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ABSTRACT 

Dosimetry measurements end ca l ibra t ions  have been made at t h e  

University of Washington's Fast  Neutron Medical Resezrch Fac i l i t y .  

The f a c i l i t y  is  designed t o  de l iver  locz l ized  neutron doses of a ' 

f ew rads to t h e  t e s t e s  of volunteer scb jec ts  at 2.5 MeV &d 1 4  MeV. 

Dose measurements were based on the  cse of t i s s u e  equivalent ion 

chambers. Dosimetry a?d shielding cees-uements show t h a t  doses 

accurate t o  f 10% 

while maintaining 

other port ions of 

can be delivered t o  t h e  volume of i n t e r e s t  

s a fe  dose l eve l s  outs ide t h e  sh i e ld  and t o  

t h e  subject .  

!, .. .. 
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FIGURE CCPTIONS 

Schematic representation of Medical Research Fac i l i t y  showing 

major hardware. 

irradiate t h e  testes from t h e  f ront .  
t h e  positions of the specer end bed are interchanged (rotate 180~). 
The subject  kneels over the bed with the lower legs extending 

i n t o  notches i n  t h e  sides of t h e  spzcer. 

As diagramaea the  f a c i l i t y  I s  set  up t o  
To irradiate from the  r ea r  

Figure 1 

i 

Figure 2 Overall v i e w  of t h e  ne&ical research f a c i l i t y .  
the  BF 

the  figure.  

The posi t ions of 

tube f o r  monitoring a t  2.5 MeV znd 1 4  MeV are shown on 3 

Calibration and locat ion of. ion chanbers f o r  use as a secondary 

monitor. 

Figure 3 i 

Dose t o  measured points  i n  t h e  volume of i n t e r e s t  f o r  2.5 MeV 

neutrons. 

Figure 4 i 

Approximate posi t ion of the  t e s t e s  i n  t h e  volume of i n t e re s t .  Figure 5 

Figure 6 Dose t o  measured points  i n  the  volucle of i n t e r e s t  f o r  1 4  MeV 

neutrons. ! 

. ‘Figure 7 
.. 

Dose t o  various loczt ions (men)  f o r  10  rzds t o  the  volume of 
i n t e re s t .  A l l  meesurenents t o  the  v e r t i c a l  sect ion (A-A’ )  are  

on the  center l ine of t h e  t a rge t  unless otherwise noted. 
on t h e  f loo r  plen represent dose rztes two feet  off  the  f loor .  

(See Figure 2 f o r  plan deteils)  

IZ’umbers 

I 

L 
Reference loczt ion f o r  t he  i r r ad iz t ion  vessel. .. Figure 8 i 

/ 
Figure 9 Reference locat ion f o r  t he  indexing rod. 

I U b 3 9 0 1  
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INTRODUCTION 

This report  describes and summarizes dosinetry measurements made on 

t he  University of Washington's "Fast MeutroD Medical Research Facil i ty".  

The f a c i l i t y  is  composed of a massive sh ie ld  of water, concrete blocks, 

and l i thium s t ea ra t e ,  containing a neutron generator and an i r r ad ia t ion  

couch f o r  a subject.  

2.5 MeV neutrons, and much higher doses of 1 4  GeV neutrons t o  a small 

volume of i n t e r e s t  ( t he  t e s t e s )  on a volunteer subject 

. The f a c i l i t y  is  desigaed t o  del iver  low doses of 

I 
(1,2,3) 

To se lec t ive ly  irradiate t h e  volune of i n t e r e s t ,  it i s  necessary 
2 t o  use r 

next t o  the source of neutrons. 

attenuation--thus i r r ad ia t ing  with the  volute of ' i n t e re s t  

In  order t o  produce uniform doses a t  

s m a l l  source t o  i r rzdiat ion-volme d is tz rces ,  it i s  necessary t o  i r r ad ia t e  

with one-half o f . t h e  dose delivered from the  front  of t h e  volume of 

i n t e r e s t  and t h e  other  half  from the  rear .  

representation of the  f a c i l i t y  indicat ing tke  major pieces of hardware. 

Figure 1 shows a schematic 

The volume t o  be i r r ad ia t ed  i s  coatained i n  a 5 by 7 by 10 cm p l a s t i c  

cup f i l l e d  with w a r m  water. 

warmth w i l l  cause descent of t he  t e s t e s ,  a d  second, the cup and t e s t e s  

w i l l  approximate a s ingle  t i s s u e  equ ivden t  nsss, thus mrking the  dose 

This is  done f o r  two ressons: f irst ,  the 

\ 

dis t r ibu t ion  independent of vzr ia t ions f roz subject t o  subject.  A temp- 

e ra ture  control  c i r c u i t  i s  used t o  r e , d z t e  t h e  temperature of the  water 

t o  within 0.25' F. 

__ . . . . 



- 6 -  

Geometry control  i s  izlportant i f - reproducib le  doses are t o  be 

delivered. The testes are res t re ined  within t h e  p l a s t i c  cup by a p l a s t i c  

i n s e r t  forcing them against  t h e  surface of t h e  cup facing the  ta rge t .  

The f ront  of t he  cup is  referenced t o  the  f ront  of t h e  table which is in' 

t u rn  referenced t o  an indexing rod (See A3pendix). Both the  table and 

the  spacer are connected t o  the  indexing rod by s l i d e  b o l t s ,  thus allowing 

posi t ioning t o  within 1/16 of en inch a d  preventing uncontrolled movement. 

The trunk of the  subject i s  not res t rz ined  during i r r ad ia t ion  and i s  t h e  

only uncontrolled parameter. 

The dosimetry i s  based on tissue-equivalent dosimetry methods although 

ac t iva t ion  methods were used i n  the  preliminary Most 

of t he  measurements were mede w i t h  air f i l l e d  penci l  chanbers made of 

' tissue-equivalent plastic") .' These ion chenbers were cal ibrated against  a 

la rge  volume tissue-equivalent ion chamber f i l l e d  with tissue-equivalent 

gas. 

t h e  proper neutron spectrum. 

The ca l ibra t ion  w a s  done et the  f a c i l i t y  t o  assure ca l ibra t ion  with 

A l a rge  volume grzphite ion chamber f i l l e d  

with CO w a s  used t o  estimate the  contribution t o  the  dose from gamma rays. 

Current through t h e  la rge  volme chanbers w a s  read continuously while t h e  

penc i l  chambers were pulse read 

2 

( 5 )  
/ 

>\ . 
A moderated BF tube is  used t o  give e continuous 

delivered t o  the  volume of i n t e r e s t .  For i r r zd ia t ions  

tube i s  l O C 8 t e d  a t  t he  rear of t he  sh ie ld  while f o r  1 4  

3 
nonitor of the  dose 

a t  2.5 MeV the  BF3 

KeV ceutrons it w a s  

found t h a t  be t te r  performance occurred wi th  the  tube located near t h e  

f ron t  of t he  shield.  
A. 

Figure 2 shows the  general posit ions f o r  t he  monitor. 

b 
- .  . 
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This monitor w a s  cal ibrated during the  dosimetry experiments, but should 

not be re l ied on exclusively as a standard during exposures due t o  

var ia t ions caused by posi t ion chenges of t h e  subject.  

i n  more detai l  i n  l a te r  sections.  

f o r  the 2.5 MeV neutrons and sulfur p e l l e t s  were used f o r  t h e  1 4  MeV neutrons 

as supplementary monitors. The ion chm.bers are contzined i n  holders aff ixed 

t o  the  cup and the sulfur p e l l e t s  are teped t o  the t a rge t  holder. 

This  i s  discussed 

, Tissne-equivalent ion chambers were used 

For t h e  purposes of dosimetry, an Alderson Research Remab phantom 

f i l l e d  with a tissue-equivalent solut ion of wzter and sugar w a s  used. The 

phantom contained approximately 30 l i t e r s  of water and &bout+ 13.5 kg of 

sugar and 1 kg of ge l a t in  i n  so lu t ion(6) .  The phantom is ar t icu la ted  

and contains a skeleton and dosineter tL5es so t h a t  dosimeters can be 

placed a t  various points of i n t e r e s t .  

DOSINETRY AT 2.5 MeV 

DOSE MONITORING> 

Experiments were performed t o  invest igzte  t h e  e f f ec t  on t h e  monitor 

tube) of var ia t ion  i n  the  posi t ion of t he  phzntom and the posi t ion (BF 

of the  table on which it rests. 
3 

\%%en the  f z c i l i t y  i s  set t o  i r r a d i a t e  

t h e  volume of i n t e r e s t  from t h e  f ront  (See Fig. 1) , t h e  trunk of t he  sub- 

j e c t  i s ,  e f fec t ive ly ,  between the  t a rge t  a d  the  nonitor.  This  i s  

referred t o  as Posi t ion A. I n  t h i s  posi t ion noving t h e  

l e f t  o r  r i g h t  caused a decrease of about & i n  t h e  dose 

volume of i n t e r e s t  per unit  monitor count when compared 

phantom’s torso  . 

&:slivered t o  the 

t o  the  normal 

A ?  .. 

“I  

. . . _... . ..- _-. , 
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posi t ion.  The t o r s o  w a s  pivoted about e l i n e  through t h e  testes with t h e  

head moving s i x  inches lef t  o r  r i g h t  of t he  cen t r a l  posi t ion.  

' the  r i g h t  

Removing 

caused a decrease i n  t h e  dose'of about 3% per  unit  monitor 

count. Keeping t h e  posi t ion of t h e  volune of i n t e r e s t  f ixed  with respect  * 

t o  the  source of neutrons, it w a s  found t h a t  moving t h e  bed and phantom 

2 3/4 inches t,oward the generator caused an increase of a3out 11% i n  t h e  

dose per  u n i t  monitor count. 

t he  bed had no observed e f f ec t  on t h e  dose per  unit  monitor count. 

- 

The pos i t ion  of t h e  spacer located behind 

When t h e  f a c i l i t y  is  set up t o  irrzdizte t h e  volume of i n t e r e s t  from 

t h e  rear (Posi t ion B), it wss found t h e  posi t ion of the phantom's trunk 

had no observed effect  on the  dose t o  the volume of i n t e r e s t  fo r  a unit 

monitor count. 

and t h e  monitor and the  neutron source i s  behind the  subject .  

t h e  lower l e g  of t h e  phmton, which r e s t s  i n  a notch i n  t h e  spacer, caused 

a decrease of about 12% i n  the  dose per  un i t  monitor count. 

I n  t h i s  pos i t ion ,  the  s p c e r  i s  between t h e  neutron source 

Renoving 

Holding t h e  

pos i t ion  of t h e  volume of i n t e r e s t  c o n s t m t ,  but moving t h e  spacer toward 

t h e  generator one inch, caused an increase of about 5% i n  t h e  dose per  

un i t  monitor c o u i t .  

. \  

For 8n Alderson Resesrch Rem3 @ a t o n  f i l l e d  w i t h  a t i s s u e  equivalent 

solut ion(6)  t h e  ca l ibrz t ion  f o r  t h e  coni tor  i s  106,000 counts per rad  i n  

Posi t ion A ( i r r a d i a t i o n  f ron  t h e  f r o n t )  2nd 100,000 counts per  rad  i n  

Posi t ion B f o r  primary neutrons of ebout 2.5 MeV. 

dose of one rad t o  the  volume of i n t e r e s t  a d  i n  f ixed posi t ions as 

This i s  for an average 

defined in t h e  Appenciix 1. 
; 

A , ?  .. 
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Since var ia t ions i n  t h e  s e n s i t i v i t y  of t h e  dose reonitor are l i k e l y  t o  

occur due t o  d i f fe ren t  body s izes  end movement of t he  t runk,  a second 

method of ca l ibra t ion  w a s  devised which i s  r e l a t ive ly  unaffected by the  

phantom's posit ion.  

cup can be used t o  monitor t he  dose. 

cup and t he  ca l ibra t ions  obtzined for  ion chmbers i n  t h i s  posi t ion are 

shown i n  Fig. 3. 

- 

During exposures penci l  ion chambers aff ixed t o  t h e  

A spec ia l  holder is provided on the  

A t  first glance, one would expect chzmbers 1 end 2 t o  agree unless t he  

dose center of t h e  t a r g e t  did not coincide w i t h  t he  geometrical center. 

I n  general, one would not expect the dose center and geometrical center 

t o  agree, but it m u s t  be noted t h a t  the  posi t ions of t he  chamber a re  not 

exactly symmetric with the center of the  t a rge t .  

asymmetry in these cal ibrat ions.  Usicg only t h e  BF monitor, an accuracy 

of about 2 10% i n  t he  average dose delivered t o  the  volme of i n t e r e s t  is  

feasible .  

determined doses, but serve as a secocdary check. 

%is czuses the  apparent 

3 

The ion chambers w i l l  not i q r o v e  upon the  accuracy of the  BF 3- 

DOSE DISTRIBUTION IN TEIE VOLL..*% OF IKTZ3ZST 

Figure 4 shows t h e  dose d is t r ibu t ion  for  a typ ica l  i r r ad ia t ion  of 

t he  volume of i n t e r e s t  with the Renab phmtoa i n  t h e  f a c i l i t y  and with 

one-half the  dose delivered from the  front  and one-hzlf from the  rear .  

Figure 5 shows the  assmed posi t ion of t he  t e s t e s  during en i r rad ia t ion .  

These points  were measured with penci l  ion cham3ers as mentioned previously. 

It was assumed tha t  t he  dose center a d  geonetr ical  center were t h e  same. 

This d is t r ibu t ion  represents u3 average dose of 0.98 rzds t o  t h e  volume of 

! 

interest. The points  show a standard deviation of  0.22 rads and range from 

0.60 rads t o  1.45 rads. This dose required an exposure t i m e  of about 50 

minutes. 
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DOSE TO OTHER LOCATIONS IN TXE PHANTOM 

Dose t o  other  points  i n  t h e  phantom were a l s o  investigated.  The 

doses are shown i n  Table I. 

TABLE I: Dose f o r  a One Rad Dose t o  t h e  Volume of I n t e r e s t  - 2.5 MeV 

(7 )  Location i n  Phvltom 

Eye 
Base of Sternum 

Pros t a t i c  Urethra 

Trigone Area of Bladder 

Anus 

Rectum 

Dose ( m a d )  

64 
118 

87 
84 
40 

59 

I n  most cases, the Boses zre less t h a n  oce-tenth the dose t o  the  

Most of t he  b s e s  &re approximetely as expected. volume of i n t e re s t .  

I n  t h e  case of t h e  eye and t h e  3ase of the  sternum, t h e  doses are much 

higher than expected from calculat ions.  The reason f o r  the high read- 

ings i s  not known, but these points  would be'expected t'o agree more 

closely with 'the r e s u l t s  for 1 4  MeV neutrons (Table 2). A second series 

of measurements confirmed t h z t  doses t o  various pa r t s  of t h e  phantom 

w e r e  less than 100 mad per  rad to t h e  volume of i n t e r e s t .  

t he  unusually long exposure tines needed, sore accurzte numbers were 

not obtained. 

Because of 

GAMMA CONTAMINATION \ 

To estimate t h e  contribution t o  the  t o t a l  dose delivered by photons, 

measurements were made w i t h  both a t i s s u e  equivalent flow chamber using 

t i s s u e  equivalent gas and a graphi te  chanber w i t h  carbon dioxide (8) . 

1 0 5 3 9 1 3  
i 

.. . . . . .. . .- ._ - -- . . _.-_. . 
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These measurements were then used t o  c d c u l z t e  t h e  gamna contribution af ter  

the method of handbook #T5(8). For the  2.5 MeV neutrons t h e  gamma contri-  

bution was  detehdned t o  be a3out 0.4%. 

DOSE OUTSIDE OF SHIELD 

For generally occupied areas around t h e  fac i l i ty ,  measured dose rates - 

were less than 0.5 mren/hr f o r  2.5 14eV neutrons. Next t o  the entrance 

dose r a t e s  of 2 mrem/hr were obtained. This ind ica tes  t h a t  t he  dose rates 

around t h e  sh i e ld  are  within safe l i m i t s  when cornpared with t h e  recommended 

l i m i t  of 100 mrem per  week f o r  continuous a c c q a t i o n a l  exposure(9). It 

should be pointed out t h a t  these nezsurenents were mace when t h e  shielding 

was only p a r t i a l l y  asseEbled (door o?en L?& wt te r  tanks empty) and ac tua l  

dose rates outside of t h e  cozpleted sh ie ld  should be l e s s  t h u l  quoted above. 

DOSIMETRY AT 14 MeV 

DOSE MONITORING 

For t h e  14 MeV neutrons it w e s  found t h a t  t h e  most' r e l i a b l e  pos i t ion  

f o r  t h e  BF monitor was near t he  f ront  of t h e  sh i e ld  (See Fig.2). A 

number of o ther  posi t ions were t r i e d ,  but were unsuitable because of 
3 

s e n s i t i v i t y  t o  opereting pa rme te r s  or beczuse of l o w  o r  high count rates. 

I n  Posi t ion A, it w a s  fourd t h r t  noving t h e  spzcer two inches i n  o r  

out  from i t s  standard posi t ion czcsed a chznge of about 1 4 %  i n  the  dose 

del ivered fo r  a un i t  nonitor count. Koving the  t o r s o  o r  t h e  r i g h t  l e g  of 

t h e  phantom caused er rors  of l e s s  than 2.5% i n  t h e  dose-per  u n i t  monitor, 

count. We a l s o  found t h a t  removing the  phantom and then placing it back 
.. 
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i n  i ts  standard posi t ion produced er rors  of as grea t  at  58 i n  t h e  dose 

per  monitor count. 

ment of t he  phantom d id  not cause .my s ign i f i can t  change. 

phantom f i l l e d  with t i s s u e  equivalent so lu t ion  it tekes 172,000 monitor 

In Posi t ion B, t h i s  e r r o r  was about 7%; l a t e r a l  move- 

For the  Remab 

counts t o  de l iver  an average dose of 1 rad i n  the B pos j t ion  and 302,000 

monitorctounts f o r  t h e  same dose i n  the  A posi t ion.  

With the BF monitor an accuracy of aboct f 10% i n  the  average dose 

del ivered i s  feasible. 

used t o  monitor t h e  dose. 

of t he  cup and a second plzced on t h e  center of t h e  t a r g e t  cap. 

ca l ibra t ion  run using the  Remeb phantom, the  sulfur p e l l e t  on the  t a r g e t  

cap gave a reading of 9.6 c-,m/rad-ga while t h e  one on t h e  cup gave a read- 

ing  of 1.07 cpm/rad-ga f o r  i r r z d i e t i o n  Posi t ion A. 

s e n s i t i v i t y  f o r  t h e  t a rge t  ce? was 17.6 cpm/rad-gm while t h e  s e n s i t i v i t y  

3 
As a second check s u l f u r  ac t iva t ion  can a l s o  be 

One p e l l e t  can be posit ioned on the  lower f ront  

For a 

I n  Posi t ion B, t h e  

f o r  t h e  cup w a s  2.07 cpn/rzd-gm. 

probably r e f l e c t  t h e  chenges i n  t h e  sca t t e red  f lux  between t h e  two posit ions.  

m e  i i f f e rences  f o r  t h e  two posi t ions 

Ten minute counts were used i n  analyzing t h e  sulfur p e l l e t s ,  which gave 

marginal r e l i a b i l i t y  fo r  low doses ( ~ 3  r ads ) .  

95% confidence limits of b e t t e r  than f 10% were obteined f o r  t h e  pe l l e t s .  

For doses grea te r  than 6 rads, 

For low doses t h e  accuracy of t h e  ca l ib ra t ion  i s  l imi ted  t o  * 10%. 

these cases the  BF monitor ney be nore u s e m  than t h e  sulfur pe l l e t s .  

I n  

3 

DOSE DISTRIBUTION I N  TKE: V O L W  OF IXTTEEIEST 

Figure 6 shows.the dose d i s t r ibu t ion  i n  t he  volume of .! i n t e r e s t  f o r  a 
.. 

typic& i r r a d i a t i o n  of t h e  Renab phmtom w i t h  one-half of t h e  dose delivered 

from t h e  f ront  and one-half froin the rear. These poin ts  were measured with 

the  penc i l  ion chambers assuning t h e  dose center  and the  geonetr ical  center  
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. are iden t i ca l .  

t h e  volume of i n t e r e s t .  

and range from 1.21 rads t o  2.59 reds.  

about f i v e  minutes. I n  general ,  t h e  t i m e  required f o r  a given exposure 

(i.e. dose rate) will depend on the  age of the  target  and t h e  operating 

This d i s t r ibu t ion  produced an average dose of 1.96 rads t o  

The poin ts  show a standard deviat ion of 0.34 rads 
I 

This  exposure required a time of 

. 

parameters of t he  generator. 

DOSE TO OTKER LOCATION I N  THE PFMTOM 

The’dose t o  o ther  locat ions f o r  one red del ivered t o  t h e  volume of 

i n t e r e s t  i n  a t y p i c a l  i r r a d i z t i o n  of t h e  Remeb phantom are shown i n  Table 11. 

TABLE 11: Dose f o r  a One Rad Dose t o  t h e  VoluTe of I n t e r e s t  - 14 MeV. 
I 

Dose (mrad) (7 )  Location i n  Phentom 

Eye <5 
Base of Sternum 59 
P r o s t a t i c  Urethra . 73 
Trigone Area of Bladder 82 

Anus ‘1 40 

Rectum - 

Kiddle of Back 

53 
14 

The measured dose at  o ther  loca t ions  i n  t h e  phzntom i s  less than one-tenth 

t h e  dose t o  t h e  volume of i n t e r e s t ,  as expected from ca lcu la t ions .  

dose t o  the  loca t ion  of t he  eye w 2 s  l e s s  thzn the  s e n s i t i v i t y  of t he  ion 

chambers and so only an upper l i m i t  i s  given. 

t o  about 2 10%. 

The 

The o ther  nymbers are accurate  
7 .. 

I O b 3 9 1  b 
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GfifblA CONTAMINATION 

"he contribution t o  the  t o t a l  dose from photons w a s  measured by t h e  

use of tissue-equivalent and graphite chmbers after t h e  method of 

Handbook 75(8). By the  use of t h i s  method a contribution of 7.4% w a s  . 

obtained. Earlier work w i t h  thermoluninescent d~slrnet,ers(~) indicated 

a contribution of 7.85 f o r  a s i m i l a r  i r r ad ia t ion  geonetry f o r  which t h e  

calculated y-contamination w 2 s  7.5%. 

DOSE OUTSIDE OF SHIELD 

Dose rates and doses outside of t h e  shielded f a c i l i t y  were measured 

with both a D e  Pangher Double Moderator (lo) and the  standard radiat ion 

monitoring instrument used a t  Eattelle-Worthwest. The s t a d a r d  monitoring 

instrument is a scaled down versioa of t he  Dou3le bloderator with a portable  

rate meter and is l e s s  sens i t ive  thzn the  l a rge r  De Pulgher version. 

Figure 7 shows the  doses (mrem) delivered t o  various points of i n t e r e s t  

f o r  10 ra,ds t o  t h e  volume of i n t e r e s t  as measured with the  De Pangher 

Double Moderator. The doses shown ere  the  average f o r  both the  A and B 

Posi t ions;  ex te r io r  dose r a t e s  being s l i g h t l y  higher (10%) i n  t h e  B posit ion.  

Dose rates are not given since t h e  rz?idly decaying output of a tritium 

t a r g e t  makes such information useless. All t h e  nunbers refer t o  operation 

with the  water tanks f i l l e d  a d  all of t h e  s h i e l d n g  i n  place and w i t h  t he  

phantom i n  the  f a c i l i t y .  A l l  of the  neasurenerits were taken with the center 

of t h e  dosimeter two f e e t  off t h e  f loo r  wdess otherwise noted. The 

c r i t i c a l  measurements are those f o r  t h e  cps t a i r s  corridor!and t h e  c l in i c .  

These areas have unmonitored personnel and pa t i en t s  moving about. Because 

t O b 3 9  t 1 
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of the  infrequent operation end l imi ted  usage of t h e  neutron f a c i l i t y ,  

t h e  rad ia t ion  l e v e l  i n  adjoining rooms i s  considered safe .  During exposure 

with 1 4  MeV neutrons it i s  recommended t h a t  operating personnel not remain 

i n  t h e  room containing the  shielded f a c i l i t y .  

DISCUSSION 

Phantom dosimetry r e s u l t s  ind ica te  t h z t  reproducible doses can be 

del ivered t o  t h e  defined volume of i n t e r e s t  while del iver ing r e l a t i v e l y  

low doses t o  o ther  portions of t he  phantom end t o  people i n  adjoining rooms. 

The numbers presented are usual ly  based on two o r  more separate  readings i n  

order t o  confirm all important nezsurements. 

t h e  dose t o  the  volu.ze of i n t e r e s t  made E t  d i f fe ren t  times a t  1 4  MeV agreed 

t o  within 3.5%. 

chamber e r rors .  

Of f 20% and f 18% ( s t a n d a d  deviat ion)  f o r  t h e  two separate  measurements. 

The accuracy of t h e  dosimetry reported here i s  l imi ted  by t h e  state-of-the- 

Separate ca l ibra t ions  f o r  

This e r r o r  includes both re-positioning e r ro r s  and ion 

Dose var ia t ions  within t h e  volume of i n t e r e s t  had a spread 

art and is estimated t o  have a 10% uncertainty i n  absolute ca l ibra t ion .  
. -  

! 
i 
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APPEXDIX. 

2 Since r at tenuat ion i s  used t o  control doses and since the  moderated 

BF monitor i s  affected by posi t ioning e r ro r s ,  it is  necesssry t h a t  

posi t ioning be control led and reproducible. 

referencing were established. 

3 
Methods of r e s t r a i n t  and 

The t e s t e s  are res t re ined  within the  i r r a d i a t i o n  vesse l  by a p l a s t i c  

i n s e r t  and t he  i r r a d i a t i o n  vesse l  (cup) i s  referenced t o  t h e  f ron t  of t h e  

t a b l e  as shown i n  Fig. 8. The measurements used i n  ca l ib ra t ing  t h e  system 

a r e  shown i n  Table 3. . >  
Both the  spacer and t h e  t a b l e  a r e  res t ra ined  by s l i d e  b o l t s  t h a t  

f i t  i n t o  holes i n  an indexing rod. This rcd has holes spaced one inch 

apar t  and can be adjusted t o  f r ac t ions  of zn inch by a screw which moves 

the  e n t i r e  rod. The f ine  adjustment of t h e  rod is  referenced by measure- 

ment with a meter s t i c k . a s  shown i n  Fig. 9. The holes i n  t h e  rod a re  

numbered consecutively. 

ca l ib ra t ing  the 'system with the  phantozn. 

Table 3 shows the  reference points  used i n  

\ 

TABLE 111: Reference posi t ions 

Index Rod Index Rod Posi t ion 
T.zble Spacer 

I r r a d i a t i o n  Vessel 
Geometry ' t o  Table Ke es urement - 

2 I' 3 I' 32 4 A 

B 1 1/4" 2 17/32" 5 46 

? 
I 
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I r r a d i a t i o n  
V e s s e l  

1 2  

I 3  1 4  

1 .  

P o s i t i o n  o f  I o n  
C h a m b e r s  a s  S e e n  

f r o m  T a r g e t  

C h a m b e r  R a d s l R a d  t o  t h e  V o l u m e  o f  I n t e r e s t  

P o s i t i o n  A 

0 . 5 1  

0 . 4 5  

0 . 2 1  

P o s i t i o n  B 

0 .70  

0.52 

0 . 2 8  

0.11 0 .12  
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