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CONSISTENT X-RAY COUNTING EFFICIENCIES FOR 

PLUTONIUM I N  LUNGS, DERIVED BY INDEPENDENT METHODS 

D. Newton 

Environmental and Medical Sciences Division, Atomic Energy 

Research Establishment, H a r w e l l ,  Oxon, England. 

and 

G.W. Campbell, A.L. Anderson and J.C. Fisher  

Hazards Control Department, Lawrence Livermore Laboratory, 

C a l i  f o rn i a  94550. 

INTRODUCTION 

Cal ibra t ion  of X-ray counters f o r  t he  assessment of plutonium i n  lungs 

is notor ious ly  d i f f i c u l t .  It has general ly  been attempted w i t h  phantoms 

containing plutonium-loaded ' lungs ' ,  l e s s  commonly by deposi t ing 

independently-known q u a n t i t i e s  of some short- l ived,  low-energy X-ray 

(Ne71; Ra72; Sh76). emitter i n  t h e  lungs of volunteers  When X-ray de tec t ion  

e f f i c i e n c i e s  der ived by the  second of these methods were compared with 

those recorded f o r  t h e  same nuclide i n  a ser ies  of phantoms, l a r g e  

d i sc repanc ie s  were found (Ne78a)* These may be a t t r i b u t e d  at l e a s t  p a r t l y  

t o  the  common use, i n  such phantoms, o f  ma te r i a l s  whose X-ray a t t enua t ion  

p r o p e r t i e s  are q u i t e  d i f f e r e n t  from those of t h e  t i s s u e s  they are intended 

(Ne78b). t o  represent  

The nucl ide most f requent ly  administered. t o  volunteers  f o r  cal ibra-  

t i o n  purposes has been Io3Pd which, decaying by e l e c t r o n  capture with a 

h a l f - l i f e  of 17 days, provides abundant 20-23 keV K X rays .  I f  t he  

ene rg ie s  and r e l a t i v e  i n t e n s i t i e s  of these X rays  had coincided with those 

f I O t t 8 1 3  contd 



2. 

of t h e  emissions from plutonium (uranium L X rays ,  range l3-X, keV), i t  

would have been simple t o  deduce c a l i b r a t i o n  f ac to r s  f o r  plutonium from 

t h e  recorded count r a t e s  pe r  u n i t  a c t i v i t y  of Io3Pd known t o  be present  

i n  the  lungs of volunteers :  the  number R,  def ined as t h e  r a t i o  

*Pd counts pe r  K X r a y  emitted by i n  lungs 

%u 

- -  - 
counts pe r  L X ray  emit ted by plutonium i n  lungs 

would have been uni ty .  The energ ies  a r e  not the  same, however, and 

because of  d i f f e r e n t i a l  a t t enua t ion ,  R > 1. 

s u b j e c t ' s  chest  w a l l  th ickness  and on the  d i s t r i b u t i o n  of a c t i v i t y  i n  the  

R depends s t rong ly  on t h e  

lungs,  and, t o  a l e s s e r  ex ten t ,  on o ther  va r i ab le s  such as the proport ion 

(Ru69; Co73; To76; of adipose t i s s u e  i n  the  chest  w a l l .  Various methods 

Ne78c) have been proposed t o  der ive c a l i b r a t i o n  f ac to r s  f o r  plutonium from 

s t u d i e s  with inha led  IO3,,, a l l  of them i n  e f f e c t  providing es t imates  of 

R. 

A phantom (Gr78) has been produced at Livermore which, unl ike most 

o the r s ,  is composed of materials c lose ly  t issue-equivalent  i n  t h e i r  l i n e a r  

a t t enua t ion  of low-energy photons, and which is r e a l i s t i c  i n  its anatomical 

s t r u c t u r e .  

e f f i c i e n c i e s  for  Io3Pd and plutonium, present  i n  t h e  phantom's lungs, with 

e f f i c i e n c i e s  previously recorded fo r  '03Pd deposited i n  t h e  lungs o f  

This development i n v i t e d  a comparison of the X-ray de tec t ion  

volunteers ,  o r  der ived f o r  plutonium from those  observations.  

enabled us t o  compare values  of R ,  predic ted  by ca lcu la t ion ,  with those  

It has a l s o  

deduced from the  r e l a t i v e  de t ec t ion  e f f i c i e n c i e s  for  Io3Pd and plutonium 

measured i n  the  phantom; i n  t h i s  way we have' been ab le  t o  i n v e s t i g a t e  t h e  

v a l i d i t y  of such p red ic t ions  more r igorous ly  than was previously (Ne78c 1 

poss ib le  . 
cont d 
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METHODS AND MEASURE34ENTS 

0 
a- 

The phantom 

The phantom (Gr78) is  intended t o  represent  a male thorax,  between 

the  5 t h  c e r v i c a l  and 4 t h  lumbar ver tebrae.  Its re l evan t  organs and 

' t i s s u e s '  are composed of materials which were shown t o  be approximately 

t issue-equivalent  i n  t h e i r  l i n e a r  a t t e n u a t i o n  o f  uranium L X rays.  

p r i n c i p a l  i n t e r n a l  s t r u c t u r e s  (lungs, mediastinum, l i v e r  and surrounding 

The 

t i s s u e s )  are contained within a s h e l l  of muscle-equivalent material, 

represent ing the  chest  w a l l .  The body s h e l l  and i n t e r n a l  components were 

c a s t  i n  moulds prepared from t h e  thorax and organs of a cadaver, whose 

sternum, r i b  cage and ver tebrae were incorporated i n  the  phantom's chest  

w a l l .  I n  t h i s ,  i t s  bas i c ,  form t h e  phantom's mean a n t e r i o r  chest  wall 

thickness  is 19 mm, i n  those regions of t h e  upper thorax commonly viewed by 

d e t e c t o r s  i n  monitoring f o r  burdens of plutonium. Close- f i t t ing  overlayers  

of var ious thicknesses  (Table I), one se t  made of an approximately muscle- 

equivalent  ma te r i a l ,  t h e  o t h e r  cons i s t ing  o f  equal  weights of s u b s t i t u t e s  

fo r  muscle and adipose t i s s u e ,  can be added t o  t h e  bas i c  s h e l l ,  t o  simulate 

chest  w a l l s  of  four  g r e a t e r  thicknesses ,  up t o  a t o t a l  thickness  of 43 mm. 

I n  t h i s  work, t h r e e  se t s  of lungs uniformly l a b e l l e d  with known amounts o f  

a c t i v i t y  were employed. 

t h i r d  239Pu with minor amounts o f  o t h e r  plutonium i so topes  a n d H  18 ppm 241Arn 

One s e t  contained Io3Pd, another  238Pu, and t h e  

by weight. 

Determination of de tec t ion  e f f i c i e n c y  f o r  t h e  - phantom 

The d e t e c t o r  was a phoswich, comprising a 1.5nm th i ckness  of NaI(T1) 

03 as t h e  X-ray counter and p m m  of  CsI(T1) as t h e  anti-coincidence counter. 
L 

Both c r y s t a l s  were of 2 0 0 m m  diameter; t h e  e f f e c t i v e  diameter, i nves t iga t ed  Lri 

by scanning t h e  beryllium r a d i a t i o n  window with a coll imated X-ray source,  

contd 
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was I g 0 m m .  

l i n e d  l ead  s h i e l d s  used f o r  body r a d i o a c t i v i t y  measurements at A.E.R.E. 

Harwell. 

The de tec to r  w a s  housed i n s i d e  one of  t h e  IOOmm-thick, cadmium- 

Photon-energy s p e c t r a  (range q-IX, keV) were recorded with t h i s  

de t ec to r  suspended i n  three  pos i t i ons  over t h e  phantom, which was placed 

supine on a hor izonta l  bed: 

(1)  I n  a c e n t r a l  pos i t ion  over t he  upper thorax,  i nc l ined  s o  that 

the  window was approximately p a r a l l e l  t o  t he  su r face  of t he  chest ,  

i .e .  viewing a region of some 2OOmm diameter centred on the  mid 

point of t he  sternum. 

the  su r face  of t h e  phantom; t h i s  s epa ra t ion  w a s  maintained 

i r r e s p e c t i v e  of t he  o v e r a l l  th ickness  of t h e  phantom, which var ied 

according t o  the  overlayer  used, by r a i s i n g  o r  lowering the  

de tec tor .  T h i s  arrangement w i l l  be r e f e r r e d  t o  as Geometry I. 

A t  its c l o s e s t ,  t h e  window was& 1 0 m m  from 

(2) Displaced l a t e r a l l y  by one detector-diameter  from this c e n t r a l  

pos i t ion ,  (a> t o  t h e  l e f t ,  and (b)  t o  the  r i g h t ,  without change i n  

o r i en ta t ion .  The sum of s p e c t r a  recorded i n  pos i t i ons  ( a )  and (b)  

i nd ica t ed  the  response t o  be expected f o r  Geometry 2, i .e .  f o r  two 

200mm-diameter de t ec to r s ,  one viewing each lung. 

Measurements w i t h  t he  phantom i n  its bas i c  form, and f i t t e d  with each 

of the  e igh t  over layers  (Table I ) ,  were made under t h e  following conditions:  

( i )  103Pd-labelled lungs, both geometries 

( i i )  238Pu-labelled lungs, both geometries 

( i i i )  23gPu-labelled lungs, Geometry 1 only 

It w a s  necessary t o  remove the  phantom from t h e  bed between (and, i n  

some ins tances ,  during) c e r t a i n  of t h e  f i v e  s e r i e s  of  measurements, and it 

may not always have been repos i t ioned  i d e n t i c a l l y  with respec t  t o  t h e  detector .  

I I O b 8 1 b  contd 
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On occasion, when we  attempted t o  r e p l i c a t e  p a r t i c u l a r  observat ions a f t e r  

d i s turb ing  the phantom, d i f fe rences  i n  detect ion e f f i c i e n c y  as  l a r g e  as  6% 

were found, i n d i c a t i n g  some s e n s i t i v i t y  t o  small changes i n  the  pos i t ion  

and o r i e n t a t i o n  of t he  counter over t h e  chest .  

Determination of de tec t ion  e f f i c i e n c i e s  f o r  Io3Pd i n  t h e  lungs of volunteers  

For comparison with the recorded de tec t ion  e f f i c i e n c i e s  Epd f o r  Io3Pd 

i n  the  phantom, we s h a l l  employ d a t a  (Ne78a) derived from s p e c t r a  of X rays  

emitted by s u b j e c t s  containing independently-known a l v e o l a r  depos i t s  of 

IO3,,, measured with a similar de tec tor  i n  the  same geometries. These 

s u b j e c t s  were volunteers  who had inhaled a monodisperse a e r o s o l  of 5-lm 

polystyrene p a r t i c l e s  incorporat ing Io3Pd and a l s o  "Cr. 'IC, emits gamma 

rays  of energy 323 keV, and es tab l i shed  methods of body r a d i o a c t i v i t y  

measurement were used t o  determine the  res idua l  lung content of t h i s  nuclide 

a f t e r  e a r l y  r a p i d  clearance of t he  r e s p i r a t o r y  t r a c t  w a s  complete. 

t h i s  value,  and t h e  known r e l a t i v e  concentrations of Io3Pd and "Cr i n  the  

aerosol ,  the  s u b j e c t ' s  Io3Pd content could be deduced, independently of 

With 

X-ray counting. 

Predic t ion  of t he  relative de tec t ion  e f f i c i e n c y  R for Io3Pd and plutonium 
i n  lungs 

The method of pred ic t ing  R makes use of a mathematical representa t ion  

of the  thorax and its relevant  i n t e r n a l  s t ruc tu res  i n  r e l a t i o n  t o  the  

de tec tor  (Ne78c)* One proceeds, i n  e f f e c t ,  by performing a double 

i n t e g r a t i o n  of d e t e c t i o n  e f f i c i e n c y  over the counter window area and the  lung 

volume, f o r  each p r i n c i p a l  component of the 'X-ray s p e c t r a  of  plutonium and IO3,, 

t ak ing  i n t o  account both geometrical f ac to r s  and energy-dependent a t tenuat ion  

f l U b 8 l l  contd 
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effects i n  the  lungs,  i n  t he  s o f t  t i s s u e s  of the chest  wall, and i n  the  

bones of t h e  thorac ic  cage. 

RFSULTS 

Detection e f f i c i e n c i e s ,  e tc . ,  w i l l  be quoted f o r  the  various chest  

wall thicknesses  represented by the  combination of  each overlayer and the  

basic phantom, and by the  basic  phantom alone. In  each case,  t he  value of 

chest  wall thickness  is  a mean, derived from measurements with c a l i p e r s  i n  

a t o t a l  of 94 pos i t ions  over a reas  of 120 mm diameter, one on each s i d e  

of t he  sternum, t a n g e n t i a l  t o  the sternum and c l av ic l e .  

approximately the  regions viewed by 120-mm-diameter d e t e c t o r s  i n  standard 

procedures f o r  assessment of plutonium i n  lungs adopted by many labora tor ies ,  

including Lawrence Livermore. These a reas  f a l l  within,  o r  overlap, the 

l a r g e r  regions covered by t h e  190-mm ( e f f e c t i v e )  diameter phoswich used i n  

the present  inves t iga t ions ,  and over these  l a r g e r  areas the  mean chest  w a l l  

th ickness  could be d i f f e r e n t .  However, t he  mean th ickness ,  t ,  over the  

smaller a reas ,  has been re ta ined  fo r  the present purposes, f o r  two reasons. 

The first is t h a t  the X-ray f lux  emerging from the  corresponding 120-m- 

diameter a r eas  on humans appeared t o  cont r ibu te  more t o  t h e  response of 

Geometry 2 than d id  emissions from outs ide those a r e a s  (Ne78a). 

reason is  t h a t  i t  w i l l  permit e a s i e r  comparisons between measured values of 

These represent 

The second 

EPd f o r  t h e  phantom and those derived following i n h a l a t i o n  of by 

volunteers ,  whose chest w a l l  thicknesses,  over these r e s t r i c t e d  areas, . ,  

were measured by s e v e r a l  l abora tor ies .  

X-ray d e t e c t i o n  e f f i c i e n c i e s  f o r  Io3Pd i n  lungs 

For Geometry 2, values of Epd f o r  t he  phantom, w i t h  and without its 

var ious  overlayers ,  a r e  shown as the upper p a i r  of curves i n  Fig. 1, p l o t t e d  

aga ins t  t. 

1 1 0 b 8 l 8  contd 
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103Pd(Ne78a) a r e  superimposed on this p l o t ,  a f t e r  

per  cent  d i f f e rence  i n  t h e  i n t r i n s i c  e f f i c i e n c i e s  

the  two inves t iga t ions .  For Geometry 1 (da ta  not 

adjustment t o  allow f o r  a 7 

of the  de t ec to r s  used i n  

given) the  corresponding 

curves were similar in form t o  those  shown i n  Fig. 1, and t h e  observed 

values  of Epd i n  vivo were i n  equa l ly  good agreement with the  curves; a l l  

values  of Epd were of  course lower than  for Geometry 2, by about 40 per  

cent on average. 

X-ray de tec t ion  e f f i c i e n c i e s  f o r  238Pu and 239Pu i n  lungs 

The photon energy s p e c t r a  obtained with seve ra l  p C i  2%u i n  the  

phantom’s lungs showed, i n  a d d i t i o n  t o  the  prominent X-ray peak a t  about 

17 keV, a peak a t  44 keV which was a t t r i b u t e d  t o  the  low-abundance (0.038 

per  cent)  gamma ray  of  t h i s  energy. 

239Pu-loaded lungs i n  t h e  phantom, once t h e  estimated cont r ibu t ions  from 

the  known 241Am impuri ty  had been sub t r ac t ed ,  contained a v i s i b l e  

con t r ibu t ion  from 52-keV gamma rays ,  as wel l  as evidence of  weaker r ad ia t ion  

of higher energy. S c a t t e r  from t hese  r a d i a t i o n s  l e d  t o  a continuum of 

counts i n  the  10-33 keV region  where the  s i g n a l s  from genuine L X rays  

S imi l a r ly ,  s p e c t r a  recorded wi th  t he  

occurred, and for  l a r g e  va lues  of  t it  apparent ly  added 3% or more t o  

the  X-ray cont r ibu t ion .  For our present  purposes, i n  comparing the  

de t ec t ion  e f f i c i e n c i e s  f o r  plutonium i n  the  phantom with those derived from 

observed values  of Epd i n  volunteers ,  the  X-ray cont r ibu t ion  E 

required.  

alone i s  Pu 
This was ca l cu la t ed  by t ak ing  the  t o t a l  a r e a  under t h e  observed 

L X-ray peak and s u b t r a c t i n g  t h e  counts i n  the  est imated continuum. - 
For Geometry 2, with 238Pu-loaded lungs,  values  of F h  a r e  included i n  L 

Q 
6 
03 Fig. 1. 

sub jec t s  who had inha led  

case by applying the  ca l cu la t ed  value o f  R (Ne78c) t o  the  measured value of  

Values of Ep, which are considered appropr ia te  t o  the  th ree  - 
are a l s o  p l o t t e d ;  these  were derived i n  each 

contd 
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f o r  t he  sub jec t .  For Geometry 1, values  of  ( inves t iga t ed  both EPd 

with 238Pu - and 239Pu-loaded lungs i n  t h e  phantom) and es t imates  of Epu 

from Epd i n  vivo showed agreement comparable with that seen i n  Fig. 1. 

Comparison o f  pred ic ted  and observed values  of R for t he  phantom 

The da ta  of Fig. 1 imply e s s e n t i a l  consis tency between the  ca lcu la ted  

value of R which is considered appropr ia te  t o  each of the  th ree  

experimental  sub jec t s ,  and t h e  a c t u a l  value of R for a phantom with the  

same t. I n  c a l c u l a t i n g  the  t h r e e  values  of R w e  assumed that, i n  

a l l  cases ,  2296 of the  th ickness  of soft t i s s u e  i n  t h e  chest  wall w a s  

composed of adipose t i s s u e ;  this was a published average following 

i n v e s t i g a t i o n s  a t  autopsy 

being unknown. This  assumption w a s  not c r i t i c a l  i n  secur ing  the  agreement; 

ca l cu la t ions  (Ne78c) suggested t h a t ,  compared with its value i f  muscle alone 

were present ,  R would be only marginally a f f e c t e d  by the  presence of 

adipose t i s s u e ,  except when e x i s t i n g  i n  l a r g e r  than average proportions 

i n  s u b j e c t s  with l a r g e  t .  

and t o  i n v e s t i g a t e  t h e  v a l i d i t y  of our methods of  c a l c u l a t i n g  R when 

var ious ,  known th icknesses  of adipose t i s s u e  a r e  present .  

Estimates of R a r e  given i n  Table 1, f o r  t he  bas i c  phantom and for 

t h e  a c t u a l  percentages f o r  our sub jec t s  

It i s  of i n t e r e s t  t o  confirm t h i s  pred ic t ion ,  

the  phantom with each of t h e  e i g h t  overlayers .  

obtained from the  r a t i o s  Epd/Epu: 
Three s e t s  of values were 

( i )  with Epd and Epu determined r e spec t ive ly  from measurements 

with t h e  Io3Pd - and 238Pu - l a b e l l e d  lungs i n  t he  phantom, for 

which Geometry 1 w a s  used, 

( i i )  by t h e  same procedure, but with Geometry 2 used, and 

(iii) by comparison of  Epd and Epu determined with 239, - 
I I 0 b$a&i lungs,  f o r  Geometry 1. 

contd 
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The th ree  est imates  a r e  not always c l o s e l y  similar, t he  widest 

v a r i a t i o n s  occurr ing when the a t t e n u a t i o n  is g r e a t e s t ,  i .e.  f o r  la rge  

values of t .  

energy i n  t h e  s p e c t r a  of 238Pu and 239Pu made important cont r ibu t ions  

i n  the  L X-ray region; e r r o r s  introduced i n  es t imat ing these  cont r ibu t ions  

would a f f e c t  assessment of the  genuine X-ray de tec t ion  e f f i c i ency ,  Epu, 

and consequently the  implied value of  R .  

re-posit ioning the phantom between measurements could have contributed t o  

systematic d i f fe rences  between the  th ree  sets  of  es t imates ,  and i n  some 

I n  these s i t u a t i o n s ,  s c a t t e r  from r a d i a t i o n s  of higher 

Previously-mentioned e r r o r s  i n  

cases t o  random e r r o r s  i n  ind iv idua l  values.  Genuine d i f fe rences  i n  R, 

according t o  the region of t he  chest  viewed by a de tec to r ,  are o f  course 

t o  be expected, although they  would not explain the  d i f fe rences  between 

some of the  pairs of es t imates  by methods (i) and ( i i i ) .  

Also given i n  Table 1 a r e  values of R f o r  the  phantom, derived by 

I n i t i a l  es t imates  were obtained from Fig. 5 of r e f .  Ne78c, ca lcu la t ion .  

showing R as a funct ion of t ,  ca lcu la ted  on the assumption t h a t  the chest  

wall consis ted e n t i r e l y  of muscle. 

Fig. 6 i n  Ne78c were derived, allowing these es t imates  of R t o  be reduced 

when necessary, according t o  t h e  known proportion of adipose ' t i s s u e '  i n  

the  phantom's chest  w a l l .  A s  previously (Ne78c), R was then increased by 

6% t o  allow f o r  assumed f i l t r a t i o n  i n  the  bones of the thorax. 

calculated values a r e  similar t o  the  means of the  observed values, obtained 

by methods ( i ) ,  ( i i )  and ( i i i )  above. 

must i n  some cases be fo r tu i tous ,  i n  view of the s c a t t e r  o f t e n  present i n  

t he  three  values from which each mean is calculated.  However, i t  appears 

t h a t  our method of c a l c u l a t i n g  R is not subjec t  t o  major systematic e r r o r ,  

provided that, as i n  t h i s  case,  t h e  assumption of a uniform d i s t r i b u t i o n  

Relat ionships  similar t o  those of 

The 

The closeness of t h i s  agreement 

c - 
0 
a- 
00 
P 4  
c 

contd 



I O .  

of a c t i v i t y  i n  the  lungs is v a l i d .  

CONCLUDING REMAFXS 

The encouraging s i m i l a r i t y  (Fig.  1) , between values  o f  EPd ind ica ted  

by the  phantom and those recorded f o r  Io3Pd i n  vivo, suggests  that the  

pulmonary d i s t r i b u t i o n  of a c t i v i t y  i n  t h e  experimental  sub jec t s  was 

similar t o  t h a t  i n  the  phantom, i,e. t h a t  i t  was e s s e n t i a l l y  uniform. 

f u r t h e r  consis tency between va lues  of Epu f o r  t h e  phantom and those derived 

from da ta  on EPd i n  vivo, t oge the r  with t h e  o v e r a l l  s i m i l a r i t y  between 

predic ted  and observed values  of R (Table I), has improved our confidence 

i n  these  two qu i t e  d i f f e r e n t  approaches t o  the  problem of ca l ibra t ion .  

However, i t  is not t o  be expected, w i t h  e i t he r  method, that one W i l l  always 

be a b l e  t o  deduce approximately the  value of E& co r rec t  for  a p a r t i c u l a r  

contaminated subjec t ,  merely by re ference  t o  curves l i k e  those i n  Fig. 1, 

r e l a t i n g  de tec t ion  e f f i c i e n c y  wi th  chest  w a l l  th ickness .  

some of  them indeterminate ,  must a f f e c t  E$, markedly. 

is probably t h e  pa t t e rn  of  depos i t ion  wi th in  the  lungs,  which i n  t u r n  must 

depend on t h e  s u b j e c t ' s  r e s p i r a t o r y  p a t t e r n  during in t ake ,  and on the  

aerodynamic c h a r a c t e r i s t i c s  of  t h e  p a r t i c l e s .  

The 

Other var iab les ,  

The most important 
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Fig. I capt ion 

Detection e f f i c i e n c i e s  f o r  Io3Pd and 238Pu i n  lungs,  measured with 

Geometry 2. The data are based on recorded counts i n  the full X-ray peaks, 

a f t e r  subt rac t ion  of est imated s c a t t e r  cont r ibu t ions  from 44-keV gamma rays 

i n  t h e  case of 238Pu. The l o s s  of genuine X-ray s igna l s  i n  the pulse shape 

discr iminat ion c i r c u i t s  was 1%. 

Curves A (6) : phantom with muscle-equivalent chest  w a l l  

Curves B (0) : bas ic  phantom ( l9-mm muscle-equivalent chest wall) with 

overlayers  represent ing  a 9/50 (weight %) muscle/adipose 

mixture; the numbers 11, 18, 23 and 28 indica te  the 

th ickness  of adipose-equivalent mater ia l  as a percentage 

of the  t o t a l  chest  w a l l  thickness.  

P o i n t s  X : measured X-ray d e t e c t i o n  e f f i c i e n c i e s  for i n  

vo lunteers  (upper p l o t )  and derived e f f i c i e n c i e s  f o r  

plutonium i n  t h e s e  volunteers  (lower p l o t ) .  
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