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Introduction 

A biomedical s c i n t i l l a t i o n  counter s im i l a r  i n  s i z e  t o  a f ibe r -op t ic  

gastroscope was b u i l t  t o  count low concentrations of in ternal  rad ioac t iv i ty .  

The probe was b u i l t  spec i f i c a l l y  t o  count the  uranium L x-rays (average 

energy 17 keV) emitted in  the  decay of plutonium located i n  the  tracheo- 

bronchial lymph nodes. Plutonium i s  found i n  the  tracheobronchial lymph 

nodes due t o  t ranslocat ion of inhaled insoluble plutonium compounds. (1 1 

Effor ts  w i t h  t he  s c i n t i l l a t i o n  technique resul ted in a probe w i t h  higher 

s e n s i t i v i t y  than a previously developed so l i d - s t a t e  avalanche diode 

probe. (2)  A1 though the  probe was devel oped speci f i  cal l y  f o r  counting 

plutonium, i t  can be read i ly  applied t o  counting other  isotopes w i t h  low 

energy photons such as 13'1, 1 2 5 ~ ,  1 9 7 ~ ~ ,  6 7 ~ a ,  1 3 3 ~ e ,  9 9 m ~ c ,  e tc .  

The purpose of t h i s  paper i s  ' to  describe both t he  physical features  and 

the  performance of a f i b e r  op t i c  coupled s c i n t i l l a t i o n  counter and t o  com- 

pare the  probe w i t h  s imi la r  so l i d - s t a t e  probes. Previous f i b e r  op t ic  probes 

have been b u i l t  f o r  dosimetry;(3) however, the  present probe i s  designed 

f o r  low background, low energy, high s e n s i t i v i t y  photon counting. 

Description of Probe 

Coupling a s c i n t i l l a t i o n  c rys ta l  t o  a photomultiplier  with f i b e r  op t ics  

causes an 80-90% loss  i n  the  s c i n t i l l a t i o n  i n t ens i t y  reaching the photo- 

mu1 t i p l i e r .  A t  low energies t h i s  i s  serious because i t  causes a l o s s  of 

resolution and moves the  s c i n t i l l a t i o n  spectra  i n t o  the  noise region of 

t he  phototube. For low background counting and an improved signal t o  noise 

r a t i o ,  one must reduce t h e  background from t h e  photomultiplier. T h i s  was 

done,by se lec t ing  a low-noise, high-gain phototube, magnetically l imi t ing 

the  ac t ive  area of the  photocathode and by reducing t he  number of f a s t  r i s e  

time pulses by a pulse-shape discrimination technique.(4) Use of these  ' 



techniques reduces the background count r a t e  in the energy range from 

6.5-40 keV by a factor  of 50 or more. 

Figure 1 shows a sectional drawing of the detector and of the probe. 

The NaI(T1) c rys ta l ,  surrounded by MgO i s  encased i n  a thin aluminum shell  

(0.25 m) with a glass optical window sealed in place by epoxy. The detector 

i s  coupled t o  the f ibe r  optic l i gh t  guide by an opt ical ly  transparent 

epoxy, an aluminum fer ru le  for  mechanical strength and an opt ical ly  opaque 

epoxy which also occludes l ight  and f i l l s  the remaining void. 

The f i b e r  optic 1 ight guide' i s  constructed of a 4.7 mm diameter bundle 
I 

of 50 micron glass f ibers  having a numerical aperture of 0.66. The ends of 

the bundles are secured, bonded and polished in s ta in less  s tee l  ferrules  to  

which an opaque outer sheath  of polyvinyl chloride i s  attached. 

The completed assembly i s  coated with a pure polyurethane resin and 

cured slowly a t  room temper~lure and high humidity. This ma't'erial protects 

the probe from the caustic f lu ids  within the digestive t r a c t  and softens 

the edges and corners of the probe. Due primarily to  the thermal sens i t iv i ty  

of the NaI(T1) crystal  the probe cannot be autoclaved; however, gas s t e r i l i z a -  

tion has been used without degrading the performance of longevity of the probe. 

Figure 2 shows 'a  photograph of the assembled probe with the detector 

and photomultiplier; a preamplifier i s  encased in the housing with the photo-  

tube. This unit uses a 2.5 cm long by 4.7 mm diameter crystal  coupled t o  

the photomultiplier by 60 cm of f i b e r  optics.  Tkree other probes using a 

90 cm f i b e r  opt ic  coup1 ing have been bui 1 t and resulted in ,performance -cm- 

parable t o  the present unit .  Probes could be bu i l t  in a large variety of 

s izes  and shapes constrained primarily by l ight  collection i n  the crystal  

geometry selected a n d  by l igh t  transmission of the f ibe r  optics.  In general, 



su i t ab l e  operation of l a rge r  volume detectors  [NaI(T1)] operating a t  low 

energies (1 0-40 keV) would be d i f f i c u l t  whereas small e r  volume detectors  

could be ea s i l y  engineered as could probes f o r  h-igher energies. 

Probe Performance 

The calculated absorption i n  the  de tec tor  f o r  normally incident  photons 

i s  100% below 80 keV; however, a t  low energies at tenuation i n  t h e  aluminum 

encapsulation becomes important. For example, the  i n t ens i t y  of the  uranium 

L x-rays emitted i n  t he  decay of plutonium (13.6, 17.0 and 20.2 keV) i s  

reduced 38% by the  0.25 rnm thickness of aluminum encapsulation. Above 80 keV 

the  e f f ic iency  begins t o  f a l l  and i s  reduced t o  65% a t  150'keV. 

Figure 3 shows 9 9 r n ~ c  spectra  taken w i t h  the  probe. The poor resolution 

i s  caused by l i g h t  losses resu l t ing  from the f i be r  op t ic  ,coupling of the  

c rys ta l .  Measured r e s o l u t i ~ , - ~  tart 59.6 keV w i t h  the  probe ~ r y s t a l  d i r e c t l y  
.... 

coupled t o  the  photomultiplier i s  17%; however, w i t h  the  f i b e r  op t i c s ,  t h e  

resolution - i s  reduced t o  54%. 
. C' 

.. - Table 1 shows measured count r a t e s  (10-150 keV) f o r  various sources 

located 5 cm from the probe i n  a i r .  Shielded and unshielded background count 

r a t e s  over three  energy i n t e rva l s  a re  l i s t e d  i n  Table 2. Although pulse-shape 

discrimination does not appear important i n  reducing the  background f o r  the  

probe, t h i s  i s  not generally the  case. This was a phototube with excel lent  

low noise cha rac t e r i s t i c s  and t e s t s  on other  phototubes required the  use of 

pulse-shape discrimination. f o r  ul tirnate background reduction. 

The count r a t e  w i t h  the  s c i n t i l l a t i o n  probe .immersed i n  a 500 ml beaker 

6 
containing a solution of 9 9 m ~ c  (Figure 3) i s  5 . 6 ~ 1 0  cpm/pCi/ml. The count 

r a t e  f o r  a GaAs biomedical probe under s imi la r  conditions i s  200 cpm/uCi/ml (5  

and r e s u l t s  pub1 ished f o r  a large volume CdTe biomedication probe(6) '  (50 mn3) 

4 
-. 

ind ica te  a count r a t e  of 6 . 3 ~ 1 0  cpni/pCi/ml in  a more favorable geometry 



(smaller beaker). I t  must be noted t ha t  both the  CdTe (50 mm3) and GaAs 

3 
(0.19 mm ) probes have much smaller volumes than the  s c i n t i l l a t i o n  probe 

3 
w i t h  an ac t ive  volume of 450 mm . The probe could be b u i l t  i n  a smaller  

volume configuration; however, i t  was designed f o r  a problem where high 

counting eff ic iency i s  required. 

Previous esophageal probes f o r  plutonium detection were b u i l t  using 

avalanche s i l i con  diodes as  detectors.  ( 2 )  These diodes make excel lent  

de tec tors ,  but a re  1 imited in  ultimate s e n s i t i v i t y  by t h e i r  low absorption 

of incident photons. The, calculated i n t r i n s i c  e f f i c iency  of these diodes 

i s  approximately 12% based on normally incident L x-rays from plutonium 

decay. The diodes have extremely low background r a t e s  ( ~ 1  cpm) which 

help compensate fo r  t h e i r  poor eff ic iency.  In con t ras t ,  t h i n  detectors  of 

NaI(T1) with approximately 100% eff ic iency have long been used t o  de tec t  these  
U-2  

-* 

xLrays. Table 3 shows typical  backgrounds, s e n s i t i v i t i e s  and' minimum 

detectable  amounts (MDA) f o r  avalanche probes and a NaI(T1) probe in a 

thorax phantom representing the  human tracheobronchial lymph node geometry. 

The avalanche diode probes in Table 3 consis t  of a three  diode array t o  

improve angular response. (2)  

All plutonium consis ts  of i t s  various i so topes (6)  and 2 4 1 ~ m ,  a daughter 

of 2 4 1 ~ u .  Radiations from the 2 4 1 ~ m  are  an in terference and must be corrected 

f o r  i n  in te rpre ta t ion  of r e su l t s .  The 59.6 keV gamma from 2 4 1 ~ m  can reach 

t he  esophageal detector  from the  lung f i e l d  whereas t he  L x-rays from the  

lung a r e  heavily at tenuated.  Avalanche probes have a poor e f f ic iency  a t  

59.6 keV ( ~ 1 1 2 % )  which reduces t he  in terference while pulse-height se lec t ion  

can be used t o  control the  in terference fo r  the s c i n t i l l a t i o n  proble. The 

59.6 keV s e n s i t i v i t i e s  l i s t e d  in Table 3 a r e  f o r  mater ia ls  located i n  the  

. . 
lymph nodes. . . 



Probe Appl i  cat i  on 

The probe has been used 'to count plutonium translocated to  the tracheo- 

bronchial lymph nodes of dogs which had been exposed to  a  respirable aerosol 

of 239~u02. ) Previous r e su l t s (2 )  with the aval anche probes indi cated tha t  

a  sens i t iv i ty  of greater than 1 cpm/nCi could be expected based on the rela- . 

t ive  sens i t iv i t i e s  of the two types of probes. Figure 4 shows one of the 

probes located near the tracheal bifurcation a t  the position of maximum 

count r a t e  while Figure 5 shows a  scan of count ra te  versus position 

referenced to  the incisor;. Four dogs were counted and based on thoraic 

lymph node burdens estimated by extrapolation from measured build up  in 

sacr if iced animals and whole body.counts, the sens i t iv i ty  varied from 0.45 

t o  1.9 cpm/nCi with an average of 1.2 cpm/nCi. These resu l t s  a re  reasonable 

considering the large errors  in the extrapolations due t o  biological var iab i l i ty  

and due t o  possible errors  in whole body counting.. Actual s ens i t iv i t i e s  

wi 11 be higher since tracheobronchial burdens const i tute  only a  portion of 
< 

- the thoracic (tracheobronchial , mediastinal , sternal ) lymph node burdens 

used in estimating sens i t iv i t i e s .  

Conclusions and Discussion 

Probes have been bu i l t  for  use in c l in ica l  medicine which u t i l i z e  

s i l icon  p-n and p-i-n detectors;  (839310) however, t he i r  use has been pri-  

marily i n  beta counting. Noise levels from such detectors are usually too 

high t o  permit e f f i c i en t  counting of the plutonium x-rays. As larger  

volume sol id-s tate  detectors such as CdTe, GaAs and Hg12 become available 

the; w i  11 be applied to  pl utotli um detection problems and they are  a1 ready 

. f i n d i n g  soine use in medical applications. (5 '6 )  Hg12,wi t h  i t s  high absorption, 

could lead to  small ,volume gamma probes, w i t h  high efficiency. (I1 ) The 

excel 1  ent pulse-height resolution' and durabi 1  i  ty of 'sol id-s ta te  detectors 

are  the i r  major a t t r ibutes .  
. . .  



The 1 arge volume sc i  n t i  1 l a t i  on probe showed excel 1 ent  perfomance and 

has a higher s e n s i t i v i t y  than present  biomedical so l i d - s t a t e  probes including 

one designed f o r  the  same appl ica t ion.  Although the  probe was designed t o  

es t imate  lymph node burdens in humans, i t  could read i ly  be adapted t o  o ther  

biomedical measurements such as  detection of esophageal cancer. Kobayashi ( 5 )  

and ~ a k a ~ a n a ~ i  (8) have described many appl ica t ions  f o r  biomedical probes t o  

which the  present probe could be adapted. 
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Table 1: Probe Count Rates fo r  Various Sources 

Source count Rate ( l o -  150,' k e ~ )  Principal Energies 
. . . .  

(~o~mts/rr,inute/pCi) '(keV) 

. .  - 
* Isotopically Pure Pu-239 . __,- 
+ Typically encountered "Tu- 239" with other.:Pu ~ . S O  topes and Am-241 dauahter - . 



Table 2: Background Count Ibtes 

, ..--': 

I<-" .. 

Pulse Shape 
Discrirninztion 

Background C o ~ n t s  (qm) 
. . . . . . . . . . .  

Y e s  . No 15 + 1 56.0 + ,1.9 @,$7 + 2.2 
No Y e s  7.1 + 0.7 1,3 2 0.3 . 7.5 + 0,7 

Yes Y c s  

./ 



Table 3: Comparison of Probe Sens.itivities. in  Human Thorax Phantom 

Background, B+ Sens i t i v i t g ,  S Minimum Detectable 
Probe (cpm) (cpm/nCi') Amount (nCi ) *  

Avalanche 1 5.05 0.025' 

Avalanche 2 5.56 0.039 

Fiber Opti cs 

X-Ray Energies 18.4 (9.20)' 0.807 

y-Ray Energies 38.7 (3.06)' 1.22 

*Calculated a t  90% confidence level w i t h  a 20 m i n  counting period - 

+Values i n  parentheses a re  fc r  ,shielded detector .  



Figure Captions 

Figure 1 : Sectional Drawing of Detector and of Probe 

Figure 2: Photograph of probe showing the detector,  f ibe r  optics and 
photomul tip1 i e r  housing. 

Figure 3:  Spectra taken with sources of 9 9 m ~ c  

Figure 4:  X-ray showing probe in the esophagus of a dog and near the 
tracheal bifurcation 

Figure 5: Count ra te  vs postion as the probe i s  moved down the esophagus 
of a dog with plutonium in i t s  tracheobronchial lymph nodes 



FIGURE 1 s t i l l  i n  p repa ra t i on .  
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