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A description is given of a personnel neutron dosimeter based on fission 
track registration in a 10 μιτι thick Makrofol foil in combination with two 
thorium discs, for use on the hands of operators during the handling of 252Cf 
sources inside glove boxes or during implantation work for therapy purposes. 
The device contains also a TLD-100 chip for measuring the y-dose equivalent 
on the hand. 

The angular dependence of the response of the dosimeter with thorium and 
other fissile materials was measured at different energies. 

The neutron sensitivity of the dosimeter was determined with a calibrated 
252Cf source and amounts to 14.9 ±0 .7 mrem. spark - 1 . 
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The spectrum of neutrons scattered inside the glove box was measured. 
The resulting dose equivalent, which will not be recorded by the dosimeter, 
amounts to about 50 mrem. h r - 1 per μ g 252Cf, and is not very dependent on the 
distance to the source. 

Experience with the dosimeter over a period of about one year a t CBNM 
shows tha t the ratios of the gamma dose on the finger tip to tha t on the hand 
and the gamma to neutron dose equivalent a t the place of the dosimeter, varies 
considerably. 
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A B S T R A G T 

A description is gh'en of a personnel neutron dosimeter based on fission 
track registration in a 10 μτη thick Makrofol foil in combination with two 
thorium discs, for use on the hands of operators during the handling of 2r,2Cf 
sources inside glove boxes or during implantation work for therapy purposes. 
The device contains also a TLD-100 chip for measuring the y-dose equivalent 
on the hand. 

The angular dependence of the response of the dosimeter with thorium and 
other fissile materials was measured at different energies. 

The neutron sensitivity of the dosimeter was determined with a calibrated 
252Cf source and amounts to 14.9 ±0 .7 mrem. spark - 1 . 

The spectrum of neutrons scattered inside the glove box was measured. 
The resulting dose equivalent, which will not be recorded by the dosimeter, 
amounts to about 50 m r e m . h r - 1 per μ g 252Cf, and is not very dependent on the 
distance to the source. 

Experience with the dosimeter over a period of about one year at CBNM 
shows that the ratios of the gamma dose on the finger tip to that on the hand 
and the gamma to neutron dose equivalent a t the place of the dosimeter, varies 
considerably. 
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Introduction 

F o r the p repara t ion of f ission and neutron sources 
252 m i c r o g r a m m e quanti t ies of Cf a r e handled at CBNM 

in a water shielded glove box with inner d imens ions : 
height 70 cm, width 80 cm and depth 70 cm, with a water 
l ayer of 2 0 cm between 2 .5 cm thick Plexiglas walls at 
the bottom, the front and both s ides . The p resence of the 
water shield will protec t the body of the opera tor outside the 
box, but will s imul taneously i nc r ea se the dose equivalent on 
the hands due to sca t t e red neut rons , sca t t e red g a m m a - r a y s 
and g a m m a - r a y s from the capture of t he rma l neutrons by 
hydrogen. It was therefore decided to wear neutron dos ime te r s 
on the hands for moni tor ing the neutron dose equivalent, 
whereas TLD-100 chips should be worn in o rde r to m e a s u r e 
a lso the gamma dose . 

At this moment a personnel neutron dos imete r with 
a sensi t ivi ty which is over a l a r g e neutron energy range 
proport ional to the dose equivalent curve (the conversion factor 
of the flux densi ty to the dose equivalent ra te as a function of 
the neutron energy) does not exis t . The bes t thing one can do 
therefore is to m e a s u r e the neutron spec t rum at the place to 
be moni tored and to select the personnel neutron dos ime t ry 
sys tem that is the m o s t suitable for his si tuation. Fo r work 
outside the shielding of r e a c t o r s albedo type d o s i m e t e r s a r e 
suitable (l) , (2). These dos ime te r s have a constant dose 
equivalent r e sponse over the energy range from the rmal to about 
10 keV. Because of this upper l imi t the use of the nuclear t r ack 
emuls ion dos imete r can be advantageous in some situation e. g. 
during work with unshielded or slightly modera ted Be(a, n) 
sources and Cf sources (3). 

However, the disadvantages of the nuclear emulsion 
dos imete r a r e well-known (4) and the advantages of a neutron 



dos imete r based on fission t rack r eg i s t r a t ion were soon 
rea l ized by Walker, P r i c e and F l e i s che r (5) since their 
d iscovery that t r acks from heavy nuclear pa r t i c l e s in 
cer ta in insu la tors could be observed visual ly. Counting of 
fission t r acks in thin plast ic foils has become r a the r easy 
since the introduction of the e lec t r i ca l t r ack counter (ETC) 
by C r o s s and Tommas ino (6) , and succesful r ep lacement of 
the nuclear t r ack emulsion dos imete r by personnel neutron 
dos ime te r s based on fission t r ack reg i s t ra t ion , has been 
repor ted by seve ra l authors [ e . g . (7), (8)J. 

Due to their d imensions , wear ing these d o s i m e t e r s 
on hands is not very suitable, and a special thor ium dos imete r 

237 to be at tached to a finger tip (9) and a Np dos imete r worn 
as a f ingerr ing (4) a r e repor ted . These d o s i m e t e r s a re r a the r 
smal l and will thus have a r a the r low sensi t ivi ty . Also touching 
the thin plast ic foil during the loading of the dos imete r , the 
etching and counting, may cause damages . P r e l i m i n a r y 
m e a s u r e m e n t s with TLD chips on the finger tips and on the back 
of the hand, showed that inside a glove box the gamma dose on 
the hand is of the same o rde r of magnitude as the dose on the 
finger t ip. The same observat ion was made for the radiat ion 
doses to the wr i s t s and f ingers of w o r k e r s engaged on r ad io 
chemical p rocess ing in glove boxes (10). Though this ra t io may 
be different for the neutron dose equivalent, it was neve r the le s s 
decided to make a fast neutron dos imete r based on fission t r ack 
reg i s t r a t ion for wearing on the back of the hands. Such a dos imete r 
should be made r a the r l a rge in o rde r to enhance the sensi t ivi ty, 
should be easy t o a s s e m b l e and d i sa s semble without touching 

the thin p l a s t i c foil and should have a ze ro background. Addition 
235 

of a t he rma l neutron dos imete r , e . g . a U fission t rack 
dos imete r , did not seem very useful as the dose equivalent 
due to the rmal neutrons was expected to be very smal l . 



A s the e x c i t a t i o n c u r v e of the Th(n, f) r e a c t i o n does 

no t fol low the d o s e e q u i v a l e n t c u r v e , one h a s to know the 

n e u t r o n s p e c t r u m in wh ich the T h - d o s i m e t e r h a s b e e n 

i r r a d i a t e d . If the n e u t r o n s p e c t r u m is known, e . g . in the 
252 c a s e of a p u r e Cf s p e c t r u m , and the T h - d o s i m e t e r h a s 

b e e n c a l i b r a t e d in s u c h a s p e c t r u m wi th a known flux dens i t y , 

then the d o s i m e t e r can be u s e d on p l a c e s w h e r e the s a m e 

s p e c t r u m e x i s t s , in o r d e r to m e a s u r e the d o s e e q u i v a l e n t . 

I n s i d e the g love box the n e u t r o n s p e c t r u m wi l l , h o w e v e r , 
252 d e v i a t e f r o m a p u r e Cf s p e c t r u m due to the p r e s e n c e of 

s c a t t e r e d n e u t r o n s , and a d e t e r m i n a t i o n of the n e u t r o n s p e c t r u m 

is n e c e s s a r y to ob t a in the to t a l n e u t r o n d o s e e q u i v a l e n t . 

T h e hand wi l l a b s o r b n e u t r o n s , and a d o s i m e t e r put 

on the b a c k of the hand wi l l only m e a s u r e the n e u t r o n f luence 

a t the p o s i t i o n of the d o s i m e t e r . Knowledge of the a v e r a g e 

n e u t r o n f luence o v e r the whole hand, wh ich can be c o n v e r t e d to 

n e u t r o n d o s e e q u i v a l e n t by m e a n s of whole body f luence to d o s e 

e q u i v a l e n t c o n v e r s i o n f a c t o r s , wi l l be diff icul t a s the o r i e n t a t i o n 

of the hand t o w a r d s the s o u r c e wi l l v a r y . A l s o t h e r e wi l l in 

g e n e r a l be m o r e than one n e u t r o n s o u r c e p r e s e n t in the box, 

o r the box m a y be c o n t a m i n a t e d . In p r a c t i c e i t i s t h e r e f o r e 

e a s i e r to c o n v e r t the f luence m e a s u r e d a t the b a c k of the hand 

to d o s e e q u i v a l e n t . 

252 D u r i n g the hand l ing of Cf n e e d l e s for t h e r a p y 

p u r p o s e s beh ind a po ly thene s h i e l d in the n e i g h b o u r h o o d of a 

pa t i en t , abou t the s a m e s h i e l d i n g c i r c u m s t a n c e s e x i s t a s in a 

g love box . T h e d o s i m e t e r wi l l thus a l s o be v e r y usefu l for 

w e a r i n g on the h a n d s d u r i n g i m p l a n t a t i o n w o r k . Mul t ip l e s c a t t e r i n g 

of n e u t r o n s m a y be s o m e w h a t l e s s i m p o r t a n t in th i s c a s e , 

depend ing on the type of s h i e l d . As t h e s e h e a v i l y m o d e r a t e d 

n e u t r o n s c o n t r i b u t e only to a s m a l l p e r c e n t a g e to the e x t r a 

d o s e equ iva l en t , the s a m e s e n s i t i v i t y m a y be a s s u m e d for the 

d o s i m e t e r a s is done for w o r k i n s i d e a glove box. 
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Descript ion of the use of the dos imete r 

Composi t ion of the dos imete r 

The composit ion and dimensions of the final dos imete r 
a re given in figure 1 and figure 2. As can be seen from 
figure 1, the dos imete r consis ts of two thor ium discs (two 
instead of one in o rder to i n c r e a s e the sensi t ivi ty by a 
factor 2 and to reduce the d i rec t ional dependence somewhat), 
that a r e in close contact with a Makrofol foil between them. 
The thickness of the thorium discs is 0.105 + 0«, 005 mm, 
which is thicker than the maximum range of fission f ragments 
in Th (< 15 | im). However , thinner thorium foils a r e l e s s 
easy to handle, whereas the gamma dose ra te from our 
dos imete r outside the s ta in less steel container -was considered 
to be acceptable compared to the dose ra te that normal ly 
exist inside a glove box. Fla t thor ium discs were fabricated 
from pieces of thick thor ium at the Metal lurgy depar tment 
of CBNM. The d i scs , which had a d iameter of 20 mm, were 
punched out of sheets with a thickness of about 0. 1 mm, 
obtained by rolling the original m a t e r i a l and annealing at a 
high t e m p e r a t u r e in vacuum. After polishing, the thor ium discs 
were glued inside a 0. 1 m m deep hollow par t in the s ta in less 
steel container, in such a way that the surface of the thorium 
was at the same level as the surface of the container . 

The gamma dose r a t e outside the s ta in less steel container 
was m e a s u r e d with cal ibra ted TLD-100 d i s c s . At the position 
of the Th-d i scs the exposure dose ra te amounted to 1.05 + 0.15 
m R . h r , whereas n e a r e r the edge the dose ra te dropped 
rapidly to 0.18 + 0.07 m R . h r . In the smal l box intended for 
the TLD chip, the exposure dose ra te amounts to 0. 09 + 0. 04 
m R . h r , indicating that smal l background cor rec t ions will be 
n e c e s s a r y if the TLD rema ins near the thorium over per iods 



l o n g e r than a few h o u r s . A s a r e s u l t of p r e c e d i n g e x 

p e r i m e n t s s t a i n l e s s s t e e l w a s c h o s e n a s the m a t e r i a l 

for the c o n t a i n e r . M e a s u r e m e n t s of the γ  d o s e r a t e wi th 

T L D o u t s i d e the d o s i m e t e r a t the p o s i t i o n of the t h o r i u m 

d i s c s wi th c o n t a i n e r s of 1.0 m m p e r s p e x , a l u m i n i u m and 

l e a d gave e x p o s u r e d o s e r a t e s of 4 . 0 + 0. 6, 2 . 0 + 0 .3 and 

0.6.3 + 0 . 0 6 m R . h r r e s p e c t i v e l y . T h e u s e of l e a d i n s t e a d 

of s t a i n l e s s s t e e l , d o e s no t l e a d to a c o n s i d e r a b l e r e d u c t i o n 

of the d o s e r a t e , w h e r e a s the l a t t e r is m u c h m o r e s u i t a b l e 

for m a k i n g the d o s i m e t e r . If t he d o s e r a t e i s s t i l l c o n s i d e r e d 

too h igh and the we igh t of the d o s i m e t e r i s no t i m p o r t a n t , 

a l e a d foil m i g h t be added b e t w e e n the d o s i m e t e r and the 

hand . 

A n o t h e r p o s s i b i l i t y would be to r e d u c e the a m o u n t of 

f i s s i l e m a t e r i a l . A r e d u c t i o n of the t h i c k n e s s of the t h o r i u m 

foil to 10 l_lm wi l l h a r d l y in f luence the s e n s i t i v i t y of the 

d o s i m e t e r , w h e r e a s the e x p o s u r e d o s e r a t e ou t s i de the s t a i n l e s s 

s t e e l c o n t a i n e r a t the p o s i t i o n of the t h o r i u m d i s c s wi l l be 

r e d u c e d to 0 . 1 m R . h r . H o w e v e r , the f a b r i c a t i o n of s u c h 

th in f lat t h o r i u m d i s c s wi l l not be e a s y , and a s p e c i a l effor t 

would be r e q u i r e d to d e v e l o p a t e chn ique for t h i s p u r p o s e . 

If the w e i g h t of the d o s i m e t e r wi th the s t a i n l e s s s t e e l 

c o n t a i n e r (23 . 6 g r a m ) i s c o n s i d e r e d o b j e c t i o n a b l e , t h a n a p e r s p e x 

c o n t a i n e r can be u s e d . Th i s i n c r e a s e s , h o w e v e r , the d o s e r a t e 

at the sk in of the hand wi th a f a c t o r 4 . 

T h e hand l ing of the 10 μ m th ick M a k r o f o l KG foil can 

be s i m p l i f i e d in the way d e s c r i b e d by P r ê t r e (11), by g lue ing 

the th in foil on a f r a m e of 0 . 4 m m th ick M a k r o f o l E by m e a n s 

of a few s m a l l d r o p s of c h l o r o f o r m . In th i s way the f r a m e 

wi th the th in M a k r o f o l foil can be p l a c e d in the d o s i m e t e r , 

e t c h e d and coun ted wi thou t touch ing the thin foil , thus avo id ing 

any d a m a g e . 
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In the bottom par t of the dos imete r a ring with 

a depth of 0.4 m m is hollowed out of the s ta in less steel , 

in which the Makrofol E f rame fits p rec i se ly . By screwing 

together the two halves of the dos imete r , the thor ium discs 

will be in close contact with the thin Makrofol foil. Before 

using the glued Makrofol KG foils, all foils were tes ted 

(counted with the ETC) to es tabl ish that no holes were p resen t . 

2 . 2 . Etching 

In the or iginal vers ion of the dos imete r 12 lim thick 

Makrofol KG foils were used, which were etched under 

c i r cums tances as descr ibed e l sewhere (12): one hour at 

(64 + 1)°C in 6N NaOH. The background for these etching 

conditions amounted to 6 spa rks per foil on the average , 

which was cons idered too high. As the background will be 

inverse ly proport ional to the thickness of the counted foil, 

reducing the background can be obtained by using shor t e r 

etching t imes (13) or lower t e m p e r a t u r e s (7). Also the use 

of KOH instead of NaOH gave in the case of Lexan improvements 

in the background (14). It i s , however, not ce r ta in that this 

will a lso be the case for Makrofol KG foil, as the etch ra te 

of Lexan in a NaOH solution is s trongly dependent on and 

that of Makrofol KG not at all dependent on etch products 

concentrat ion (15). 

For our final dos imete r with a 10 μπι thick Makrofol KG 

foil, we used the etching conditions as given by Heinzelmann 

and Schüren (7): 7 5 minutes in a 35% in weight KOH solution 

in H_0 at 40°C. Background m e a s u r e m e n t s as a function of 

the etching t ime showed that under these c i r cums tances the 

background remained ze ro until 90 minutes etching lime, while 
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for l o n g e r e t ch ing p e r i o d s the b a c k g r o u n d i n c r e a s e d to 

about 3 t r a c k s p e r foil a t 150 m i n u t e s . To be on the safe 

s ide wi thou t l o w e r i n g the e f f i c iency too m u c h , we m a i n t a i n e d 

the e t ch ing t i m e a t 75 m i n u t e s . The b a c k g r o u n d due to the 
232 s p o n t a n e o u s f i s s i o n of Th can be i g n o r e d . 

2 . 3 . Coun t ing 

A f t e r w a s h i n g in d i s t i l l e d w a t e r and d r y i n g , the e t ched 

foi ls w e r e coun ted by m e a n s of the E T C , an a p p a r a t u s 

o r i g i n a l l y d e s c r i b e d by C r o s s and T o m m a s i n o (6). F i g u r e 3 

shows the E T C u s e d a t CBNM for count ing the M a k r o f o l foi ls 

f r o m the d o s i m e t e r s . The anode , m a d e of c o p p e r on which 

a th in l a y e r of n i c k e l had b e e n e l e c t r o p l a t e d , w a s p l a c e d i n s i d e 

a hol low p a r t of a p i e c e of p e r s p e x . The f r a m e wi th the thin 

M a k r o f o l foil w a s then p l a c e d o v e r t h i s e l e c t r o d e in a s m a l l 

c i r c u l a r ho l low in the p e r s p e x . A s h e e t of th in a l u m i n i z e d 

M y l a r -was p r e s s e d a g a i n s t the M a k r o f o l foil and the o t h e r 

g r o u n d e d e l e c t r o d e by m e a n s of a r u b b e r c o v e r e d p i ece of 

p e r s p e x j u s t f i t t ing the hol low p a r t in the p e r s p e x con ta in ing 

the e l e c t r o d e s p lus M a k r o f o l f o i l s . 

E v e r y foil w a s 8 t i m e s punched a t 1100 Volt , a f t e r 

w h i c h the foil w a s coun ted 5 t i m e s a t 550 Vol t . A d i a g r a m 

of the e l e c t r o n i c s y s t e m is g iven in f i gu re 4 . The p u l s e s 

c o m i n g f r o m the E T C have b e e n a d a p t e d to the count ing d e v i c e 

by m e a n s of a p u l s e s h a p i n g c i r c u i t , a s g iven in the f i gu re , 

and a d i s c r i m i n a t o r . 

2 
F o r t r a c k d e n s i t i e s s m a l l e r than 500 s p a r k s p e r c m 

the r e p r o d u c i b i l i t y of the count ing w a s b e t t e r than 1%. At 

h i g h e r t r a c k d e n s i t i e s the r e p r o d u c i b i l i t y b e c o m e s w o r s e . 

A l s o the l i n e a r r e l a t i o n s h i p b e t w e e n the counted n u m b e r of 

s p a r k s and the n u m b e r of e m i t t e d f i s s i o n f r a g m e n t s , wh ich 

i s p r o p o r t i o n a l to the n e u t r o n d o s e equ iva l en t , no l o n g e r ho lds 

due to o v e r l a p of the h o l e s in the a l u m i n i z e d M y l a r foi l . 
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Counting higher t r ack densi t ies in thin Makrofol foils 
can be done by means of a m i c r o s c o p e . In this case one 
has to de te rmine the detection efficiency of the m i c r o s c o p e . 
If the counting through a mic roscope is not c a r r i e d out 
visually but by means of an automatic image analyzer , than 
thin Makrofol foils can not be used, as it is difficult to 
d i sc r imina te between fission t r acks and surface damage or 
α - t r a c k s . If thicker plas t ic foils a r e used, good d iscr iminat ion 
is possible , and in some types of dos ime te r s (9), ( i l ) , a 
sheet of thick Makrofol is therefore added in o rde r to count 
with a mic roscope unusually high doses . 

Another approach would be to modify the ETC in such 
a way that higher t r ack dens i t ies can be counted. In a r ecen t 
paper Cros s and Tommas ino (16) pointed out that the use of 
gases other than a i r may give sparks at lower voltages 
resul t ing in sma l l e r holes evaporated in the thin Al -e l ec t rode , 
and thus decreas ing the loss of counts due to over lap of 
holes at higher t r ack dens i t i e s . Expe r imen t s w i th our ETC 
using a 90% A / l 0 % CH gas mix tu re , showed that the s tar t ing 
voltage was lowered by about 50 Volt, but the plateau became 
shor t e r and had a s teeper slope compared to that in a i r . Our 
resu l t with He gas gave, con t ra ry to the m e a s u r e m e n t s of 
C ros s and Tommasino a plateau at voltages higher than in a i r . 
Also the reproducibi l i ty was w o r s e . The reason could be that 
we used a lower p r e s s u r e of the He gas (1 .5 a tm. instead of 
4. 2 a tm. ). 

According to other exper iments by Cros s and Tommas ino 
(17) a change of the polari ty of the Al -e l ec t rode has a l a rge 
influence on the length and slope of the plateau count - r a t e 
ve r sus high voltage, if thin (2.0 - 3.6 m m thick) plast ic foils 
a r e used. However, for our foil th icknesses changing the 
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p o l a r i t y h a d n o o b s e r v a b l e i n f l u e n c e o n t h e p l a t e a u l e n g t h 

( a b o u t 2 0 0 V ) a n d t h e s l o p e ( a b o u t 0 . 5 % p e r lOOV), n o r 

d i d i t i n f l u e n c e t h e r e p r o d u c i b i l i t y of r e p e a t e d c o u n t i n g 

t h e s a m e p l a s t i c f o i l e i t h e r . 

M o r e e x p e r i m e n t s w i l l b e n e c e s s a r y t o i m p r o v e o u r 

E T C i n o r d e r t o c o u n t h i g h e r t r a c k d e n s i t i e s s u c h a s 

c h a n g i n g t h e c o n s t r u c t i o n of t h e E T C f o r t h e u s e of A / C H 

g a s a t h i g h e r p r e s s u r e . H o w e v e r , f o r t h e p u r p o s e s f o r 

w h i c h w e u s e t h e T h - d o s i m e t e r a t C B N M , h i g h d o s e s a r e 

n o t t o b e e x p e c t e d , a n d t h e E T C i n i t s p r e s e n t s t a t e w i l l 

b e s a t i s f a c t o r y . 

3 . A n g u l a r a n i s o t r o p y of t h e r e s p o n s e of t h e d o s i m e t e r 

2 5 2 3 . 1 . M e a s u r e m e n t s w i t h t h e t h o r i u m d o s i m e t e r a n d Cf n e u t r o n s 

O n e of t h e d i s a d v a n t a g e s of f a s t n e u t r o n d o s i m e t e r s 

b a s e d on f i s s i o n t r a c k r e g i s t r a t i o n , a n d w h i c h i s a l s o f o u n d 

i n n u c l e a r t r a c k e m u l s i o n d o s i m e t e r s , i s t h e d e p e n d e n c e of 

t h e r e s p o n s e o n t h e a n g l e b e t w e e n t h e i m p i n g i n g n e u t r o n s a n d 

t h e p l a n e of t h e f i s s i o n l a y e r / p l a s t i c fo i l c o m b i n a t i o n . T h i s 

i s d u e t o t h e f a c t t h a t f a s t n e u t r o n i n d u c e d f i s s i o n i s s t r o n g l y 

a n i s o t r o p i c . A s t h e p l a s t i c f o i l i s i n c o n t a c t w i t h t h e f i s s i o n 

l a y e r , i n t e g r a t i o n o v e r a l a r g e r a n g e of a n g l e s w i l l t a k e p l a c e 

a n d t h e a n g u l a r d e p e n d e n c e of t h e d o s i m e t e r w i l l t h e r e f o r e 

b e s m a l l e r t h a n t h a t of t h e f i s s i o n p r o c e s s i t s e l f . 

H e i n z e l m a n n a n d G e i s e r (18 ) , (19) h a v e m e a s u r e d 
2 3 2 2 38 

t h i s e f f e c t w i t h T h a n d U l a y e r s f o r d i f f e r e n t t y p e s 

of i n s u l a t o r f o i l s , n e u t r o n e n e r g i e s a n d e t c h i n g t i m e s f o r 

a n g l e s b e t w e e n 0° a n d 9 0 ° . T h e t r a c k s w e r e c o u n t e d u n d e r 

t h e m i c r o s c o p e . T h e i r r e s u l t s s h o w e d a d i f f e r e n c e i n r e s p o n s e 
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of a factor 1.4 between i r r ad ia t ions c a r r i e d out with 
the dos imete r perpendicular (90°) and para l le l (0°) to 
the neutron beam. The anisot ropy was only slightly 
dependent on the etching t ime, neutron energy and type 
of insulator foil. Pauw (13) noticed for thin fission l a y e r s 
in contact with 12 μιη thick l aye r s of Makrofol after etching 
for one hour at 64° in NaOH and counting with the ETC, 
a difference in r e sponse between 90° and 270°, which means 
i r rad ia t ing the dos imete r with the f ront -s ide or the back- s ide 
towards the neutron sou rce . His m e a s u r e m e n t s showed that 
the effect was r a the r l a rge at higher neutron ene rg ies , and 
it seemed therefore worthwhile to c a r r y out angular anisot ropy 
m e a s u r e m e n t s with the T h - d o s i m e t e r in order t o see whether 
the same effect occur red with thick l aye r s of f iss i le m a t e r i a l . 

— 252 
P r e l i m i n a r y m e a s u r e m e n t s with a 1 mg Cf source 

in the Eura tom Transu ran ium Insti tute in Ka r l s ruhe (Germany) 
showed only a smal l fo rward /backward effect. More accura te 

252 m e a s u r e m e n t s at CBNM with a 10 μg Cf source and 
i r rad ia t ing two thor ium foils s imultaneously, showed a value 
of 1.008 + 0.016 for the r e sponse ra t io 270° to 90°. 12 μιη 
thick Makrofol KG fo i l s were used for these exper iments , 
and were etched during 60 minutes at 60°C in a 6N KOH solution. 
Small co r rec t ions were made for dis tance differences between 
the two foils, -whereas the co r rec t ion for the difference in 
efficiency at different t r ack dens i t ies ("overlap cor rec t ion") was 
taken from Pauw (13) as the etching and counting conditions were 
the s a m e . The effect is c lear ly smal l or absent for thick 
l aye r s of Th, our foil th ickness and our etching and counting 

252 condit ions. The angular dependence for Cf neutrons is given 
in f igure 5, and shows that the shape is about the same as was 
m e a s u r e d by Heinzelmann for 14. 5 MeV and AmBe neutrons 
and his etching and counting conditions. 
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3 . 2 . M e a s u r e m e n t s w i th the t h o r i u m d o s i m e t e r and m o n o -

e n e r g e t i c n e u t r o n s b e t w e e n 1 2 . 8 and 16 .8 îvfeV 

T h e t h e o r y of f i s s i o n s h o w s tha t n e a r the t h r e s h o l d s 

of the r e a c t i o n s (n, nf) and (n, 2nf) e t c . , d i s c o n t i n u i t i e s can 

be e x p e c t e d in the a n i s o t r o p y of f i s s i o n , w h i c h m a y be 

r a t h e r l a r g e for e v e n - e v e n n u c l e i [Ha-lpe1"11 and S t r u t i n s k i i 

(2 0 ) ] . E x p e r i m e n t a l da t a e . g . of H e n k e l and B r o l l e y (21) 
232 for T h s u p p o r t e d t h e s e e x p e c t a t i o n s . M e a s u r e m e n t s of 

t h e a n g u l a r d e p e n d e n c e of the d o s i m e t e r w e r e t h e r e f o r e 

c a r r i e d out wi th n e u t r o n s n e a r the 14 .2 MeV t h r e s h o l d of 
232 the T h (n, 2nf) r e a c t i o n . 

M o n o - e n e r g e t i c n e u t r o n s b e t w e e n 1 2 . 8 and 1 6 . 8 MeV 

w e r e ob t a ined wi th the CBNM Van de Graaf f a c c e l e r a t o r in 

the way a s d e s c r i b e d by L i s k i e n and P a u l s e n (22). R e l a t i v e 

n e u t r o n f l u e n c e s d u r i n g the i r r a d i a t i o n w e r e m o n i t o r e d wi th 

a long c o u n t e r . 

T h e r e s u l t of the a n g u l a r d e p e n d e n c e of the r e s p o n s e 

of the d o s i m e t e r wi th one Th d i s c a t 1 6 . 7 5 + 0 . 2 0 MeV i s 

g iven in f i g u r e 6. The m e a s u r e m e n t s a t 1 2 . 7 6 + 0 .14 MeV 

and a t 1 4 . 2 4 + 0 . 2 6 MeV show abou t the s a m e s h a p e , a s 

i n d i c a t e d for the 1 4 . 2 4 MeV n e u t r o n s by the do t t ed l ine in 

th i s f i g u r e . A c o m p a r i s o n of the a n g u l a r r e s p o n s e c u r v e a t 
252 16 .8 MeV and for Cf n e u t r o n s shows tha t the r e s p o n s e 

r a t i o 270° to 180° i s s o m e w h a t l a r g e r for 1 6 . 8 MeV, w h e r e a s 

in the 1 6 . 8 MeV f i g u r e the r e s p o n s e i s p e a k e d in the f o r w a r d 

(270°) d i r e c t i o n . 

M e a s u r e m e n t s of the r e s p o n s e r a t i o a t 270° to 180° 

a t d i f f e r e n t e n e r g i e s a r o u n d 14 MeV a r e g iven in f i g u r e 7. 

The i n d i c a t e d e r r o r i s the q u a d r a t u r e s u m of the s t a t i s t i c a l 
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e r r o r , an uncer ta in ty of 1. 0 m m in the dis tance to the 
t a rge t and a 3% uncer ta in ty in the moni tor r e sponse . The 
resu l t s show a smal l i n c r e a s e in the 270° to 180° response 
with inc reas ing neutron energy, reaching a max imum value 
between 15.0 and 15.5 MeV. The theore t ica l curve for the 
anisotropy of fission, indicated by the dotted line, has a 
much m o r e pronounced peak near 14. 2 MeV (20). This 
indicates that due to in tegra t ion over a l a rge angle of the 
fission products , the energy dependence of the angular 
anisotropy of the dos imete r r e sponse is not as l a rge as 
that of the f ission p r o c e s s itself. 

Response ra t ios 270° to 90° from m o r e accu ra t e 
s imultaneous i r r ad ia t ions of two thor ium discs at severa l 
neutron energ ies , a r e a lso given in figure 7. The figure 
shows that the re c lear ly exis ts a fo rward /backward effect at 
these neutron energ ies for our foil th ickness and etching 
conditions, although the effect is much sma l l e r than the ra t ios 
m e a s u r e d by Pauw (13). 

3 . 3 . M e a s u r e m e n t s with other f iss i le m a t e r i a l s and mono-ene rge t i c 
neutrons between 12.8 and 16.8 MeV 

The m e a s u r e m e n t s of Pauw were c a r r i e d out at 
239 237 

15.6 MeV with thin l aye r s of Pu, Np and na tura l 
u ran ium. It was therefore decided to repea t these m e a s u r e m e n t s 

237 at energ ies around 15 MeV with Np and na tura l uranium 
with the same samples as used by Pauw. Also thin l aye r s of 

235 enriched U (99.501%) were m e a s u r e d . The fission l aye r s 
were e lec t ropla ted ei ther on 1.0 m m thick nickel d iscs (Np 

235 and n a t . U) or on 0.2 m m thick Al d iscs ( U), and had a 
_2 thickness of about 0. 15 mg cm ' and a d iamete r of about 

13 m m . The amount of f issi le m a t e r i a l was de termined with 
a maximum uncer ta in ty of 2% by means of 2πα-counting at 
the CBNM. The fission t r ack m e a s u r e m e n t s were co r rec t ed 
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for the d i f f e r e n c e in m a s s and the d i f f e r e n c e in d i s t a n c e 

to the t a r g e t . 

T h e r e s u l t s of the s i m u l t a n e o u s i r r a d i a t i o n of the 

f i s s i o n l a y e r s u n d e r 270° and 90° a t 1 2 . 8 , 1 4 . 2 and 

16 .8 MeV a r e g iven in f i g u r e 8 . The s t a t i s t i c a l e r r o r w a s 

r a t h e r l a r g e a s only a few h u n d r e d s p a r k s w e r e counted 

a f t e r i r r a d i a t i o n t i m e s of 2  5 h o u r s . If the f o r w a r d 

b a c k w a r d effect i s p r e s e n t , i t i s m u c h s m a l l e r than the 

r a t i o s m e a s u r e d by P a u w for the s a m e n u c l i d e s . 

T h e r e a s o n for the effect is not known. R e c e n t 

m e a s u r e m e n t s of H e i n z e l m a n n and S c h ü r e n (23), show an 

i n c r e a s i n g r a t i o of 270° to 90° r e s p o n s e with d e c r e a s i n g 

e t ch ing t i m e , for a 12 μιη t h i ck M a k r o f o l foil in c o n t a c t 

w i th t h e i r T h  d o s i m e t e r and i r r a d i a t e d wi th A m B e n e u t r o n s . 

T h i s would s u g g e s t t ha t only the f i r s t few m i c r o n s of the 

M a k r o f o l foil a r e r e s p o n s i b l e for the effect, wh ich m i g h t 

i n d i c a t e t ha t m o r e h e a v y f i s s i o n f r a g m e n t s a r e e m i t t e d u n d e r 

l a r g e a n g l e s in the b a c k w a r d than in the f o r w a r d d i r e c t i o n . 

In o r d e r to s tudy th i s effect in a b e t t e r way, i r r a d i a t i o n s wi th 

p l a s t i c foi ls p l a c e d a t l a r g e r d i s t a n c e s to the s a m p l e in a 

v a c u u m box would have to be c a r r i e d out . 

M e a s u r e m e n t s of the r e s p o n s e r a t i o of 270° to 180° 

237„T 235TT . 238 . , . „ 

for Np , U and U a r e a l s o p r e s e n t e d in l i g u r e o. 

T h e s e r e s u l t s show tha t the a n i s o t r o p y of the f i s s i o n p r o d u c t s 

m e a s u r e d by m e a n s of t r a c k r e g i s t r a t i o n in p l a s t i c foi ls in 

d i r e c t c o n t a c t wi th the f i s s i l e l a y e r s , d i f f e r s not v e r y m u c h 

for e v e n  e v e n o r e v e n  o d d n u c l i d e s . The e n e r g y d e p e n d e n c e 

, , ι ,, r 237„x , 235TT ,. . 238TT 

s e e m e d to be s m a l l e r for N p and U than for U. M o r e 

e x p e r i m e n t s wi l l be n e c e s s a r y wi th b e t t e r s t a t i s t i c a l a c c u r a c y 

e. g. by the u s e of t h i c k e r Τ t a r g e t s in o r d e r to s tudy the 

a n i s o t r o p y of t h i s type of d o s i m e t e r . 
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3.4 . Direct ional dependence of the response of the final dos imete r 

In the final dos imete r one Makrofol foil is sandwiched 
between two thor ium d i s c s . The fo rward /backward effect 
will thus d isappear and the angular r e sponse will be s y m m e t r i c a l 
around 180°. 

A spher ica l dos ime te r would show no angular dependence 
of i ts r e sponse , but from a prac t ica l point of view such a type 
of dos imete r , or even a cube, which is a good approximation 
of a sphere , is difficult to r e a l i z e . Fo r the use of the dos imete r 

252 with Cf sources , we therefore deduced from figure 5 and 
figure 6 a factor 1.25 + 0.05 with which the sensi t ivi ty for 
perpendicular i r r ad ia t ion has to be mul t ip l ied in o rde r to get 
the average response for i r r ad ia t ion under all ang les . 

4. Determina t ion of the spec t rum of sca t t e red neut rons inside 
252 the glove box during the handling of Cf sources 

252 During the handling of Cf sources the dose equivalent 
rece ived will in genera l not only be due to neutrons coming 
d i rec t ly from the source , but a l so from neutrons sca t t e red in 
surrounding m a t e r i a l s . Most of the neut rons in the Cf spec t rum 
have energ ies of only a few MeV. After one or a few coll is ions 
the sca t t e red neut rons may have an energy below the threshold 
of the Th(n, f) react ion (about 1.5 MeV), but they may st i l l 
contr ibute to the total dose equivalent. This will especia l ly be 
the case after col l is ions with hydrogen a toms . As the glove 
boxes have a water shield in o rde r to min imize the neutron 
flux density outside the box, it seemed worthwhile to m e a s u r e 
the neutron spec t rum inside the box, in o rde r to de te rmine 
what fraction of the total dose equivalent is due to sca t t e red 
neutrons below the threshold of the Th(n, f) reac t ion . This 
would give a factor with which the m e a s u r e d fast neutron dose 
equivalent should be mult ipl ied in o rder to get the total dose 
equivalent rece ived . 
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The spec t rum of the sca t t e red neutrons was de termined 
by means of in tegra l spec t rum m e a s u r e m e n t s . The rat io of 
the sa tura t ion activity m e a s u r e d inside the glove box to that in 
a low sca t te r ing environment for a detector at a cer ta in d i s -

252 tance from a Cf source can be given by: 

φ(Ε) σ(Ε) dE 
1 + » 

Ρ 
φ'(Ε) σ(Ε) dE 

where φ(Ε) and φ'(Ε) a r e the flux densi t ies of the sca t te red 
neutrons and the Cf neutrons respec t ive ly at neutron e n e r g / 
E, and σ(Ε) i s the detector c ro s s section at that energy. If 
a set of de tec to rs is used which have different t reshold ene r 
gies and well known excitation functions, than a sca t te red 
neutron spec t rum φ(Ε) v e r s u s E can be deduced from the 
m e a s u r e d r a t i o s . As these m e a s u r e m e n t a r e re la t ive , an ef

ficiency cal ibrat ion of the counting equipment is not needed. 

116m 
r , 197Λ , ν 198Λ . 115-

Use was made of the Au(n,y ) Au and In(n, y) 
In reac t ions , which have a maximum in their energy 

response in the keV region, if the indium an gold de tec to r s , 
which were m a s s i v e spheres with d iameter one cm and 

-2 10 
weight G, a r e sur rounded by a 2 . 2 . g . c m thick ' Β shel l . 
Also the In(n, n') In react ion was used, which has 
a threshold around 500 keV. The excitation curves n e c e s s a r y 
for the calculat ions, we re taken from the work of Pauw (13) 
and a r e given in figure 9. 

The activations were performed at d is tances varying 
252 between 5 and 15 cm from a 10 μg Cf source at a height 

of about 10 cm above the bottom of the glove box. The Cf 
source consis ted of 10 μg Cf evaporated in a r a the r l a rge 
s ta in less steel container with outer d iamete r 1.7 cm, height 
7.0 cm and a wall thickness of .0. 07 cm. In o rder to i m i -



20 -

tate the rea l working conditions, a lso a paraffin hand was p la
ced on both s ides of the source at 5 cm dis tance from the de 
tec to r . The gold and indium act ivi t ies were m e a s u r e d in a 3 χ 
3 inch Nal(Tl) wel l - type c r y s t a l . The In was counted in 
the gamma - ray energy range from 700 to 2430 keV, whereas 
the In was counted, after a few hours , between 2 00 and 
500 keV. The gold activity was m e a s u r e d in the g a m m a - r a y 
energy range 292-518 keV. Accura t e decay m e a s u r e m e n t s sho
wed a smal l fraction of Au activity, for which cor rec t ion 
factors could be obtained from long i r r ad ia t ions , as desc r ibed 
by Pauw. 

252 After co r rec t ion for the decay of the Cf source du-
T r ring the m e a s u r e m e n t s —— was calculated and plotted as a 

function of r . r is the dis tance between the cen t re of the s o u r 
ce and the cen t re of the detector , and Τ is the sa tura t ion 
count r a t e . This curve shows a smal l i n c r e a s e with the d i s tan
ce for the (n, n') reac t ion both in the glove box and in the low 
sca t te r ing environment . This can be explained by assuming that 
the Cf is not in the middle of the container , but somewhat off 

cen t re . Taking into accoun t the r ea l dis tance r ' to the place of 
T r ' the Cf, plots of —ρ— as a function of r ' a r e given in figure 10. 

The In(n, n ') m e a s u r e m e n t s show that the re a r e hardly any sca t 
te red neutrons above the threshold of this reac t ion . The ra t io 
of the response glove box to low sca t te r ing environment is 
higher for gold than for indium. This is due to the fact that 
the Au(n,y) + Β detector is m o r e sensi t ive to sca t t e red neu
t rons than the In(n, γ) + Β detector , because the indium respon
se curve i s m o r e or l e s s flat between 200 keV and 2 MeV, whe
r e a s the gold excitation curve r i s e s rapidly with decreas ing 
energy, a s can be seen from figure 9. 

P a r t of the ext ra count r a t e after activiat ion in the g lo
ve box may be due to neut rons sca t t e red back from the one 
hand near the detector , and has to be subt rac ted from the to 
tal count r a t e in o rde r to de te rmine the r ea l spec t rum at the 
position of the de tec tor . There fore the ra t io of the r e sponses 
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with and without a paraffin hand at 5 cm from the gold or 
indium de tec to r s , was m e a s u r e d at severa l d is tances , in the 
same way as descr ibed before . These m e a s u r e m e n t s were p e r -

252 formed using a smal l 1.4 μ g Cf source , a descr ipt ion of 
which is given e l sewhere (24). The induced act ivi t ies were the
refore smal l , introducing a r a the r l a rge e r r o r in the ra t io . 
The r e su l t s a r e given in table I. 

Table I 

Ratio of the r e sponse with and without one hand at 5 cm from 
the detector at different source detector d i s t ances . 

r = 4 . 0 cm r = 8.0 cm r = 12.0 cm 

U 5 I n ( n , γ)1 In 1.029 ΐ 0.010 1.065 ΐ 0.020 1.150 t 0.046 

197 198 + + 
Au(n, γ) 7 Au - 1.002 - 0.025 1.027 - 0.031 

Cont ra ry to the fo rmer m e a s u r e m e n t s , he re the ra t io of the 
indium m e a u s u r e m e n t s seemed to be somewhat higher than for 
gold, indicating that mos t neutrons that a r e sca t t e red back 
from the hand have energies in the range where the ra t io 

Cf Cf στ (E) to <σ> is higher than 0A (E) to <σ> A e . g . around Inv ; In B Auv ; Au B 

1 MeV. 
In o rde r to de te rmine a spec t rum from in tegra l m e a s u 

remen t s -with de tec to rs having different thresholds , it is n e c e s 
sa ry to make assumpt ions concerning the shape of the spec 
t rum to be expected, and to modify this spec t rum in o rder to 
fit the m e a s u r e m e n t s . As a f i r s t t r ia l spec t rum we used a 16 
group Monte Car lo calculation, in which the i r r e g u l a r shape of 
the glove box was approximated by cyl inders of different radi i 
(25). The resul t ing spec t rum of sca t te red neutrons consisted 
of 1/E - spec t rum below about 10 keV, and a peak of higher 
energy neut rons around 800 keV, the height of which was de 
pendent on the radius of the cyl inder . One of these spec t ra was 

252 modified in o rde r to find a spec t rum rela t ive to a Cf neutron 
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spec t rum which gave the bes t ag reemen t for the response r a 
tios glove box to low sca t te r ing environment for the three 
threshold r eac t ions . 

252 The Cf s cec t rum used for these calculat ions was 
1/2 taken as φ(Ε) - k. E . exp ( -E /1 .41 ) , for neutron energies 

above 1.5 MeV, whereas below 1.5 MeV the data of Zamya t -
min et a l . (26) were normal ized to this Maxwellian d i s t r ibu 
tion. For the average fission c r o s s sect ions the data of Pauw 

115 197 
(27) were used, which amounts for the In(n, γ), Au(n, γ) 
and ~ In(n, n') reac t ion with B : 118.9 - 4 . 5 mb, 83.1 - 2 .3 
mb and 175 - 7 mb respec t ive ly . 

Table 2 

Calculated and m e a s u r e d ra t ios of the r e sponse of the th ree 
252 threshold de tec to rs at 10.0 cm from the Cf sou rce . 

Glove box + 2 hands 

115 11 61 In(n, γ) ^Tn 

197 Λ , ,198. Au(n, γ) Au 

11 

low sca t te r ing 

1.725 t 0.042 

1.971 ΐ 0.029 

In (η, η') ^ η ! 1.030 +- 0.014 

exp. 

+ hand 

- hand 
exp, 

+ O.O94 - 0.025 

0.011 ΐ 0.029 

115 I l6 i In(n, γ) In 

197 Λ , J 9 8 . 
Au(n, γ) AU 

115 115 In(n, n' ) In 

Glove box + 1 hand 

low sca t te r ing 

1.631 - 0.049 

1.960 ΐ 0.041 

1.030 - 0.014 

exp. 

glove box + 1 hand 

low sca t te r ing 

1.57Í 

ca le . 

1.982 

1. 036 
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F o r the s p e c t r a p lo t t ed p e r un i t l e t h a r g y a s g iven in 

f i g u r e 11 , the r e s u l t i n g r a t i o s a r e g iven in t ab le 2 . A l s o at 
252 

5 and 15 c m f r o m the Cf s o u r c e , the c a l c u l a t e d r a t i o s of 

the d e t e c t o r r e s p o n s e s in the g love box to tha t in the low 

s c a t t e r i n g e n v i r o n m e n t a g r e e d wi th in the e x p e r i m e n t a l e r r o r . 

T h i s m e a n s tha t the s p e c t r u m of s c a t t e r e d n e u t r o n s d o e s not 

v a r y g r e a t l y b e t w e e n 5 and 15 c m d i s t a n c e f r o m the s o u r c e . 

A s can be s e e n f r o m f i g u r e 11, the s c a t t e r e d n e u t r o n s 

have e n e r g i e s be low the Th(n, f) t h r e s h o l d and wi l l thus not 

be ■letected by the d o s i m e t e r , a s w a s c o n f i r m e d e x p e r i m e n 

t a l l y . The r e s u l t i n g d o s e e q u i v a l e n t w a s c a l c u l a t e d f r o m th i s 

s p e c t r u m u s i n g the flux d e n s i t y to d o s e e q u i v a l e n t r a t e c o n 

v e r s i o n f a c t o r s a s g iven in NBS Handbook 63 (1957), i s g iven 

in t a b l e 3 a s a f r a c t i o n of the dose e q u i v a l e n t due to n e u t r o n s 

252 
c o m i n g d i r e c t l y f r o m the Cf s o u r c e . A l s o g iven in th i s 

t ab l e i s the d o s e e q u i v a l e n t due to t h e r m a l n e u t r o n s , wh ich 

w a s m e a s u r e d a t 10 cm f r o m the s o u r c e by m e a n s of gold 

fo i l s , and w h i c h w a s a s s u m e d to be c o n s t a n t in the box . T h e 

d o s e e q u i v a l e n t due to l / E  n e u t r o n s a t 1 0 . 0 cm w a s c o n f i r 

m e d by c a d m i u m c o v e r e d gold foil m e a s u r e m e n t s . In p r a c t i c e 

m o n i t o r i n g the d o s e e q u i v a l e n t due to t h e r m a l and l / E  n e u 

t r o n s can thus be o m i t t e d , a s they wi l l c o n t r i b u t e only a few 

p e r c e n t a t m a x i m u m to the t o t a l d o s e e q u i v a l e n t . 

T a b l e 3 

D o s e e q u i v a l e n t due to s c a t t e r e d n e u t r o n s . 

R e l a t i v e to d o s e e q u i v a l e n t A b s o l u t e p e r 
252 

f r o m u n s c a t t e r e d n e u t r o n s μg Cf 

d i s t a n c e t h e r m a l O.JeVlOkeV 1 0 k e V  m a x to t a l m r e m . h r 

5 . 0 c m 0 . 0 8 % 0 .21 % 7 . 8 % 8 . 1 % 7 2 . 0 

1 0 . 0 0 . 3 0 0 .64 2 3 . 6 2 4 . 5 5 4 . 3 

1 5 . 0 0 . 6 8 1.23 4 5 . 0 4 6 . 9 4 6 . 2 
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The l a s t column of table 3 gives the sca t t e red dose 
-1 252 

equivalent in m r e m . h r for one μg of Cf inside the box, 
using a flux density to dose equivalent r a t e convers ion factor 

-1 -2 -1 
of 0.119 m r e m . h r per n. cm sec . As can be seen from 
these data, the extra dose equivalent due to sca t t e red neut rons 
does not d e c r e a s e very much with inc reas ing dis tance from the 
source . This means that one cannot simply mult iply the r e c o r 
ded fast neutron dose equivalent by a constant factor in o rder to get the total dose equivalent a s can be done outside the 
box 
252 
box (3). Ra ther an ave rage value of 50 m r e m . h r per Mg 

Cf inside the box, has to be added to the r eco rded fast 
neutron dose equivalent. 

An es t imate of this extra unrecorded dose equivalent 
rece ived by the opera tor on his hands can be made if the 

252 total amount of Cf inside the box is known and the t ime 
during which operat ions a r e c a r r i e d out inside the box. It i s 

252 evident that quanti t ies of Cf l a r g e r than 10 μg will give 
too high an unrecorded dose equivalent on the hands, and the 
use of manipu la to rs will be n e c e s s a r y . If the cal ifornium is 
in a H„0 solution or o therwise shielded inside the box, then 

-1 252 
the quantity of 50 m r e m . h r per μg Cf may change, but 
as the modera t ing l a y e r s in genera l will not be very thick, 
l a rge var ia t ions a r e not expected, though exper imenta l confir
mation will be n e c e s s a r y . 

252 The same is valid in the case of the handling of Cf 
needles for therapy pu rposes . However he re an exper imenta l 
de te rmina t ion of the total dose equivalent at the position of the 
hands under working conditions may be possible by means of 
a r emcoun te r . This may give after subtract ion of the d i rec t 
252 

Cf dose equivalent, the dose equivalent due to sca t t e red 
neu t rons . 

237 Though the threshold of the Np(n, f) reac t ion i s lower 
232 than that of the Th(n, f) react ion, about 0 .5 MeV for Np 

compared to 1.5 MeV for Th, the In(n, n') m e a s u r e m e n t s show 
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that the sca t t e red neut rons will not be r ecorded by a Np-dos i -
m e t e r e i ther e . g . the one proposed by Sohrabi and Becker(28) . 
The Rh(n, n ') Rh reac t ion has a lower theore t ica l t h r e s 
hold: about 50 keV. However, due to i t s low sensi t ivi ty and the 
r a the r shor t half-l ife of the Rh (56 min . ) a dos imeter ba 
sed on this reac t ion is only suitable for special purposes (29) , 

252 e . g . the opening of Cf -capsu les . Although albedo type dos i 
m e t e r s a r e infer ior to fast neutron dos ime te r s for measu r ing 
the neutron dose equivalent on the body of the opera tor out
side thin water shields (3), they may be used together with 
a f ission t rack dos ime te r on the hands inside a glove box for 
measu r ing the extra dose equivalent due to sca t te red neu t rons . 
However, an exper imenta l de te rmina t ion of the sensit ivi ty in
side the box will be n e c e s s a r y , whereas a lso other factors 
l ike the influence of the thickness of the hand on the response 
has to be invest igated. 

The spec t rum of the sca t t e red neutrons and i t s i m p o r 
tant contribution to the total dose equivalent, emphas izes once 
m o r e the lack of a personnel neutron dos imete r sys tem having 
a threshold nea r about 10 keV. 

Sensit ivity of the dos ime te r . 
252 The r e sponse of the dos imete r in a pure Cf spec 

t rum was de te rmined by i r r ad ia t ing the dos imeter perpendicu
lar to the thor ium d i scs in a low scat ter ing environment at 

252 different d is tances from a smal l , ca l ibra ted Cf source 
which will be descr ibed e l sewhere (24). The resul t ing s e n s i 
tivity, which is of course only valid for our d imensions of the 
thor ium d i scs , foil th ickness , etching and counting conditions, 
amounts to (2.78 - 0.06) χ 10 spa rks , cm .η , which is 
(0.885 ΐ 0.019) x 10 spa r k s , c m 2 . η " 1 for a Th disc of one 

2 
cm . 

In o rde r to convert the counted number of sparks to 
dose equivalent, -which is the quantity of i n t e r e s t from the 
point of view of radiat ion protection, P r ê t r e (8) p re fe r s to 
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ca l ibra te his dos ime te r in rad using the max imum absorbed 
dose to fluence convers ion factor . Af te rwards the m e a s u r e d 
dose can then be converted into dose equivalent using a p p r o 
pr ia te quality f ac to r s . Buys et a l . (9) gave an expe r imen ta l 
ly de te rmined convers ion factor ho les , (foil, r em) using an 
average number of counted holes in foils i r r a d i a t e d under 
different exper imenta l c i r cums tances in which the dose equi
valent was m e a s u r e d by m e a n s of a r emcoun te r . In our 
case , in which only the fast neutron dose equivalent due to 
neut rons coming d i rec t ly from the Cf-source is measu red , 
an average dose equivalent r a t e per unit flux density for 
o r o _ ] ? _ 1 

Cf neut rons of 0.119 m r e m . h r per n. cm . s e c was 
calculated for the cal ifornium spec t rum (section 4) . This 
value is in good a g r e e m e n t with 0.122 m r e m . h r per 

-2 -1 
n. cm . s e c , as given by Stoddard and Hootman (3 0). If 
the fluence to dose equivalent convers ion fac tors for m o n o -
energe t ic neu t rons for whole body neutron exposure , from 
which this factor has been calculated, will change [e . g. 

252 convers ion factor can be calculated for the known Cf 
according to the proposa l of Stevenson et a l . (31)], a new 
convers ion factor 
neutron spec t rum. 

The resu l t ing sensi t ivi ty will now be : 11.9 - 0.3 
m r e m . spark for Cf neut rons impinging perpendicular 
on our dos ime te r , which amounts to 37 .4 - 0.9 m r e m . s p a r k 

2 
for a Th disc of 1 cm . If one takes into account the factor 
of 1.25 - 0.05 due to the angular dependence of the r e sponse 
as desc r ibed in section 3, the resu l t ing sensi t ivi ty will be : 
14.9 - 0.7 m r e m . spark , which has been used for our dos i -

2 
m e t e r r ead ings . F o r a thor ium disc of one cm the s ens i t i 
vity will be 46 .8 - 2 .2 m r e m . spark . This value may be 

-1 2 
compared with the value of 91 m r e m . spark per cm thor ium 
for Cf neut rons for the dos ime te r of Buys et a l . and a s ens i t i -

-1 2 
vity of 12.6 m r a d . spark per cm thor ium of the dos ime te r 
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of P r ê t r e , which co r re sponds to a r e sponse of 107 m r e m . 
1 252 

spark using a quality factor of 8. 5 for Cf neu t rons . Both 

d o s i m e t e r s contain, however, only one thor ium d i sc . 

In o rde r to obtain the total neutron dose equivalent, one 

has to add the dose equivalent due to sca t t e red neu t rons . As 

d i scussed in sect ion 4 an es t imated value of 50 m r e m . h r 
252 r per ^ Cf ins ide the box could be calculated. This extra 

contribution was not very dependent on the dis tance to the 

source . 
2 52 

M e a s u r e m e n t s with the Cf source and the dos imete r 

combined with a TLD chip, provided the ra t io of γ exposure 

to counted number of spa rks , and amounted to 0.640  0.023 

mR. spa rk , using a smal l co r rec t ion factor for the somewhat 

different posit ion of the TLD d i sc . This means that in a i r the 

m e a s u r e d ra t io of the gamma dose equivalent to the neutron 

+ 2 

dose equivalent amounted to: (4Γ67  0.20) χ 10 ' using a con

ve r s ion factor of 0. 869 for the γ exposu re and a neutron sen

sit ivity of 11.9  0.3 m r e m . spark . This i s somewhat lower 

than the number of 7 .03 % as given in (31) , which may be 

due to absorpt ion of low energet ic X and gamma rays in the 

encapsulat ion m a t e r i a l of the neutron source , and in the 0. 5 

m m thick s ta in less s tee l container of the TLD chip. 

M e a s u r e m e n t s of the dos imete r r e sponse with and 

without a paraffin dummy hand between the dos imete r and the 

Cf source , showed that the neutron dose equivalent i s lowered 

by a factor of about two by placing the dos imeter on the back 

of the hand. The m e a s u r e d gamma dose is somewhat higher 

in the si tuation with the dummy hand. This means that wea

r ing a dos imete r on a hand will hard ly influence the m e a s u r e 

ment of the gamma dose equivalent, whereas the m e a s u r e m e n t 

of the neutron dose equivalent will be different for the front 

and the back of the hand. However, a s pointed out in the in 

troduction, the dos ime te r gives only a m e a s u r e m e n t of the 

neut ron fluence at the place of the dos imete r whereas the choi
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ce of an app ropr i a t e dose equivalent convers ion factor may-
give a dose equivalent averaged e i ther over the whole hand 
or only at the posit ion of the dos ime te r (see for example 
(31)). 

Exper ience with the dos ime te r . 

As at CBNM only a few people a r e working in glove 
boxes with Cf sou rces , not many r e s u l t s of r eco rded γ and 
neut ron doses a r e ava i lab le . Neve r the l e s s some conclusions 
can a l r eady be dra.wn from the exper ience with the use of 
the dos ime te r over a per iod of about one yea r . 

F i g u r e 12 gives the r a t i o s of the m e a s u r e d TLD doses 
on the finger tip to that on the hand, both of which were c o r 
r ec t ed for background and radia t ion due to the thor ium, for 
the left and r ight hand. As can be seen from this f igure, 
our s ta r t ing point was indeed c o r r e c t , that in mos t ca ses 
the γ -dose on the hand is of the same o rde r of magni tude or 
even higher than the γ - d o s e equivalent on the finger t ip s . 
Most c a se s where the γ -dose on the finger t ips was higher 
than on the hand, occu r r ed a t special occas ions in which the 

d o s i m e t e r s were worn only during shor t per iods of t ime e . g . 
252 the opening of a container with a quantity of 10 μg Cf. 

Though the ra t io of the neut ron dose equivalent on the hands 
to that on the finger t ips will differ from the gamma dose 
equivalent r a t io (see below) i t seemed neve r the l e s s useful 
to wear a l a r g e r neut ron dos ime te r on the hand, in combina
tion with TLD ' s a t the finger t ips and in the d o s i m e t e r . 

F i g u r e 13 gives the r a t i o s of neut ron dose equivalent 
to γ -dose equivalent m e a s u r e d on the back of the hand, using 
the neutron sensi t ivi ty a s given in sect ion 5. Though the s t a 
t i s t i ca l e r r o r in the neut ron dose equivalent m e a s u r e m e n t s was 
r a the r l a r g e , the max imum number of counted spa rks being 60, 
the m e a s u r e d r a t i o s showed a much l a r g e r sp read . This may be 
due to differences in or ienta t ion of the hands with the d o s i m e -
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t e r towards the source (cf. section 5). Also the ra t io of the 
neutron fluence to the gamma fluence will in genera l be a func
tion of the posit ion in the box. This means that es t imat ing the 
neutron dose equivalent by a s imple m e a s u r e m e n t of the gamma 
dose equivalent on the hand with a TLD chip and multiplying 
the r e s u l t with a ce r ta in factor, will give l a rge deviations 
from the r e a l neutron dose equivalent. 

According to figure 13 the m e a s u r e d γ -dose equivalent 
on the hands i s in m o s t ca ses of the same o rdes of magni tu
de or higher than the m e a s u r e d neut ron dose equivalent. F r o m 
the ca l ibra t ion m e a s u r e m e n t s in a low sca t te r ing environment 

252 with a Cf source a s desc r ibed in section 5, i t followed 
that the d i r ec t γ -dose equivalent i s only about 5% of the neu
t ron dose equivalent. The l a r g e s t p a r t of the γ -dose equivalent 
will thus be due to sca t t e red gamma r a y s or g a m m a ' s coming 
from absorp t ion of t h e r m a l neu t rons . Reduction of the gamma 
dose equivalent due to gamma r a y s from capture of t he rma l 
neut rons by hydrogen in the water shield, can be obtained by 
adding boron to the wa te r . According to Stoddard and Hoot-
man (3 0), a reduct ion to 40 % of the gamma dose outside a 

15 cm thick water shield can be obtained by adding 2 mg Β 
3 

per cm H„0 , -which i s equivalent to about a sa tura ted solu
tion of H B O (5.2 g H B O per 100 ml H 2 0 at 21 °C). E x 
pe r imen ta l de te rmina t ion of the reduct ion of the gamma dose 
inside the box will, however, be n e c e s s a r y . 

Conclusions 

A personne l neutron dos ime te r using fission t r ack r eg i s 
t ra t ion a s desc r ibed in this paper is not an ideal ins t rument , 
but a t this moment i t s e e m s to be the bes t type of dos imete r 
for the m e a s u r e m e n t of the fast neutron dose equivalent on 

252 hands of o p e r a t o r s during the handling of Cf s o u r c e s . 
By a careful const ruct ion of the dos imete r and the coun-
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te r thus avoiding touching the 10 μηα thick Makrofol foil during 

the p repara t ion of the dos ime te r , by carefully select ing the 

etching and counting p r o c e s s , and by tes t ing the foils before 

use , a ze ro background could be ontained. The sensi t ivi ty of 
2 52 

the dos ime te r for Cf neut rons unter our etching and coun

ting conditions amounts to 14.9  0.7 m r e m . spark , taking 

into account a factor of 1.25  0.05 for the angular dependen

ce of the r e sponse of the d o s i m e t e r . 

Though the an i so t ropy of fast neut ron induced fission 
232 

of Th is dependent on the neut ron energy and can be quite 

l a r g e nea r the onset of the (n, n'f) , (n, 2nf) e tc . r eac t ions , 

no l a r g e energy dependence of the angular r e sponse was found, 

due to the in tegra t ing effect of placing the p las t ic foil nea r 

the thor ium disc . 

A difference in r e sponse of about 20 % has been ob

se rved between i r r ad ia t ing a dos ime te r with one thor ium disc 

ei ther with the Makrofol foil or the thor ium disc towards the 

neutron source , at neut ron energ ies between 12.8 and 16.8 
? no 

MeV. F o r Cf neut rons this fo rward /backward effect could 

not be observed . 

M e a s u r e m e n t s of the spec t rum of s ca t t e r ed neut rons in 

side the box shows that mos t s ca t t e r ed neut rons have energ ies 

between 10 keV and 1 MeV, and will thus not be r e c o r d e d 

with a thor ium (or n e p t u n i u m ) d o s i m e t e r . 

The dose equivalent due to sca t t e r ed neut rons amounts 

1 252 
to about 50 m r e m . h r per μg Cf ins ide the box, and is 
not very dependent on the d is tance from the sou rce . It i s t h e 

252 
ref or e advisable to handle quanti t ies of Cf sma l l e r than 

10 μg in glove boxes , and to use man ipu la to r s for l a r g e r 

quantità e s. 

The r a t ios of the m e a s u r e d γ dose equivalent a t the 

back of the hand and the ydose equivalent a t the finger tip 

shows that in m o s t ca ses the ydose on the hand is of the 

same o rde r of magni tude as _>n the finger t ip . It s e e m s t h e r e 
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fore justified to use a neutron dos imete r worn on the hand 
for use inside a glove box, -which can be made l a r g e r (thus 
having a higher sensit ivity) and -which is m o r e convenient than 
a neut ron dos ime te r a t tached to a finger. 

The ra t io of the m e a s u r e d neutron dose equivalent to 
the m e a s u r e d γ -dose equivalent at the back of the hand shows 
l a r g e va r i a t ions . A s imple calculation of the neutron dose equi
valent rece ived by multiplying the m e a s u r e d γ -dose equivalent 
with a ce r ta in factor i s not sa t i s fac tory for work inside a 
glove box and a m e a s u r e m e n t of the neutron dose equivalent 
will be n e c e s s a r y . 

In m o s t ca ses the γ -dose equivalent m e a s u r e d inside 
the box i s higher than the m e a s u r e d fast neutron dose equi
valent . Reduction of the γ -dose equivalent due to g a m m a - r a y s 
from the capture of t he rma l neut rons by hydrogen, can be 
obtained by adding boron to the water shield. 
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FIGURE CAPTIONS 

F ig . 1 Exploded view of the CBNM hand neutron dos ime te r 

F ig . 2 CBNM dos imete r worn on a paraffin dummy hand 

F ig . 3 ETC and f rame with 10 μ rn thick Makrofol foil and 
aluminized Mylar foil 

F ig . 4 Diagram of the e lec t ronic counting sys tem of the ETC 

Fig . 5 Angular dependence of the r e sponse of the dos imeter -with 
252 one thor ium disc for Cf neutrons 

F ig . 6 Angular dependence of the response of the dos ime te r with 
one thor ium disc for 16.75 MeV neutrons 

F ig . 7 Response ra t ios 270° to 180° and 270° to 90° for dos i 
m e t e r s -with one thor ium disc at different neutron energ ies 

F ig . 8 Response ra t ios 270° to 180° and 270° to 90° for dosi-
met 
238. 

o o c o o *7 

m e t e r s in contact with thin l aye r s of U, Np and 
U at th ree neutron energ ies 

F i g . 9 Exci tat ion functions of the th ree threshold reac t ions used 
for the de te rmina t ion of the spec t rum of sca t t e red neutrons 
T r ' 2 

Frg. 10 —=: as a function of r ' for the th ree reac t ion products in
side the glove box and in a low sca t te r ing environment 

F ig . 11 Neutron spec t rum inside the glove box at 10.0 cm from 
2 5 2 „ , a Cf source 

F ig . 12 Ratios of the gamma dose on the finger tip to that on the 
hand inside the glove box 

F ig . 13 Ratios of the m e a s u r e d fast neutron dose equivalent to gam
ma dose equivalent on the hand inside the glove box 
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Stainless steel cover 
1.0mm thick 
yf = 44mm 

Thorium disc 
0.1mm thick 
fi - 20 mm 

Makrofol KG foil 
10 pm thick 

Makrofol E frame 
0.4mm thick 
ff in = 30mm 
0 out = 38 mm 

Thorium disc 
0.1mm thick 
gS = 20 mm 

TDL 100 disc 

Stainless steel bottom 
1.0 mm thick 
jeT = 44 mm 

Fig. 1 Exploded view of the CBNM hand dosimeter 
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F i g . 2 CBNM dos imete r worn on a paraffin dummy hand. 

F ig . 3 ETC, f rame with 10 μ m thick Makrofol foil (left) 
and aluminized Mylar e lec t rode (right). 
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