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FOURTH PERSONNEL DOSIMETRY INTERCOMPARISON STUDY 

H. W .  Dickson 

HIGHLIGHTS 

The f o u r t h  Personnel Dosimetry Intercomparison Study was h e l d  a t  

t he  Oak Ridge Nat ional  Labora tory 's  Dosimetry Appl i c a t i o n s  Research 

Faci 1 i t y  dur ing  March 15-23, 1978. The Heal th Physics Research Reactor 

(HPRR) used unshielded, w i t h  a 12-cm-thick Luci  t e  sh ie ld ,  a 20-cm-thick 

concrete sh ie ld ,  o r  a 5-cm-thi ck s t e e l  and 15-cm-thick concrete sh ie ld ,  

prov ided f o u r  neutron and gamma-ray spectra. The c h a r a c t e r i s t i c s  o f  

these f i e l d s  such as neutron energy spectra, i n t e n s i t y ,  and u n i f o r m i t y  

have been measured p rev ious l y  du r ing  nuc lear  acc ident  dosimetry s tudies.  

Exposures were made t o  s imulate t o t a l  exposures l i k e l y  t o  be encountered 

i n  personnel dosimetry. Neutron dose equ iva len ts  of the  o rde r  o f  500 

m i l l i r e m s  were produced by c o n t r o l l i n g  the  r e a c t o r  power l e v e l  and exposure 

t ime. Dosimeters were mounted on the  t runk  sec t i on  o f  w a t e r - f i l l e d  

phantoms, the  f r o n t  edges o f  which were l oca ted  3 m from the  r e a c t o r  

center .  When sh ie lds  were used; they were p laced a t  2 m from the  core i n  

t h e  case o f  t h e  L u c i t e  s h i e l d  and 1 m f o r  t he  concrete and s tee l /concre te  

sh ie lds .  S u l f u r  p e l l e t s  exposed a t  a standard l o c a t i o n  on the  reac to r ,  

p ropo r t i ona l  counters, and thermoluminescent dosimeters were used t o  

perform reference dosimetry. Using the  f i s s i o n  y i e l d  and the  ca l cu la ted  

leakage o f  t he  HPRR, t he  neutron f luence a t  the  3-m p o s i t i o n  was ca l cu la ted  

f o r  each r e a c t o r  run. Then the  dose was c a l c u l a t e d  based on the  HPRR 

neutron spectra and dose conversion f a c t o r s  which had been determined 

p r e v i o u s l y  f o r  t he  f o u r  spectra. The r e s u l t s  o f  these personnel dosimetry 

in tercompar ison s tud ies  revea l  t h a t  e s t i m a t ~ s  o f  dose eq.uivalent vary 

ove r  a wide range. The standard d e v i a t i o n  o f  t he  mean o f  p a r t i c i p a n t s  



data fo r  gamma measurements was in the range of 29 to 43%; and for  

neutrons, i t  was in the range of 57 to  188%. 

INTRODUCTION 

For the past fourteen years the annual dosimetry intercomparisons 

a t  the Oak Ridge National Laboratory's (ORNL) Dosimetry Applications 

Research Faci 1 i ty (DOSAR) have provided. an opportunity for  laboratories 

in the United States and foreign countries to  t e s t  dosimetry systems in 

simulated nuclear accident s i tuat ions.  These studies have been suc'cessful 

in developing guidelines in instrumentation and procedures and i n  estab- 

l ishing "standardized" radiation f ie lds  whose. character is t ics  such as 

energy spectrum, intensity,  and uniformity have been measured and accepted. 

The Health Physics ~esea rch  Reactor (HPRR) has been used as the pulse 

radiation source.   he unshielded reactor or the reactor used w i t h  one 

of four shields provides f ive different  neutron and gamma-ray spectra. 

These shields are: 

1. ' 12-cm-thick Lucite shield,  

2.  20-cm-thick concrete shield,  

3 .  combination 5-cm-tkiek steel  and 

15-cm- thi ck' concrete shield,  and 

4. 13-cm-thick s teel  .shield. 

For the study described in th i s  report only the f i r s t  three shields were used. 

, Many experimenters over the years expressed in t e res t  in using the same 

"standardized" radiation fie1 ds for  the comparison of the response of routine 

personnel dosimeters used a t  low radiation level s typical l y  encountered 

in  personnel monitoring. As a resu l t ,  the f i r s t  Personnel Dosimetry 

Intercompari son Study (PDIS) was conducted during the period May 14-16, 



1974, with ten groups participating exclusive o,f the DOSAR group. Three 

additional intercomparison studies fo r  personnel dosimeters have been 

completed a t  O R N L .  The second PDIS was conducted February 18-19, 1976, 

with eleven participating groups; the third PDIS was held March 15-16, 

1977, with seven participating groups; and the fourth PDIS was conducted 

March 15-23, 1978, with twenty-two participating groups (Appendix A 

contains a l i s t  of par t ic ipants) .  

EXPERIMENTAL DCTAILS 

The H P R R  was used as the source of gamma and neutron f ie lds .  The 

radjation properties of several of the possible f i e lds  around the HPRR 

have been and cal cul ated4'5 in previous studies.  The HPRR 

i s  a small, unshielded and unmoderated, f a s t  reactor suitable for  re- 

search in health physics, radiobiology, biomedicine, and related f ie lds .  

the reactor core i s  a r l g h t  circular- cylinder (0.23-111 d i m ,  0.20-m 

high) of enriched uranium (93.14 w t  % 2 3 5 ~ )  alloyed with 10% molybdenum. 

Tts fuel plates are  coated with nickel and held together by fuel bolts. 

I t  has one large scrammable fuel element ( the safety block) and three 

cnntrol rod$, one o f  wt~icti  chn be inserted rapidly to  produce a pulse of 

radiation. A more complete description of the HPRR i s  provided by 

Auxi e r .  6 

The H P R R  was used to  expose personnel dosimeters t o  mixed neutron 

and gamma f ie lds .  The reactor was operated as shown in Table 1 in a 

steady-state mode a t  a constant power level for  a length of time nec- 

essary to  produce dose equivalents of a few hundred mill irems which i s  

the range l ike ly  to  be encountered i n  personnel monitoring. In order to  

produce t h i s  range of radiation levels ,  a f ree  a i r  t issue kerma of 



approximately 50 m i l l i r a d s  was requ i red  f o r  t he  neutron component; and 

the  r e a c t o r  opera t ing  t ime was ca l cu la ted  based on t h i s  kerma. General ly,  

t he  dosimeters were mai led o r  shipped t o  the  DOSAR a few days i n  advance 

o f  t he  intercomparison. The dosimeters were then re turned i n  a s i m i l a r  

manner t h e  day a f t e r  the  in tercompar ison exposures were completed. 

A l l  dosimeters were placed on w a t e r - f i l l e d  t r u n k  p o r t i o n s  o f  

phantoms, t he  l ead ing  edges of which were lo 'cated 3 m from t h e  r e a c t o r  

core. When sh ie lds  were used, they were placed between the  de tec tors  

and the  HPRR core, a t  a d is tance o f  2 m f o r  t he  L u c i t e  s h i e l d  and a t  a 

d is tance o f  1 m f o r  t he  concrete and s tee l /concre te  sh ie lds .  The p lace-  

' ment o f  dosimeters on the  phantoms i s  shown i n  F ig.  1, and a t y p i c a l  

experimental  arrangement w i t h  r e a c t o r  and s h i e l d  i n  p lace  i s  shown i n  

F ig.  2. Several phantoms, water b o t t l e s ,  and o the r  conta iners  were used 

as l abe led  i n  F ig.  2 t o  accommodate a l l  o f  t he  dosimeters and spec ia l  

requests by p a r t i c i p a n t s .  

During the  f o u r t h  PDIS, several se ts  o f  dosimeters a r r i v e d  l a t e  and 

had t o  be exposed i n  separate b u t  equ iva len t  r e a c t o r  operat ions.  

Dosimeters f o r  s i x teen  groups were exposed March 15-16, 1978, and dosim- 

e t e r s  from f i v e  groups were exposed March 23, 1978. The same.reference 

dosimetry was performed f o r  each s e t  o f  dosimeters. A l l  o f  t h e  r e a c t o r  

parameters l i s t e d  i n  Table 1 apply t o  bo th  per iods o f  i r r a d i a t i o n .  The 

runs designated 1 through 4 app l i ed  t o  t h e  March 15-16 t ime frame and 

t h e  runs designated 5 through 8 app l i ed  t o  the  March 23 date. 

REACTOR SPECTRA AND DOSIMETRY 

Calcu la t ions  o f  t he  HPRR spectra have been performed us ing  a two- 

- dimensional d i s c r e t e  ord ina tes  t r a n s p o r t  (DOT) code which assumed c y l  i n -  

d r i c a l  symmetr,y about t he  v e r t i c a l  a x i s  o f  t he  HPRR core. The 



f i r s t  s e t  o f  c a l c u l a t i o n s 4  was done f o r  the  unshielded r e a c t o r  and the  

r e a c t o r  w i t h  t h e  L u c i t e  and s tee l  sh ie lds  i n  p lace  (see Fig. 3).  These 

c a l c u l a t i o n s  were performed using 34 energy groups o f  neutrons ranging 

f rom thermal t o  14 MeV. The reac to r  he igh t  was f i x e d  a t  150 cm above a  

30-cm-thick concrete slab. The s h i e l d i n g  con f i gu ra t i ons  were a  13-cm- 

t h i c k  s t e e l  s h i e l d  r i s i n g  213 cm above the  concrete s lab  and a  12-cm- 

t h i c k  L u c i t e  s h i e l d  r i s i n q  282 cm above the  s lab.  The f r o n t s  o f  these 

s h i e l d s  were p laced a t  200 cm from the  r e a c t o r  center.  I n  a d d i t i o n  t o  

neut ron  spectra,  these c a l c u l a t i o n s  a l so  prov ided neutron dose as a  

f u n c t i o n  o f  d i s tance  from the  reac to r  (shown i n  F ig.  4 ) .  

Recently, o t h e r  c a l c u l a t i o n s 5  have been performed t o  determine the  . 

neut ron  spec t ra  (see F ig .  5)  and dose (see Fig. 6 )  through two new 

s h i e l d  c o n f i g u r a t i o n s  - a 20-cm-thick concrete s h i e l d  and a  combination 

5-cm-thick s t e e l  and 15-cm-thick concrete sh ie ld .  Each o f  these sh ie lds  

S s  213 cm i n  he igh t .  lhese c a i c u i a t i o n s  were done us ing  the  previous 

c a l c u l a t i o n a l  model except t h a t  the  s h i e l d s  were l oca ted  100 cm from the  

c e n t e r  o f  the r e a c t o r  and o n l y  33 energy groups were used. 

REFERENCE DOSIMETRY 

I n  a d d i t i o n  t o  t h e  ca l cu la ted  neutron .dose, var ious  dos imet r ic  

devices were a p p l i e d  t o  o b t a i n  the  t r u e  neutron dose de l i ve red  dur ing  

t h e  intercomparison. These devices inc luded the  r o u t i n e  s u l f u r  p e l l e t  

mon i to rs  on the  r e a c t o r  and Hurst  p ropo r t i ona l  counters l oca ted  a t  the 

p o s i t i o n  o f  t he  exposed dosimeters (see Fig.  2). While s u l f u r  p e l l e t s  

respond o n l y  t o  the  neutron f luence above a  th resho ld  o f  approximately 

2.5 MeV, they may be used t o  moni tor  the  reac to r  ou tpu t  s ince  a l a r g e  



percentage of neutrons from the HPRR ( ~ 3 0 % )  exceed th i s  energy. Also, 

because a constant fraction of the neutrons fo r  any given shielded 

configuration will have an energy above the sulfur  threshold, the sulfur  

pel le ts  can be used to  estimate neutron t i ssue  kerma fo r  a l l  the experi- 

mental conditions once the calibration factor  has.been determined fo r  

each of the spectra. These calibration factors have been determined 

previously from nuclear accident dosimetry intercomparison experience 7-9 

a t  the HPRR. Therefore, the sulfur  pe l le t s  exposed a t  a standard location 

on the reactor during the intercomparisons served as a basis fo r  estimates 
,a 

of t i ssue  kerma a t  the experimental position. The resul ts  of the sulfur  

pe l le t  dosimetry are  given in Table 2. 

In the case of the unshielded reactor and the Luci te-shielded 

reactor,  average quality factors for  the neutron spectra are  available 

in the 1 i terature; '  and these values were used as the best available 

data. Independent calculations by the author, performed in the manner 

indicated below, support the l i t e r a t u r e  values. Literature values were 

not available fo r  the concrete or  steel/concrete shields. 

For the concrete- and steellconcrete-shielded cases, the quality 

 factor.^ were calculated based on data from ref .  11. Using the previously 

cal cul ated spectra5 through the concrete and s teel  /concrete shields , i t  

was possible to  calculate spectral ly  weighted dose and dose equivalent 

conversion factors.  This was accomplished by taking the product of a 

dose (or  dose equivalent) conversion factor  from ref .  11 and the fraction 

of the neutron fluence in a given energy interval ,  and then summing over 

the 33 energy intervals  in the complete spectrum. Finally, the spectral ly  

weighted dose equivalent conversion factor  was divided by the spectrally 



weighted dose conversion fac tor  to  give the quality factors for  the 

concrete and steel/concrete spectra. These cal culated qual i  ty factors 

a re  given in Table 2 along with an estimated error  of 5%. The er ror  

estimate i s  based on the f ac t  that  the use of other generally accepted 

dose and dose equivalent conversion factors 12'13 lead to  s l ight ly  different  

qual i  t y  factors.  

A Hurst proportional counter14 was used to  measure the absorbed 

dose from neutrons. The absorbed dose i s  proportional to the s ize and 

number of pulses from t h i s  counter; therefore, the pulse height d i s t r i -  . . 
bution was obtained with.a multichannel analyzer and read into a PDP-10 

computer for  analysis. The pulse height distribution from the Hurst 

counter was due largely to  neutron interactions; however, gamma radiation , 

contributed to  the low energy end of the spectrum. In order to  determine 

only the neutron response, the computer program incorporated a stripping 

routine to  remove the gamma respons'e. The counter was calibrated using 

an Am-Be neutron source tha t  had been standardiied by the National 

Bureau of Standards in terms of neutron yield.  The resul ts  of these 

measurements a re  given in Tables 3 and 4. 

Gamma radiation level s were measured with thermol uminescent dosim- 

e t e r s  (TLD' s ) .  Li th i  um fluoride dosimeters having normal isotopic com- 

p0npnt .s  (TLD-100) and dosimeters having an enrichment of ' ~ i  (TLD-700) 

were used in pairs t o  obtain the yd1111iia-ray exposure In the pr-cserice of 

neutrons. The d i f fe rent ia l  neutrons response of these dosimeters had 

heen determined previously. The TLD's were calibrated for  gamma exposure 

using a 2 2 6 ~ a  source. The resul ts  of these measurements a1 so are  given 

in Tables 3 and 4. The error  in these measurements i s  estimated not to  

exceed 



In addition, the neutson dose equivalent for  the intercomparison 

exposures were calculated. Using dose conversion factors fo r  tha t  ' 

section of a phantom'2 designated as element 57, the dose conversion 

factors fo r  the HPRR spectra were calculated. Using the f iss ion yield 

as determined by reactor instrumentation and the calculated 1 eakage15 of 

the H P R R y  the neutron fluence was calculated for  each reactor run. By 

applying the previously determined dose conversion factors and average 

quality factors (given in Table 2), the dose and dose equivalent were 

calculated for  each experimental configuration (see Table 5) .  The 

resu l t s  for  the concrete and s teel  /concrete shields .were anomal ously 

high suggesting- problems with the calculations of these spectra from the 

DOT code. 

DOSIMETERS USED BY PARTICIPANTS 

Several types of dosimeters were used by the participants i n  t h i s  

PDIS. For measuring the neutron component, TLD albedo and nuclear track 

fi lm, type A (NTA)  film dosimeters were the most numerous; however, 

track-etch dosimeters using polycarbonate films are gaining i n  popularity. 

For measuring the gamma components, only film and TLD's were used, w i t h  

TLD's being used most frequently. A breakdown of dosimeter types by 

participating group i s  given in Table 6. 

INTERCOMPARISON RESULTS 

The resu l t s  of these personnel dosimetry intercomparison studies 

reveal t ha t  estimates of dose equivalent vary over a wide range. The 

resu l t s  of a l l  the reported measurements are given i n  Tables 7-10. 

While i t  was preferable to  report every individual measurement, a few 

participants averaged measurements and reported only the average values. 



Most of the dosimeters were exposed on phantoms A, B ,  o r  C (a1 1 identical 

fo r  the purposes of th i s  intercompari son) ; however, a few measurements 

were ei ther  made in a i r  or on a water bottle by special request of the 

participant. The phantoms, water bottles, and a i r  stations are marked 

in Fig. 2. These exceptions are pointed out in Tables 7-10. One 

participant used TLD-100 for  gamma measurements without anticipating the 

effect  of neutrons. The result was t h a t  the data could n o t  be corrected 

fo r  neutron response and i s  included in Tables 7-10 only for the sake of 

completeness. rhe data was not  used for the summarles that fullow. 

Because similar operations were performed on two separate occassions 

to include al l  dosimeters, some effort  has been made to identify measure- 

ments w i t h  the date on which they were made. One se t  of reactor runs 

was conducted March 15-16 and another se t  on March 23. The reactor was 

operated for the same length of time and a t  the same power level in both 

, sets  of runs. Consequently, one would n o t  expect differences in the 

neutron dose between these sets of runs, and real differences were not 

observed. The gdmma doses are a function not only o f  the reactor 

operation b u t  how long the dosimeters stayed in the high background area 

around the reactor. Since this  "stay" time could have varied between 

se ts  of operations, i t  was more important to keep t rack  of potential 

differences in gamma dose. A real difference in gamma doses was observed 

only for  the two different unshielded reactor exposures. 

The participant data are summarized in Tables 11 -14 for the different 

exposure conditions. No minimal or zero values were used in these sum- 

maries. The results would have looked worse had these values been used. 



Since the median i s  a central tendency parameter which tends to  minimize 

the impact of extreme data points, i t  was chosen as o n e . s t a t i s t i c  to  be 

presented. This minimized the inclination to "sort  the data" by throwing 

out obvious out l ie rs .  Consequently, the means and standard' deviations 

in Tables 11 -14 ref lec t  nearly a1 1 the data (exceptions a1 ready mentioned). 

For intercomparison studies,  i t  i s  important to  see how well the 

par t ic ipants '  measurements agree with reference values of radiation dose 

equivalent as well as with each others '  experimental resul ts .  The 

neutron dose equivalents as determined for  the two se t s  of runs (see 

Tables 2-4) were averaged for  both the proportional counter and the 

sul fur  pel 1 e t s  , independently, to  serve as the reference values. These 

values are  compared with the mean and median values of the par t ic ipant 's  

measurements in Table 15. Reference dosimetry as determined by sulfur  

pe l le t s  has a larger  uncertainty than doses determined by the *Hurst 

proportional counter. This i s  especially true for  the concrete and 

s teel  /concrete shields for  which the attenuation factors are  not we1 1 

known. A comparison of gamma reference dosimetry with par t ic ipant 's  

resu l t s  i s  given in Table 16. While the data have been kept separate for 

the two se t s  of runs. i t  appears that  only data from the unshielded part 

of the experiment needed to be separated. 

CONCLUSIONS 

A few tentat ive conclusions are suggested by th i s  study; however, 

one needs to  be cautious since some data points represent only a few 

measurements. Perhaps the data from a l l  the PDIS studies could be 

combined t o  yield more defini t ive conclusions. I t  appears tha t  NTA film 



(see Tables 17-14) c o n s i s t e n t l y  underestimates the  dose. This would be 

even more d r a m a t i c a l l y  por t rayed i f  zero and minimal values had been 

included. '  Other neutron dosimeter types respond about equal l y  we1 1 ( i f  

one considers +50-100% acceptaol e ) .  

-F i lm has a smal le r  standard dev ia t i on  than TLD's f o r  gamma dosimetry. 

Th is  observat ion  i s  based on too l i t t l e  data t o  be conclusive, however. 

Overa l l ,  standard dev ia t i ons  were excessively la rge.  Few o f  t he  

dosimeters i n  t h i s  P D I S  would pass t h e  gu ide l ines  contained i n  a d r a f t  

Arneri can Nat iona l  standard1 and supported by the  Nuclear Regulatory 

Commission. The few b r i g h t  spots were f o r  dosimeter types mir i imal ly  

'represented and consequently l a c k  the  degree o f  conf idence t h a t  i s  

r e q u i r e d  t o  a1 low one t o  a s s e r t  acceptable performance. For example, 

t r a c k - e t c h  dosimeters genera l l y  agreed w i t h  the  reference dosimetry and 

had a smal ler  s tandard d e v i a t i o n  than albedo dosimeters. 

Thi's type o f  in tercompar i  son a c t i v i t y  was found t o  he valuable t o  

t h e  p a r t i c i p a n t s ,  and t h e  r e s u l t s  a re  i n d i c a t i v e  o f  some Lr-ouble spots 

i n  t h e  i n t e r p r e t a t i o n  o f  dosimeter responses. The p a r t i c i p a n t s  and 

dosimeters have n o t  been t h e  same from one y e a r ' s  study t o  t h e  next,  and 

t h e r e  i s  nn reason t o  b e l i e v e  t h a t  t h e  same p a r t i c i p a n t s  w i l l  cont inue 

year  a f t e r  year. Thus, new groups can be helped by o f f e r i n g  t h i s  

a c t i v i t y  on a con t inu ing  basis. It i s  a n t i c i p a t e d  t h a t  t h i s  type o f  

in tercompar ison study w i  1 l be worthwhi le on a r ~  annual basls u n t i l  tho  

.problems i n  dosimeter response and i n t e r p r e t a t i o n  have been i d e n t i f i e d  

and solved. 
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Table 1 .  Summary o f  r e a c t o r  opera t ions  f o r  t h e  fou r th  PDIS 

Run Shie ld  Power Ti me F i s s ions  
(wa t t )  (set> ,(1613) 

1 and 5 None 2 1.87 1.16 

2 and 6 Luci t e  2 990 6.14 

3 and 7 Concrete 1.7 1285 , . 6.77 . 

4 and 8 Stee l  /Concrete 1 .9  1328 7.83 

Table 2. Su l fu r  p e l l e t  dosimetry 

Kerma Dose 
Run Date (mil 1  i r a d ) a  QF equiva lent  (mi 11 i rem) 

None 45.. 9 + 10% 9.4 2 4% 431 + 46 
Luci t e  4 9 . 2 2 1 1 %  8 . 9 2 5 %  4 3 8 2  53 . .  

Concrete 67.8 + 16% 8 .6  t 5% 583 + 97 
Stee l  / 7 1 . 0 + 1 9 % .  8 , 8 + 5 %  6 2 5 + 1 2 3  
Concrete . % 

None 4 9 . 4 + 1 0 %  9 . 4 & 4 %  4 6  50 
Luci t e  ' 5 3 . 3 + 1 1 %  8 . 9 2 5 %  4 7 4 +  57 
Concrete 63.3 + 16% 8.6 + 5% 544 t 91 
Stee l  / 7 0 . 0 + 1 9 %  8 . 8 + 5 %  6 1 6 2 1 2 1  
Concrete 

a Error due t o  combination of  counting e r r o r s ,  ex t r apo la t ion  from 
loca t ion  o f  pel l e t  t o  dosimeter pos i t i on  and unce r t a in ty  in sh ie ld ing  
a t t enua t ion  f a c t o r s .  . . 
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Table 3. Reference dosimetry f o r  the  fourth PDIS (March 15-16, 1978) 
- -- 

Dose equivalent  
Exposure Neutron dosea Neu t ~ o n  ( m i  11 i rem) 
condit ion (mi 1 1 i rad)  Q F Neutron  amm ma^ 

Unshielded 51.2 

Luci t e  46.8 

Concrete 51.7 

Steel/Concretc 53.1 

a ~ e a s u r e d  with a Hurst proportional counter. The e r r o r  due t o  
ca l ibra t i -on source 'uncer ta inty  and counting s t a t i s t i c s  amounts t o  
approximately 10%. 

b ~ u a l i t y  f a c t o r s  a r e  known t o  4% f o r  the unshielded reactor  
spectrum and approximately 5% f o r  the  various shielded spect ra .  

C Reference gamma. dosimetry performed using TLD's. 

Table 4. Re.ference dosimetry f o r  the fourth PDIS (March 23, 1978) 

Dose equivalent  
Exyusur-e Neutron dosea Neu t ~ o n  (mi 1 1 i rem) 
condit.iun (ini 1 1 i rad) Q F Neutron   am ma' 

U n s h i  e l  ded 46.0 

Luci t e  52,4 

Concrete 49;2 

Steel/Concrete 47.6 

a Measured w i t h  a Hurst proportional counter. The e r r o r  due t o  
c a l i b r a t i on  source uncer ta inty  and counting s t a t i s t i c s  amounts t o  
approximately 10%. 

b ~ u a l i t y  f a c to r s  a r e  known t o  4% f o r  the  unshielded reactor  
spectrum and.approximately 5% f o r  the  various shielded spect ra .  

e Reference gamma dosimetry performed using TLD's. 



Tab le  5. Ca l cu la ted  doses and dose equ i va len t s  f o r  PDIS 
ope ra t i ons  based on r e a c t o r  o p e r a t i n g  i n fo rma t i on  a 

F i  ss i ons F l  uence 
S h i e l d  Dose Dose e q u i v a l e n t  

(1  0' 3, (cm-2 x (mi 11 i rad )  (mi 11 i rem) 

None 1.16 

L u c i  t e  6.14 

Concrete 6.77 

S tee l  / 7.83 
Concrete 

Tab le  6. Types o f  dos imeters  used i n  t h e  f o u r t h  PDIS 

Group Neutron Gamma 
dos imeter  dos imeter  

Argonne Na t i ona l  Labora to ry  
B a t t e l l  e  PNL 
Cornel 1  Uni v e r s i  t y  
Czechoslovak Academy o f  Sciences 
Department o f  Navy 
Department o f  Energy/IOO 
E b e r l i n e  Ins t rument  Corpora t ion  
Fermi Labora to ry  
Goodyear Atomic Corpora t ion  
Kernforschungszentrum K a r l s r ~ l h ~  
Lawrence Berke ley  Labora to ry  
Lawrence L ivermore Labora to ry  

R. S. Landauer, J r .  & Company 
Rockwell I n t e r n a t i o n a l  
Savannah R i  v e r  P l a n t  
S t a n f o r d  U n i v e r s i t y  
Teledyne Iso topes  
Tennessee V a l l e y  A u t h o r i t y  
U n i v e r s i t y  o f  C a l i f o r n i a ,  Davis 
U n i v e r s i t y  o f  San Franc isco 
Westinghouse, B e t t i s  
Yale U n i v e r s i t y  

NTA f i  l m  
TLD a1 bedo 

Track e t c h  
TLD albedo 
TLD a1 bedo 
TL D 
NTA f i lm/Track  e t c h  

TLD albedo 

TLD albedo/ 
Track e t c h  

Track e t c h  
TLD albedo 
TLD albedo 
TLD albedo 
TL D 

NTA f i l m  
Track e t c h  
TLD albedo 
NTA f i l m  

F i l m  
TL D 
TL D 

TL D 
TLD 
TLD 
F i  lm/TLD 

TLD 

TLD 

TL D 
TLD 
TL D 
TLD 
TL D 
F i l m  

TL D 
F i l m  



Tahle 7. aesul ts o f  o a r t i c i n a n t ' s  leasurerents for the unshielded IIPRR exooluws 

~ v o u n  Neutron 
dosimeter 

1 1 (NTA f i l m )  
2 (NTA f i l m )  
3 (NTA f i l m )  

2 ' I (Albedo) 

3 

3 ! (1n .c~  n r r h \  

1 (Fi lm) 
2 (Fi lm) 
3 (Fi lm) 

1 (TLO) 

Not corrected fo r  neutron respnoc 
Not Corrected fo r  neutmn r e s p n Y  
1101 corrected f o r  neutron respnse 

188 
ZOO 
775 

. 5  1 ( ~ l b e d o )  
2 (Alned0 

' 3 (Albedo] 

6 1 (Albedo) 
2 (Albedo) 
3 (Albedo) 

8 1 (HTA f i l m )  
2 (NTA f i l m )  
3 (Tract  e lch) 
4 (Track etch) 

9 

10 1 (Albedo) 

11 

12 1 (Albedo) 

13 1 (Track etch) 

Ir a i r  No resu l t s  reported 

No resu l t s  reported 

Reported only average o f  3 
nca,u#mrct~t> 

16 1 ( A l b d n l  
2 Albedo 
3 !Albedo{ 

16 1 (Albedo) 

H20 b o t t l e  

19 1 (NTA f i l m )  
2 (NTA f i l m )  
3 lNTA f l l rn )  

1 (F i lm)  
2 (F i lm)  
3 (F i lm)  

COO 

21 1 (Albedo) 
2 (Albedo) 
3 (Albedo) 

1 (TLO) 
2 (TLO) 
3 OLD) 

1 (F i lm)  
2 (Fl lm) 

22 1 (NTA f i l m )  
2 (NTA f i lm)  

% = minimum detectable o r  m i n i m 1  but reported w l thou t  spec i t i c  d e f h l t i o n  



Table 8. Results of na r t i c ipan t ' s  measurements for  Luc i te  shielded HPRR exoosvres 

'leutmn Garma 
9rouo dose eouivalent dose equivalent 

I n i l l i r m )  I m i l l i r e m l  

ohantom Date of 
used exqosure 

R m r k s  

A 3/15/78 
A 3/15/78 
A 3/15/78 

8 3/15/78 

C 3/15/78 Not corrected fo r  neutron response 
C 3/15/78 b t  corrected fo r  neutron responn 
C 3/15/78 bt corrected fo r  neutron response ' 

I n  a i r  3/15/78 

C 3/15/7tI 
C 3/15/78 
C 3/15/78 

1 1 (NTA f i l m )  205 1 (Fi lm) 55 
2 (NTA f i l m )  225 2 (Fi lm) 50 
3 (NTA f i l m )  230 3 (Fi lm) 50 

4 1 (Track etch) 690 

5 I ( ~ l d e d o )  1342 
2 (Albedo) 1139 
3 (Albedo) 1249 

6 1 (Albedo) 221 1 (TLD) 
2 (Albedo) 193 2 (TLD) 
3 (Albedo) 211 3 (TLD) 

8 1 (NTA f i l m )  
2 (NTA f i l m )  
3 (Track etch) 200 
4 (Track etch) 192 

9 

10 1 (Albedo) 420 

11 

1 (Fi lm) 80 
2 (Film) ffl 
3 (TLO) 130 
4 (TLD) 120 

I n  a i r  3/15/78 No resu l t s  reported 

Did not par t i c ipa te  In  t h i s  
c.posure 

C 3/15/78 
C 3/15/78 

12 1 (Albedo) 510 
2 (Track etch 629 

albedo c o d . )  

13 1 (Track etch) 3/15/78 Combined par t i c ipa t ion  w i t h  Group 20 
Reported only arcrage of 3 m s u m -  
m n t s  

14 1 (Albedo) 3/15/78 Reported only average of 3 masure- 
m n t s  

15 1 (Albedo) 
2 (Albedo) 
3 (Albedo) 

16 1 (Albedo) 

17 1 (TLD) H20 b o t t l e  

I (NTA f i lm)  
l9 2 N m  f i l m )  

I (Fi lm) 
2 (Fi lm) 
! ( r i l m )  

20 I (Track etch) 3/15/78 Combined ~ a r t i c i p a t i n >  -Ill- B m p  LO 

21 1 (A1 bedo) 
2 (Albedo) 
3 (Albedo) 

22 1 (NTA f i l m )  
2 (NTA f i l m )  

b - m i n i m  detectable o r  minimal bu t  reported w i th  no speci f ic  de f in l t i on .  



Table 9. Results of n a r t i c i o a n t ' s  masurements for  concrete-shielded HPRR exoosvrer 

Yeutron 
Grnmap 

Gama , , ~ ~ Y ~ ~ c , .  dose equivalent do!fz:cr dose equivalent Phantom Date o f  
(m i l l i rem)  ( n i l l i r e n l  used ex~osure  

Remarks 

1 I (NTA f i l m )  180 
2 (NTA f i l m )  175 
3 (NTA f i l m )  165 

I (F i lm)  35 
2 (F i lm)  35 
3 (F i lm)  35 

2 1 (Albedo) 4 60 1 (TLD) 50 8 3/16/78 

J l l b I 7 u  not cofrected fo* nm~tmn w ~ p n w  
3/16/18 l o t  corrected fo r  neutron response 
3/16/78 Mot corrected f o r  neutron response 

4 1 (Track etch) 560 I n  a i r  3/16/70 

5 1 ( ~ l b e d o )  6849 
2 Albedo 

1 (TLO)  
7555 

btl 
2 (TLO) 

3 IAlbedo] 7317 3 (TLU) 4b 
58 

6 1 (Albedo) 
2 (Albedo) 
3 (Albedo) 

8 1 (NTA f i l m )  46: 
2 (Track e t c l ~ )  31 J 

9 

10 1 (Albedo) 590 1 (TLO) 

Old not par t i c ipa te  I n  t h i s  e rpovre  

35 A 3/23/78 

11 . - 0 3/16/78 llo resu l t s  reported 

12 I (Albedo) 5W 1 OLD) 
2 (Track etch 

39 
356 

albedo c a b .  ) 

13 I (Track etch) 630 C 3/16/78 Contined participation w l t h  Gmup 20 
Rcpcrted on ly  average of 3 m a s u r e  
mntr 

14 1 (Albedo) 749 1 (TLD) 39 B 3/16/78 Rcp?rted only average of 3 vnrurr -  
m n t s  

15 1 ( ~ l b i d o  
2 Albedo 

830 

I [Albedo/ 735 795 

16 I (Albedo) 710 1 (TLD) ' 31 ' A 3/16/78 

17 I ITLO) 631 . I (TLO) 51 H,Il h n t t l p  3/16/78 

19 1 (NTA f i l m )  40 
7 (NTA f i l m )  

I (F i lm)  
50 

50 

3 (NTA f i l m )  
2 (F i lm)  60 

90 3 (F i lm)  45 

20 I (Track etch) 630 C 3/16/78 Crn:incd participation wi th  Gmup B 

2 1 1 (Albedo) 335 I (TLD) 
2 (Albedo) 

51 
358 2 (TLO) 

3 (Albedo) 
45 

356 3 (TLO) '41 

22 1 (NTA f i l m )  @ 1 (F i lm)  60 
2 (NTA f i l m )  234 

C 
2 (F i lm)  

3/16/78 
70 C 3/16/78 

'tl = minimm detectable o r  minimal but reDorted w i t h  no spec i f i c  definition. 



Table 10. Results o f  pa r t i c i pan t ' s  measurements f o r  steel/concrete-shielded HPRR exposures 
- -- - - - --- - - -- - 

Neutron Gamna 
Groun d r  dose equivalent dose equivalent used exnosure Oate o f  Remarks 

(mi I 1  i rem) ( n i  1 l i rem) 

1 1 (NTA f i lm )  185 1 (F i lm)  30 
2 (NTA f i lm )  170 2 (F i lm)  35 
3 (NTA f i l m )  155 3 (F i lm)  35 

2 1 (Albedo) 9FO 1 (TLO) 50 B 

3/16/78 Not corrected f o r  neutron response 
3/16/78 Not corrected f o r  neutron response 
3/16/78 Not corrected f o r  neutron response 

4 I (Track etch) 5CO I n  a i r  

5 1 Albedo) 23F7 
2 [Albedo) 2514 
3 (Albedo) 1609 

6 1 (Albedo) 457 
2 (Albedo) 423 
3 (Albedo) 453 

1 (NTA f i l m )  p 
2 (Track etch) 306 

1 (F i lm)  70 
2 (TLD) 100 F 

Did not  oa r t i c i pa te  i n  t h i s  exnosure 

1 (Albedo) 73n 1 (TLD) 35 B 

B 

1 (TLO) 41 C 
C 

No resu l t s  reported 

1 .(Albedo) 420 
2 (Track etch 328 

albedo comb. ) 

1 (Track etch) 620 Cmbined p a r t i c i p a t i o n  w i t h  Grmp 
Reported on ly  average of 3 masure- 
m n t s  

Reported on ly  average of 3 measure- 
m n t s  

1 (Albedo) 990 

15 1 (Albedo) 930 
2 (Albedo) 965 
3 (Albedo) 1130 

1 (TLD) 
2 (TLD) 
3 (TLD) 

16 1 (Albedo) 1000 1 (TLD) 32 A 3/16/78 

17 1 (TLD) 741 I (TLD) 52 H20 b o t t l e  3/16/78 

19 1 (NTA f i l m )  0 1 (F i lm)  50 
15 7 ( F i l m )  60 
0 3 (F i lm)  50 

20 I ( I r ack  e tch)  620 C 3/16/78 Cnblncd pa r t i c i pa t i on  with Group13 

2 1 1 (Albedo) 333 1 (TLD) 39 
2 (Albedo) 358 2 (TLD) 49 
3 (Albedo) 372 3 (TLD) 45 

22 1 (F i lm)  70 C 3/16/78 
Y(Ti.lm) 70 C 31 l b/78 

a~ = minimum detectable o r  minimal hut reported w i t h  no spcc i f i c  dc f i n i t i on .  



Table 11. Summary of unshielded measurements" 

No. of Standard 
. Dosimetertype measurements Median Mean deviation ( a )  % a 

A1 bedo 17 495 508 271 53 
TL D 3 595 578 63 11 
NTA film 5 250 202 104 51 
Track etch 4 288 344 176 5 1 
A1 1 2 9 457 440 252 5 7 

Gamma (3/15/78) 

TLD 
Film 
A1 1 

Gamma (3/23/78) 

TLD 
Film 
A1 1 

a No minimal or zero values were used. Gamma measurements by one 
part ic ipant  were excluded because the d a t a  could not be corrected fur 
neutron response. 



Table 12. Summary o f  Luci  t e - s h i e l  ded measurementsa 

Standard No. Of  Median Mean deviation(a) Dosimeter type measurements % a 

Neutron 

A1 bedo 
TL D 
NTA f i l m  
Track e tch  
A1 1 

Gamma (3/15/78) 

TLD 
F i  lm 

Gamma (3/23/78) 

TL D 
F i l m  
A1 1 

A1 1 Gamma 
- - -  - -- 

a No minimal o r  zero values were used. Gamma meastlrements by one 
p d r t l c i p a n t  were excluded because the  data cou ld  n o t  be co r rec ted  f o r  
neutron response. 



Table 13. Summary o f  concrete-shie lded measurementsa 

No. o f  
Dosimeter type measurements 

Standard Median Mean aeviation(o) % a 

A9 bedo 17 SUU 1720 2642 154 
TLD 4 520 568 60 11 
NTA f i l m  8 170 162 205 127 
Track e tch  4 458 46 5 153 33 
A1 1 33 493 1053 2027 192 

Gamma (3/16/78) 

TL D 14 44 44.8 10.6 24 
F i  lm 5 35 47.0 16.8 . 3 6 
A1 1 19 43 45.4 12.0 2 6 

Gamma (3/23/78) 

TLD 
F i l m  
A1 1 

A1 1 Gamma 32 44 49.1 13.5 2 9 

a No minimal o r  zero values were used. Gamma measurements by one 
p a r t i c i p a n t  were excluded because the  data cou ld  n o t  be cor rec ted  f o r  
neut ron  response. 



Table 14. Summary of s tee l  /concrete shielded measurementsa 

No. of Standard 
Dosil-neter type .,aS re,e, ts Median Mean deviation (o )  % o 

Neutron 

A1 bedo 
TLD 
NTA f i lm 
Track etch 
A1 1 

Gamma (3/16/78) 

TL D 
Film 
A1 1 

Gamma (3/23/78) 

TLD 9 40 46.1 20.7 4 5 
F i  lm 4 50 55.0 10.0 18 
A1 1 13 43 48.9 18.1 37 

A1 1 Gamma 3 1 43 ' 54.1 30.2 56 

a No minimal o r  zero values were used. Gamma measurements b.y one 
par t i c ipan t  were excluded because the data could not be corrected f o r  
neutron response. 



Table 15. Comparison o f  neutron measurements o f  t he  
f o u r t h  PDIS w i t h  re fe rence dosimetry  

Reference dosimetry P a r t i c i p a n t s  r e s u l t s  
(mi 1 1 i reill) . (mi 11 i rem) 

S h i e l d  
, P ropo r t i ona l  Sul f u r  Mean + a MedS an 

coun te r  

None 456 + 50 448 i 48 440 + 252 457 

Luc i  t e  44,l + su 456 k 55 444 L 314 420 

Concrete 434 + 48 563 + 94 1053 + 2027 493 

S tee l  /Concrete 443 + 50 620 + 122 720 + 606 500 

Table 16. Comparison o f  gamma measurements o f  the  
f o u r t h  PDIS w i t h  re fe rence dosimetry  

Reference dosimetr.ya P a r t i c i p a n t s  r e s u l t s  
(mi 1 1 i rem) (mi 11 i rem) 

S h i e l d  Kuns on Runs on RUIIS on Runs on 
3/'15- 16 3/23 3/15-16 3/23 

None 32 15 42.4 L- 16.0 21.2 + 9.1 

L u c i  t.e 4 1 5 3 71.4 L 29.6 72.3 + 26.8 

Concrete 27 3 3 45.4 + 12.0 ' 49.5 2 15.7 

S tee l  /Concrete 2 4 3 3 57.9 + 36.6 48.9 + 18.1 

a Reference dos imet ry  by TLD has e r r o r  o f  + lo%. 





Fig. 2. TypfcaT experimental arran ement with the steel/concrete 

center foreground. 
9 shields I n  place. The flurst proporticma counter i s  located i n  the 



Fig .  3. Calculated H P R R  leakage spectrum a t  3.0 meters from the 
center1 i ne of the core. 
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