because of the poor coun t i ng stat i st ics , mult i pl e  i r radiation­

coun t i ng cycles were  requ ired to obta i n  results with 

reasonable uncerta inty . 

Recently , Chong , et . al . ( 1 3 5 )  have reported that the values of 

n i trogen concentrat ion obta i ned by the 1 4N ( n , 2 n ) l 3 N reaction 

need to be corrected . l lN i s  a l so produced by the 1 2 c ( p , y ) l lN 

and 1 6o ( p , a ) l 3N react ions . The neces sary protons to produce 

the reac t i ons are reco i l  hydrogen nuc l e i  result i ng from ( n , p )  

or neutron- scatter process e i ther i n  the sample matr i x  or 

nearby packag i ng mater ial . These cor r ect i on amounts to 0 . 1  to 

1% • apparent n i t rogen content . •  Carbon and n i t rogen are al so 

determi ned accurately by neutron- capture prompt gamma-ray 

activat i on analys i s  ( PGAA ) .  PGAA has been used for measur i ng 

carbon and n i trogen i n  d i f ferent Nat ional Bureau o f  Standards 

coal r e ference mate r i a l s  ( 1 3 7 ) . 
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G ladney , et . al .  ( 1 3 8 ) have PGAA to measure n i t rogen and carbon 

in d i f ferent env i ronmental mater i a l s . Use f u l , s imul taneous 

and non-destruc t i ve analyses  w i th 1-g samples can be ach i eved 

at concentration greater than 5 0 0  ppm and 1 0 %  respect i ve l y . 

Scho f i eld , et . al .  ( 1 3 9 )  have reported a compa r a t i ve s tudy for 

the analy s i s  of carbon , n i trogen and hydrogen in  env i r onmen tal 

s tandard reference mate r i a l s  by i n s trumental combu s t i on 

analys i s  and therma l -neutron capture gamma-ray spectrometry . 

I t  was suggested that PGAA should be used for qual i ty 

assurance mater i a l s  deve lopment . 

5 )  IN  VIVO NEUTRON ACTI VATION ANALYS I S  

N i trogen i s  central t o  t h e  structure of  l i v i ng ma tter . I t  i s  

not only  present i n  a l l  ami no acids , wh i ch form the 

f undamental prote i n s  for the body , but is a l so present i n  such 

important b iolog i cal  molecules as  the DNA of  the ce l l  nucleus . 

Knowledge of n i trogen ba lance , or of  changes i n  body n i trogen 

f i nds  useful  app l i ca t i on s  i n  med i c i ne and b iochemi stry . 

I n  v i vo neutron activat i on ha s prov i ded i nvest i gators w i th a 

new tool for research on body compo s i t ion i n  re lation to 

nutr i t ional s tatus . 

Whole body n i trogen , an i ndex o f  body prote i n , i s  presen t l y  

measured i n  v i vo by two methods . 

a ) The 1 4N ( n , 2 n ) l 3N method . 

b )  The 1 4N ( n , 2 n ) l 3N prompt capture techn i que . 

Leach , e t . al .  ( 1 4 0 )  have descr i bed the 1 4N ( n , 2 n ) l 3 N method i n  
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detai l .  The body was i r radiated with  1 4 MeV neutrons . Thi s  

reac t ion ha s a threshold o f  1 1 . 3 MeV and the product ,  1 3 N ,  

decays by pos i tron emi s s ion to 1 3 c .  I n  the decay of 1 3 N there 

is no gamma ray character i s t i c  of n i trogen , the on ly rad i a t i on 

be i ng the 5 1 1 KeV ann i h i lat ion quanta . Th i s  non- spec i f i c i ty 

poses  a pa r t i cular problem to the method . The fast  neutron 

f l ux used produces ( n , 2n )  reac t i on s  i n  other elements where 

the  react ion threshold energy i s  suf f i c iently  low , resu l t i ng 

i n  neutron def i c i ent  nuc l e i  that genera l l y  decays by 

e+ emi s s ion . A s i gn i f i cant amount of n i trogen-1 3  wa s al so 

produced f r om 1 6o c p , a ) l 3 N react ion due to the knock-on proton 

f l ux . There wa s some error due to oxygen present in the body . 

Th i s  error was found to con t r i bute 1 9 %  to the n i trogen count . 

Th i s  has a l so been repor ted el sewhere ( 1 4 1 , 1 4 2 ) .  

The B i rmi ngham Un i ve r s i ty Group ( 1 4 3 ) wa s the f i r s t  to use 

prompt gamma photons from neutron capture for the in  v i vo 

mea s urement of total body n i t rogen ( TBN ) . 

The fol lowing nuc lear reac t i on prov ide s the prompt-gamma 

rad i a t i on : 

1 4 N + n - - •  1 5 N* [ - l o - 1 5 sec ] 1 5N ( s table > + Y 

Th i s  reac t i on i s  mos t  probable at therma l  neutron energ i e s . 

The l i f e t ime of the compound nuc leus 1 5 N * i s  of the order of 

l o - 1 5  sec � it de-exci te s  to the ground state by emi s s ion of a 

cascade of gamma photon s . In  slow neutron capture by 1 4 N ,  the 
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total energy ava i lable i s  1 0 . 8 3 MeV . Approximately , 1 S t of  

the de-exc i tations take place d i rectly to the ground state of 

l S N .  S i nce n o  other ma j or body element has a neutron-capture 

gamma of th i s  energy , it is pos s i ble to determine body 

n i trogen by measur i ng 1 0 . 8 3 MeV photons .  

Var stsky , et . al .  ( 1 4 4 ) have descr i bed a fac i l i ty for the 

measurement of TBN based on the 1 4N ( n ,  Y ) l SN react ion . Th i s  

s y s tem uses an 8 5  C i  2 3 8 pu - B e  neutron source and uses the 

measurement of neutron capture prompt gamma- rays of body 

hydrogen as an i n ternal s tandard . The prec i s i on of the method 

was ± 3 t .  The i n  v ivo neutron activation analy s i s  has been 

revi ewed in deta i l  ( 1 4 5 , 1 4 6 ) . 
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VII . SELECTED RADIOCHEMICAL PROCEDURES 

The selected radiochemical procedures for carbon , n itrogen and 

oxygen are reported as examples . The rad iochemical methods 

for analys i s  of carbon , n i trogen and oxygen in var ious 

matr i ces are l i s ted i n  Table IX . 
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Ta b l e  IX 

Ana l y s i s  

C a r bon 

N i tr og e n  

C , N , O  

c 

0 

0 

N , C  

c 

C , N , O  

N 

c 

c 

N 

N 

N 

N 

N 

c 

N 

N , C , O  

0 

0 

N 

S u rvey o f  Radi ochemi cal Met hod s f o r  Anal y s i s  o f  Ca r bo n , 
N i t rogen and Oxygen i n  Var i o us Mat r i ce s .  

f o r  Ma te r i a l Method Re f e r ence 

S i l i co n  CPAA 8 9  

Meteor i te s  NAA 1 3 2 

N i cke l CPAA 9 3  

A l um i n um CPAA 8 7  

Copper CPAA 1 0 8  

Ga l l i um CPAA 1. 0 5  

S i l i co n  PAA 1 2 4  

Meta l s  PAA 1 2 1  

S i , S iC ,  w ,  Mo CPAA 1 4 7  

T i C  NAA 1 2 9  

C r  PAA l l 8  

Fe , Mo PAA l l 7  

Ga l l i um Arsen ide CPAA 1 0 4  

Meta l s  and Semi -Conduc tors NAA 1 3 6  

Organ i c  Compounds CPAA 1 0 2  

C e r ea l s  CPAA 1 0 3  

Atmosphe r i c  Ae r o s o l s  CPAA 9 9  

Coa l PAA 1 2 3 

A i r - D u s t  Samp l e s  PAA 1 2 2  

Env i r onme n ta l  Mate r ia l s  PGAA 1 3 8  

U ra n i um NAA 1 3 3  

A l umi num PAA 1 5 0  

A l um i num PAA 1 5 1  

5 8  
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PROCEDURE 1 

Federof f et . al .  J .  Rad ioanal . Chem . 5 5 , 2 1 9  ( 1 9 8 0 > 

Analy s i s  for 

Elemen t  Separated 

Reaction 

Target Mater i a l  

T ime of  Separation 

Sen s i t i v i ty 

Carbon 

Carbon 

1 2c < Y , n > l lc 

Ag , Al , Cr , Fe , Mg , Mo , N i , S i ,  T i , W ,  

Z n , W ,  Z n , Z r , AlMg , AgZ n  and Z nMgTe . 

3 0 min . 

1 o - Bg 

1 >  One gram of the sample i s  i rradiated . 

2 ) A f ter i r rad iat ion , remove the surface con tamination by 

etch i ng . Select the etch i ng solut ion depend i ng on the 

nature of the sample .  The etch i ng solu t i on are g i ven i n  

Table X .  After the etch i ng , the sample should be r i nsed 

w i th water and then w i th acetone . 

3 >  We igh the sample aga i n . 

4 > The separation i s  performed by ox id i z i ng carbon to carbon 

d ioxide . The ox i dat ion i s  per f ormed by fus i on in an 

ox id i z ing bath . Depend i ng on the sample , select the 

appropr iate reagent for sample d i s solution . Pb304 -B 203 , 

H 2S04 -KI04 and Alkal i n e  bath are used . 
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Sample 

Al  and AlMg 

Ag and AgZ n  

Cr 

Fe 

Mg 

Mo 

N i  

S i  

T i  

w 

Z n  

Zn1-xMgxTe 

z r  

Table X 

Etch i ng cond i t i on s  

Reagents Temperature 

H3 P04 ( d=l . 7 )  7 5 %  1 0 0 ° C 

H2 S04 ( d=l . 8 3 ) 2 0 %  

HN03 ( d=l . 3 8 )  5 %  

2M HN03 Boi l i ng 

1M HC l Boi l i ng 

3 0 %  H 202 + 2 % HF 2 0 ° C 

1M HN03 i n  methanol 2 0 ° C 

H2 S04 ( d=l . 8 3 ) 4 5 %  2 0 ° C 

HN03 ( d=l .  3 8 )  5 %  

H20 5 0 %  

3 M  HN03 Bo i l ing 

HF ( d=l . l 3 ) 1 5 %  2 0 ° C 

HN03 < d=l . 3 8 ) 3 0 %  

H 20 5 5 %  

3 M  H F  - 3M HN03 2 0 ° C 

3 M  H F  - 3M HN03 2 0 ° C 

1M HN03 Boi l i ng 

3M HN03 20 ° C 

HF ( d=l . l 3 ) 1 0 %  2 0 ° C 

HN03 ( d=l . 3 8 )  1 0 %  

H20 8 0 %  

6 0  

Dura t ion 

l min  

1 m i n  

2 min  

2 min 

1 min 

l min  

l m i n  

l m i n  

2 mi n 

l m i n  

1 m i n  

l min  

l m i n  
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The sample i s  i n troduced i n  an alumina cruc i ble conta i n i ng 

the oxi d i z i ng bath of 8 7 . 5 % Pb304 and 1 2 . 5 % a2o3 and a pi ece 

of i ron in order to star t the fus ion and to prov ide the 

car bon car r ier . The cruc i ble i s  heated by a h igh f r equency 

furnace of 2 . 5 KW . The C0 2 formed dur i ng the f u s i on was 

carr i ed by an argon f l ow of 50 cm3 per m i n imum . The gas i s  

pa s sed through a cotton f i l ter , then Sch u t z e  reagent/ I 20s on 

S i l i ca gel/ i n  order to ox id i z e  the eventua l l y  formed co , and 

f i na l l y  through powdered KOH , wh i ch absorbs C02 . The act i v i ty 

i s  mea sured u s i ng Nai ( Tl )  detector . 

The compos i t ion used for th i s  bath i s  shown i n  Table XI . The 

apparatus used is shown i n  F igure 2 . 

The bath and the sample were introduced i n  the f lask A of the 

apparatus . The f lask was then heated to gentle  boi l i ng .  

Dur i ng the whole operat ion , the apparatus wa s swept wi th a i r  

at a f l ow r a t e  of 0 . 1  l . m i n- 1 . T h e  a i r  stream i s  passed 

through an HF-HNOJ -H 20 < 2 - 2 - 1  in volume ) was h i ng bottle ( c )  

for z i r con i um samples and through a 9M HNOJ was h i ng bottle 

( D )  i n  a l l  cases . The gases were  then treated on a copper 

ox i de catalyst  in a s i l i ca tube < length = 2 0 em . , d i ameter = 

1 5  mm )  a t  8 0 0 ° C .  Th i s  catalyst was prepared by absor b i ng 4 0 
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Sample 

Ag and Z nAg 

Mg 

Z r  

Table XI 

Compo s i t ion of  sulfur i c  baths 

H 2 S04 KI04 H 3 P04
* 

( d=l . 8 3 ) 9 ( d=l . 7 )  

cm3 cm3 

2 0 2 -

1 0  2 2 0 

2 0 2 -

NaF , 

9 

-

-

2 

* The H 2 S04 - H 3 P04 mi xture wa s preevaporated to approximately 

2 5  cm3 before add i ng KI04 , in  order to decrease the water 

concentration of  the bath . 
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F i g u r e  2 Appar a t u s  f o r  carbon sepa ra t i on i n  s u l f u r i c  
bath s .  1 - d i s so l u t i o n  f la s k , 2 - r e f r i ge r an t ,  
3 - H F  - HN03 - H 2 0 ( 2  - 2 - 1 i n  v o l ume > 
absorber ( 4 0  cm3 l ,  4 9M HN0 3 absorber ( 4 0  
cm3 l ,  5 -copp e r  o x i de o n  porous a l um i na i n  a 
f urnace at 8 0 0 ° C ,  6 ,  7 - 1 2M KOH absorbers ( 1 0 
cm3 each l .  
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cm3 on an aqueous sol u t i on of 7 . 6g Cu ( N03 > 2 i n  5 0 g  of porous 

a l umina of 3 5 0  m2/g spec i f i c  area in bal l s  of 2 mm in 

d i ameter . I t  was trea ted 2h at 8 0 0 ° C i n  a i r  before u s ing . 

The gases pas sed then through two absorbe r s  conta i n i ng 1 0 

cm3 1 2M KOH . After di ssolution of the sample ,  wh ich lasts 

between 2 and 5 min . , and complete sweepi ng of the 

apparatus , the KOH solution i s  poured i n to spec i a l  f lasks for 

radioac t i v i ty measurement s  w i th a Nai ( Tl > detector . 

7 > Alkal ine bath 

The compo s i t ion of baths for each ma te r i a l  are shown in Table 

X I I . The fus ion wa s per f ormed i n  a n i ckel cruc i ble heated by 

a gas burner . The sample wa s i n troduced in the already 

mol ten bath . The hea t i ng was ad j usted so that to obta i n  a 

regular d i s solution wi thout spatter ing . Th i s  d i s solution 

lasts  between 3 to 5 m i n . I n  the case of a bath conta i n i ng 

f l uor ides , it  i s  better to mix i t  dur i ng the fus ion wi th a 

n i ckel spatula . 

After the end of the d i s solution , the cruc i ble was qu ickly 

cooled and its content tran s f e r red to the f la sk A of Fig . 3 . 

The cruc i b le wa s care f u l l y  washed with  hot water wh ich wa s 

a l so added to f lask A .  The whole apparatus wa s then swept 

with a i r  at 0 . 1  1/mi n . , and 5 0 cm3 of  9M HN03 wa s added to a 

f lask A by a per i s ta l t i c  pump at 2 0 cm3 /m i n . The solut ion of 

flask A was heated to boi l i ng . The air s tream pa s sed through 

6 4 
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Table X I I  

Compos i t i on of alka l i ne baths 

Sample NaOH NaNo3 , NaF , 
9 9 9 

Al and Am9 3 15  6 

cr 1 . 5  5 -

Mo 1 5 -

S i  2 2 -

T i  6 2 -

w 3 3 -

Z n  5 3 2 

Z nl-xM9xTe 5 3 2 
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F i g u r e  3 Appa r a t us f o r  car bon sepa r a t i on a f te r  f us i on i n  
a l ka l i ne bath s .  1 - d i s so l u t i o n  f l a s k , 2 -

r e f r i geran t ,  3 - 9M HN0 3 , absorber ( 4 0 cm3 ) ,  
4 , 5 - 1 2 M  KOH absorbers ( 1 0 cm3 each ) .  
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a 9M HN0 3 wash i ng bottle  and then through two 1 2M KOH 

absorber s .  The sample we re coun ted on a Nai C Tl l  detector . 
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PROCEDURE 2 

Federof f et . al .  J .  Rad ioanal .  Nuc l . Chern . Ar t i cles 8 8 , 4 5 < 1 9 8 5 ) 

Analys i s  for  N i trogen and Car bon 

Elemen t  Separated N i t rogen and Carbon 

Target Mate r i a l  S i l i con 

React ion 1 4N ( Y , n ) l 3 N and 1 2c n , n >  l lc 

T ime for  Separa t i on 2 0  m i n  

1 )  T h e  i r rad iated sample of S i l i con was etched twi ce for 1 5 

seconds i n  an HF-HNOJ < 1/ 1  concentrated ac i d  i n  vol ume ) i n  

order t o  remove the super f i c i a l  contam i nat ion . 

2 )  I ntroduce the sample in  J Og of fused dehydrated KOH 

conta i ned i n  a n i ckel cruc i ble d i sposed i n  a quart z  tube 

a t  5 0 0 ° C < Fig . 4 > .  

3 >  Sweep the apparatus by argon at a f l ow rate of  0 . 3 1 /min . 

4 > Pass the gas through granulated copper ox ide and then 

through copper ox i de on porous a l umina  at 9 0 0 ° C .  

5 )  Car bon dioxide was absor bed i n  8 cm3 1 2 M KOH . 

6 >  N i trogen i s  absorbed on T i tan i um sponge at 9 0 0 ° C .  

7 >  The gas i s  passed for 1 0  min . 

6 8  
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Ar -+ 

F igure 4 Appa r a t u s  for the radiochemical sepa r a t ion o f  
n i t r og e n  and car bon f r om s i l icon . 1 - sampl e  
i n t r odu c t io n , 2 KOH i n  n i ckel c r u c i b l e  a t  
5 0 0 ° C ,  3 - g r a n u l a ted CuO at 9 0 0 ° C ,  4 - C u O  o n  
po rous a l um i n a  at 9 0 0 ° C ,  5 1 2M KOH , 6 
t i ta n i um sponge at 9 0 0 ° C .  
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8 )  The KOH solu t i on and the t i tan i um were measured for 5 1 1  KeV 

ann i h i lat ion rad iat ion by two Na i ( Tl )  detectors  couple to a 

co i nc i dence un i t  and a mul t i channel ana l y z e r . 

7 0  
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PROCEDURE 3 

Shi kano et . al . J .  Rad i oanal . and Nuc l . Chem . Art i c le s  9 1 , 81  ( 1 9 8 5 ) 

Analysi s for 

Element Separated 

Target Mate r i a l  

React ion 

T ime for Separation 

Decontaminat ion factor of 7 6sr 

Oxygen 

Fluor ide 

Gal l i um Arsen i de 

1 6o < 3ae , p ) l 8F 

2 hrs . 

1 0 6 

1 )  Gal l i um ar sen ide pi eces are etched i n  a mi xture of 

sul f u r i c  acid , hydrogen peroxide and bidi s t i l led water in 

the rat io of 3 : 1 : 1 at 7 0 ° C for one minute . 

2 )  The etched sample i s  d i s solved i n  a solution of n i t r i c  

a c i d  and hydroch lor i c  ac ids con ta i n i ng 1 2  mmo l  sod i um 

f l uor ide . 

3 )  Fluor ide sol ution is  tran s f e r red to the d i st i l lation f lask 

connected to a steam generator . Add 1 5 0  ml of perchlor i c  

a c i d  and 5g s i l i con d ioxide . After the temperature i n  the 

f la sk reached 15 0 ° C ,  s team was introduced and the 

tempe rature wa s kept at 1 5 0 -1 5 5 ° C .  The d i s t i l late of 1 5 0  

m l  volume was col lected w i t h i n  6 0 mi nutes . 

4 )  To the d i s t i l late , add 0 . 0 4 mmo l  of car r i e r s  of gal l i um 

a r sen ide , ammon i um bromide and hydro z i ne .  Ad j u s t  the pH 

to 4 and d i s t i l l  agai n .  

7 1 
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5 )  To the second d i s t i l late , add 0 . 04 mmo l  of carr i e r s  of 

ga l l i um arsen ide , ammon i um bromide , and hydra z ine . 

6 ) Add 1 m mol of lanthanum solution . 

7 )  Ad j u s t  the pH to 5-6 . 

8 )  D igest on a water bath at 8 0 - 8 5 ° C for 5 m i n . 

9 )  Cool wi th i ce water . 

10 ) Centr i f uge a f te r  decan t i ng . 

11 ) Count the LaF3 prec i p i tate . 

1 2 ) Measure the act i v i ty u s i ng a s i ng le-channe l ana l y z er with 

a we l l  type Nai ( Tl ) detector , or a 4 0 9 6  channel pu lse 

height ana l y z er w i th a Ge ( Li )  detector . 

7 2 
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PROCEDURE 4 

Lee , e t . al .  Analy t i cal  Chem i s t ry , 4 2 , 9 9 4  ( 1 9 7 0 ) 

Analys i s  for 

Target Mate r i a l  

Elemen t  Separated 

Elemen t  Concentration Determi ned 

Reaction 

Oxygen 

Copper f o i l  

Fluor i de 

Oxygen 

1 6o < lHe , p ) l B F 

l l  Copper fo i l s  after  the i rrad i a t i on are transferred to a 

1 5  ml centr i f uge  tube . 

2 )  Add 2 ml of  4 M HNOl • 

l l  Add 1 0 . 0  mg of F- car r i er and 2 mg of scavenger car r i er s , 

i . e .  z n2+ and Ga l+ a s  n i trates . 

4 l Af ter the copper i s  d i s solved , NaOH i s  added to ad j u s t  

t h e  p H  t o  9 . 0 .  

5 )  z n 2+ , cu 2+ and Ga l+ are prec ipi tated as  hydroxide . 

6 l  The hydroxide prec i p i ta t i on i s  repeated once more wi th a 

f ew mgs of scavenger carr i e r . 

7 l  The solut ion F- i s  then ad j u s ted to about pH of  5 with  an 

acetate bu f f er sol u t i on and an exce s s  of Pb ( N0l l 2 i s  

added t o  prec ipi tate PbF2 . 

7 l 
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8 )  The PbF 2 prec ipi tate i s  washed w i t h  d i s t i l led water . 

9 )  Mount  the prec ipi tate on f i l ter paper with  al cohol . 

10 > The sample y i e l d  of F- i s  determi ned gravime t r i c a l ly by 

re-pre c i p i ta t i on of the F- as PbClF . 

7 4 
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PROCEDURE 5 

Goetha l s , et . al .  Ana lyti ca Chimi ca 

Acta 1 0 8 , 3 6 7  ( 1 9 7 9 ) 

Analys i s  for 

Element  Separated 

Time of Separat ion 

React ion 

Target Mate r i a l  

Carbon 

N i t rogen 

3 0 mi n .  

1 2c c d , n ) l 3 N 

Alumi num 

l l  Remove surface contam i n a t i on of the sample by etc h i ng w i t h  

a 7 : 2 : 1 ( V/V l  mixture of concentrated phosphor i c , 

sulphur i c  and n i t r i c  acids for f i ve minutes at  8 0 ° C .  

2 l Place sample i n  a conve n t i onal  s team d i s t i l la t i on 

appa ratus and d i s solves with  s l ight hea t i ng ( 5 0 - 6 0 ° C l  i n  

2 5 ml of 1 0M NaOH . 

3 ) Af ter the d i s solution , ra i se the temperature to 1 1 0 - 1 2 0 ° C  

and i n troduce the steam . 

4 )  Col lect 7 0  ml of d i s t i l late for  quan t i ta t i ve recovery . 

7 5 
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PROCEDURE 6 

K .  S tr i j ckman s , et . a l .  Frese n i us 

z .  Ana l . Chern . 3 0 3 , 1 0 6  ( 1 9 8 0 ) 

Analys i s  for 

Target Mate r i a l  

Elemen t  Separated 

React ion 

Type of Bombardment 

Boron 

N i cke l 

Carbon a s  C02 

l OB ( d , n l l lc 

Deuteron 

l l  The n i ckel sampl e  is wrapped in a copper fo i l  and placed 

in an a l umina  combu s t ion tray . 

2 l The combu s t ion tray i s  introduced i n  the S i C  furnace with 

a max imum wor k i ng temperature of 1 5 0 0 ° C under a 0 .  2/m i n  

argon f low .  

3 )  The meta l s  are  mel ted for f i ve minutes  at a 0 . 1 bar 

overpressure to avo i d  rea c t i on w i th atmosphe r i c  oxygen . 

4 )  For 1 5 mi nutes an oxygen f l ow of 0 . 2 1/m i n  i s  ma i ntai ned 

at an unde r pre s s u r e  of 0 . 1 bar , to avo id leakage . 

5 )  The gas f l ow pa s s e s  through a conde n s e r , Schu t z e  reagent 

( 1 205 l to ox id i z e  car bon monox i de to ca rbon d i ox ide and 

through two absorption ve s s e l  conta i n i ng 0 .  5 M NaOH to 

trap car bon diox i de . 

7 6  
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PROCEDURE 7 

Str i j ckmans et . al .  Fresen ius  

z .  Anal . Chem . 3 0 3 , 1 0 6 ( 19 8 0 ) 

Analys i s  for 

Element Separated 

Target Mater i a l  

React ion 

Type of Bombardment 

Carbon 

N i trogen 

N i ckel 

1 2c < d , n ) l 3 N 

Deuteron 

1 )  The n i ckel sample i s  placed in 2 5 ml solution of 1 4 0 mg 

1 - 1 ( NH 4 ) 2 PtCl6 in 6 M HCl . The ( NH 4 ) 2 PtCl 6 is added to 

speed up the d i s solution . 

2 ) The sample i s  d i s solved by hea t i ng . 

3 ) The tota l volume i s  ad j us ted to 5 0  ml . 

4 )  The solution i s  tran sferred to steam d i s t i l lation 

apparatus and neutral i z ed by add i ng 4 0 ml of 7 . 5  M NaOH . 

5 )  7 5  ml of d i s t i l late i s  col lected i n  2 5 ml of 6M HC l . 

7 7  
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PROCEDURE 8 

Lavr uk h i na et . al . J .  Rad ioanal . N u c l . Chern . Ar t i c l e s  8 8 , 4 5  ( 1 9 8 5 )  

Ana l y s i s  f o r  

Elemen t Sepa ra ted 

Target Mate r i a l  

Rea c t i o n  

Dete c t i o n  l imi t 

Y i e l d  

N i trogen 

Ca r bon 

Meteo r i te s  

1 4 N < n , p J 1 4 c 

0 . 0 0 1  �g 

99 + 1 %  

1 )  The me teor i te s  and t e r r e s t r i a l  samples are c r u s hed i n to 

1 0 0 - 2 0 0  mg p i e ce s . The sample i s  c r u s hed in a spher i ca l  

samp l i ng m i l l  u n d e r  argon . 

2 >  T he pro c e s s  o f  i s o l a t i o n  i s  per fo rmed i n  a vacuum sy s tem . 

T he sample i s  mi xed w i t h ox i d i z i n g  f l ux and ca r r i e r  and 

pl aced in a qua r t z  reacto r . T he ox i d i z i ng f l ux i s  PbCr04 + 

K 2 Cr04 ( l : l O J  or v2 05 . Mar b le i s  used as car r i e r . 

3 )  The reactor i s  evacuated and the m i x ture i s  hea ted und e r  

vacuum at 2 0 0 ° C  f o r  t h r e e  hours f o r  the i s o l a t i on o f  

o c c l uded gase s .  

4 )  T he reactor i s  f i l led w i t h  oxygen , conta i n i ng no C0 2 . The 

f u s i on of the samples w i th PbCr 04 + K 2 Cr04 i s  e f f ec ted at 

1 1 0 0 ° C .  Whe reas the sample is f used a t  8 0 0 ° C  w i t h  v 2 o 5 . 

7 8  
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5 )  The i solated gases are pas sed through CuO C T= 5 0 0 ° C )  for the 

ox idat ion of CO to C02 . 

6 )  The C02 i s  t rapped at l iquid n i trogen temperature . 

7 9 
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