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The concept of albedo neut roa dosimeters i s not a new development and 

coat s t u d i e s da te back to the e a r l i e s t days Df the atomic energy programs. 

The development, of l i t h ium- f luo r ide tbermolumincence dosimeters provided 

a s e n s i t i v e thermal neutron d e t e c t o r and crea ted a new i n t e r e s t in albedo 

nvutrart dos ime te r s , t h i s In te ref t t , however, was discouraged by the energy 

dependence s t u d i e s which ind ica ted the dosimeters had responses t h a t were 

not p ropor t iona l to the dose . Recently, f i e l d methods for determining 

the c a l i b r a t i o n factor* required Co i n t e r p r e t the badges properly have 

been developed and the re has be«» 3 s i g n i f i c a n t inc rease in t h e i r u s e . 

The dosloctecB haue one major advantage over o t h e r types of personnel 

neutron dos imete r s , tha t bis*ng they always provide a reading when the 

person i s exposed to s i g n i f i c a n t neutron dose. The mail, disadvantage i s 

the determinat ion of the proper c a l i b r a t i o n f a c t o r . 

An a lbedo neutron dosimeter i s designed t o oeaaure the flvsx of thermal 

neutrons which leave the body when a person i s exposed to fast energy 

neutrons . The fas t neutrons a r e sca t t e red and moderated In the body, and 

many have l o s t roost of tJietr i n i t i a l energy and emerge as thermal neu t rons , 

the albedo neut ron doaine ter i s designed to d e t e c t t h i s flux of thermal 

neutrons by us ing a t ha raa l neut ton d e t e c t o r . Thia could be finy type a t 

thermal neut ron detector but in p r a c t i c a l a p p l i c a t i o n s l i thium f luo r ide 

(1.1F) t he tw lua lnesce i t r e dosimeters (TLBs) a r e most frequently used. 

Wurk performed under the auspices of the U. s . Department of Er.argy 
tmd*r c o n t r a c t r.o. «-?495-£ng-48-

Natural l i th ium TtDs 3re s e n s i t i v e t o thermal neutrons and t h i s 

s e n s i t i v i t y can be increased by making the TLD of l i thiuat enriched in the 

i so tope Li . TLDs arc a l s o made from l i th ium where the Li i so tope has 

been removed ( leaving only the Li i s o t o p e ) . These TLDs have e s s e n t i a l l y 

no response to thermal neu t rons . Both types of TLDs, enriched in the 

l i t h lum-6 Isotope <Li-6> or with only the l i t h ium-? i so tope <Li-7) , have 

the same s e n s i t i v i t y to ganma r ays . (There may be a small d i f ference with 

the Li-6 TLDa normally being l e s s s e n s i t i v e . Thia i s cor rec ted by reading 

the TLDs separa te ly and applying the appropr i a t e c a l i b r a t i o n f ac to r to 

each type TL9. This r e q u i r e s tha t the TLDs be marked in some manner t o 

permit i d e n t i f i c a t i o n aa a Ll -6 or L i - 7 ) . These Li-6 and Li-7 TLDa a t e 

used in p a i r s with the reading of the L i - ? TLD (gamut response only) 

being subt rac ted from the Li-6 reading (gamma and neutron response) to 

ob ta in the neutron response of the Li-6 T L Q . 

When a p a i r of Li -o and Li-7 TLDs a r e placed on a person, the neutron 

response of the Li -6 TLBs w i l l be p r imar i ly from thermal neutrons en te r ing 

the body ( inc ident thermal neutrons) with only a small pa r t of the reapon H e 

coming from fas t neutrons r e tu rn ing from thn body (albedo n e u t r o n s ) . To 

make a dosimeter which w411 have a useful reading frost albedo net*traus t 

the inc iden t thermal neut rons must be removed or a t l e a s t g r e a t l y reduced. 

This i s done by placing a mate r ia l which cap tu res thermal neutrons such 

as cadmium for boron-loaded p l a s t i c s ) over the TLDs. This TLD and cadmium 

combination i s ca l l ed an albedo neutron dosi tae ter . 

Figure 1 hhows schematics of 6 types of albedo neutron dosimeters 

tha t a re In use or have been s tud ied . The schematics have been drawn so 

thar the bottom of thu f igure represen ts tlit* s ide of the dosimeter tha t 

NOTICE- -
I Thfc apo,, ,*, p^p^a mm* 



- V 

would be a g a i n s t the body. The f i r s t dosimeter (a> K the t-asic o r 

simple albedo neutron dosimeter* I t cons ta t s of a p a i r of (.1-6 and 7 

Ttte on e i t h e r s ide of a cadmium disk (Pa 71 , Ito 71) . The TU> p a i r on 

the bottom I s used to treasure the albedo neu t rons , and the top p a i r of 

TLDs l a used t o measure Che inc iden t thermal neut ron flueoc* or d o s e . 

The th ickness of the cadmium let an albedo neut ron dosimeter can be 

from 15 o i l s , shown in F ig . 1 ( a ) , t o 60 mi l s , a l though 30 raUs i s most 

frequently used. Cadmium th inne r than IS mi ls a l lows too m*«y of the 

incident and albedo thermal neutrons to leak through the c£<talum which 

complicates t h e i n t e r p r e t a t i o n of the dosimeter (Ha 72a, Ha ?2b) . 

The s i z e of the cadmium d i s k should be a s l a r g e a s poss ib le t o keep 

Incident thermal neutrons from en te r ing the body near the TU>9 where they 

have a good chance of s c a t t e r i n g and being d e t e c t e d . Since thermal 

neutrons migra te l a t h e body l a r g e d i s tances be fo re being e#ptured, the 

cadmium s i z e should be about 4 inches In d iameter . A dosin«ter of t h i s 

type was designed in England (Br 67 ) , but proved to be impract ical because 

of i t s s i z e . A smaller d i sk can fee used i f the response of the bottom TLD 

i s cor rec ted for the inc iden t thermal neu t rons . This can be done by sub­

t r a c t i n g a por t ion of the inc iden t thermal neutron reading flf the top 

TtDs from t h e reading of t h e bottom TLD. This co r r ec t i on depends on the 

r e l a t i v e response of the top and bottom TLDs when exposed to thermal 

neutrons and l a determined by exposing the dosimeters In thermal neutron 

beams from r e a c t o r s . The c o r r e c t i o n factor inc ludes the leakage of thermal 

neutrons through the cadmium and the response t o inc iden t thermal neutrons 

en te r ing t h e body beyond the edges of the cadmium. 
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The cadmium s i ze cam»ot be reduced i n d e f i n i t e l y , however, and a 

diameter of ^ 3/B-ln. ia considered to be about the smal les t useful s ize 

(Ho 72a, Ha 72b). For smal ler diameters , the inc iden t ther-aal neutron 

response of the TLDs belovf the cadmium i s an great or g rea te r than t h e i r 

response to albedo n e u t r o n s , even when the thermal neutrons con t r ibu te only 

a smal l p a r t of the t o t a l neatron dose. 

llie two Li-7 TLDs 6ho«m in pa r t (a) of Fig. 1 are the same, but t h e i r 

readings w i l l , in many cages , be d i f f e r e n t . The cadmium i s a very good 

s h i e l d i n g m t e r i a l for x- and gawsa-raya energ ies l e s s than 106 keV. 

This causes gams readings of the bottom TLBs (both Li-6 and Li-7) to be 

lower than the top TLD readings when the exposure Includes a component of 

low energy photons. Since t h i s f requent ly oec«rs , two Li -7 TLBs are required 

in an albedo neutron dosiujeter for proper evaluat ion of the r e s u l t s . If 

the cadmium i s replaced by boron-loaded p l a s t i c , the sh ie ld ing effect for 

low energ? x or gsmmn rays i s much smal ler and only one Li -7 TLD ia requi red . 

The disadvantages of boron-loaded p l a s t i e s a r e : (1) the t h i cknes s required 

to s top a l l thermal neutrons i s largy cou-^ared to cadmium, and (2) to reduce 

t h i s t h i ckness , the boron-10 isotope must be used and B-JO 1 B very expensive 

(Gr 7 2 ) . In s p i t e of thege diaadvantrfRes, the English a lbedo seu t ron d o s i ­

meter (Har 69, Har 72 ) , Fig- 1(d) , ~ud the German dosimEt-r <Pi 74, Do 77) , 

Fig. 2 ( h ) , a re made of a boron-loaded .tl in tAc. 

if the albedo aeu t roa dosimeter c o n s i s t s of cadmium and the oetitron 

.spectrum contains s i g n i f i c a n t thermal neu t rons , the Li-7 TLD readings can 

not be used to determine the wearers gamma exposure. The cap ture of the 



thermal neu t rons by cadmium r e s u l t s l a capture o£ gamma say* uhLch i n c r ea se s 

the readings of a l l TLDs near the cadmium. For example, a t tt power reactoT 

the observed reading, of a Li~7 TLD located on an albedo neutron dosimeter 

was twice as l a r g e as a Li -7 TLD located away from the cadmiua. The 

measurement of the gamma exposure the Individual receive* must be made 

with a TLB s e p a r a t e from the albedo neutron dosimeter i f the d e a i a e t e r i s 

made of cadmium. 

To eva lua t e the bas ic albedo neutron dosimeter . Fig. 1(a) (Fa 71) , 

both s e t s of TLDs a r e read on a TLD reader . {If necessa ry , the TLD 

readings a re cor rec ted for d i f fe rences in s e n s i t i v i t y between the Li-fe and 

Li-7 TtDa.) For each p a i r of TLDs the Ll-7 (saram exposure reading) i s 

subt rac ted from the Li-6 reading (gamma plus neut ron reading) to ob ta in 

the neutron response of the TLD. The Li-6 TLD located above th* cadctum 

represen ts the inc iden t thermal neutron response. (This a l so i n d u c e s a 

small con t r i bu t i on from inc iden t f a s t neutrons which i s ignored.) The 

albedo neut ron response i s found by sub t rac t ing from the bottom Li-6 TLD 

reading a f r a c t i o n of the reading obtained from the Ll-6 TLD located above 

the cadmium ( t h i s f rac t ion having been determined experimentally as discussed 

p rev ious ly ! . To determine the f a s t neutron dose an albedo neutron c a l i ­

b ra t ion f ac to r i s applied t o the remainder of the Li-6 TLD reading . 

The albedo neutron c a l i b r a t i o n factor i s a function of the neutron 

energy and i t s value can vary by > 2 orders of magnitude (H.n 75, fia 77) , 

This v a r i a t i o n i s the prime disadvantage of albedo neutron dosimeters ; they 

a r e highly energy dependent. The energy dependence o£ albedo neutron 
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dosimeters is shown in Fig. 3. Here we have plotted the relative response 

of a Hankins-type albedo neutron dosimeter (determined by calculations 

(Al 72) and experimentally) as a function of neutron energy. A dosimeter 

with no energy dependence would give a straight horizontal line, but the 

albedo neutron dosimeters response changes rapidly with neutron energy. 

To evaluate the reading from an albedo neutron dosimeter properly, the 

appropriate calibration factor for the exposure must be determined. 

Two techniques are commonly used to determine the albedo calibration 

factor. One is to place the albedo neutron dosimeter on an appropriate 

phanton (usually a gallon jug of water) at a location where the dose rate 

has been determined. The dosimeters are lefr for a known .-ise and the 

total dose is calculated. The calibration factor is determined by dividing 

the albedo neutron TLD reading by the dose. This procedure, although 

accurate, is time-consuming and the preferred technique is to use the ratio 

of two types of neutron detectors; one a remmeter and the other an Instru­

ment that responds primarily to low energy neutrons. An example is the use 

of the 9-in. sphere renanetet" and 3-ln. sphere covered with 10-mil thick 

cadaium (Ha 75). A measurement (usually in counts psr minute using a 

portable sealer) is iaade with both spheres and the rjtio of the 9/3-isch 

sphere is determined. By u5ing a cur«-e similar to the one shown in Fig. 4, 

the calibration factor for that point in obtained. The location of the curve 

on Fig. 4 will vary slightly depending on the uenoitlvity of che Li-6 TLDs 

that are used and the type of albedo neutron dosimeter, but the curve will 

always be a straight line and have the same slope. 
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Tfce ratio of the 9/3-in, sphere and corresponding calibration factor 

is determined at each location whera neutron exposure may occur. By com­

paring these calibration factors, the accuracy that could be obtained from 

albedo neutron dosimeters is determined. In most field situations the 

calibration factors will not vary more than ± 20 to 30Z (Ha 75). This 

variation is the size of error one could expect, in the dosimetry results. 

If larger variations are obtained, a separate calibration factor for each 

.location or building nay be required or another type o£ personnel dosfeeter 

may have to be used. 

An error in the interpretation of the results of albedo neutron dosim­

eters can occur if the gamma-ray exposure is high compared to the neutron 

dose. The reading of the Li-7 TLD (gamma-ray exposure) is subtracted from 

the reading of the ti-6 TLD (goaaa-ray plus neutron exposures)} consequently, 

if there is a large gamma-ray component the difference faetveen the readings 

of the two TLDs will be •mall. The TLDs used in personnel dosimeters usually 

have an accuracy of about * 5 to 10Z. Small difference in reading could 

go undetected because of these variations, or a difference in readings 

could be obtained although none actually exists. If the ratio of gainna-ray 

to neutron doses are expected to be high, an albedo neutron dosimeter with 

high neutron sensitivity should be used. These dosimeters contain sig­

nificant amounts of polyethylene (see discussion below) and ace consequently 

heavy and bulky. 
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Hany d i f fe ren t types of albedo neutron dosimeters have been designed, 

(see F igs . 1 and 2 ) . Studies have been made to see i f changes in s i z e , 

m a t e r i a l , or loca t ion of the TLD in or on the dosimeter would give a d i f fe ren t 

energy dependence* With the exception of small va r i a t ions at. the lower 

In termedia te energy reg ion , n i l albedo neutron dosimeters have the same 

energy dependence (Ha 72a, Ho 72b) . 

The s tud i e s above Ind ica ted tha t the s e n s i t i v i t y of the dosimeters can 

be changed by the add i t ion o£ polyethylene in the dosimeter, and some dosim­

e t e r des igns have used t h i s f e a t u r e . This study a l so pointed QUE the 

necess i ty of keeping the dosimeter worn aga ins t the body and t h a t the 

dosimeter must be or iented proper ly ; tha t i s , not worn backwards. 

The d i f fe ren t types of albedo neutron dosimeters shown in F i r s . 1 and 

2 were designed for s p e c i f i c purposes . Dosimeter Fig. K b ) i s used a t the 

Banford f a c i l i t i e s and was designed to permit an automatic TLD reader to 

be used with 5 TLDs mounted on a card (Un 69, «a 71). Only t h r ee TLDs a re 

used in the albedo neutron por t ion of the badge. The two TLDs tha t a re not 

under the catimiiw a r e sh ie lded ED g ive the same response to lent energy gamma 

rays as the TLP under cadmium. The dosimeter badge i s s imi l a r in s i ze to 

a film badge dosimeter and I s worn loosely on t h e c lo th ing . 

The dosimeter in •vg . 1(c) i s the Hankins-typa dosimeter (Ha 73a) and 

uses only two TtDs. The dosimeter was designed to have a thermal neutron 

response equal %o the response of the dosimeter to "**1.0 MeV neu t rons , making 

a separa te measurement of the thermal dose unnecessary. The dos imeter ' s 

design permits I t to be worn backwards or a t varying d i s tances from the 



- 0 „ 

body. The cadmium completely surrounds the dosimeter and i t s a e n s t l v i t y 

to neutrons i s lower by about a f ac to r of 3 (see F i g . 3) than a dosimeter 

with cadmium an only one o lde . Tills dosimeter responds primari ly to I n t e r ­

mediate energy neutrons s ince tne cadmium removes most of the t t iemal 

energy albedo n e u t r o n s . The dosimeter i s a v a i l a b l e commercially for about 

$6 without TLDe. 

The dosimeter shown in Fig. 1(d) was'developed in England and was 

designed for use a t r eac to r s (Bar 69 , Rar 72) . The TLDs a re "hidden" In 

a recess t o reduce th-. inc ident thermal neutron response to be squal to the 

dosimeter ' s response from the low energy reac to r leakage neut rons . The 

dosimeter i s he ld to the c lo th ing by a safe ty p in . 

The boron and cadmium shie lded TLDs to the dosimeter s tudied a t the 

I^wrenee L ive r sc re Laboratory <Un 7 1 , Gr 72) asd shown tn F ig . 1 ( e ) , g ive 

d i f f e ren t readings when exposed to intermediate energy neutrons* This i s 

caused by the d i f f e r e n t cross s ec t i ons of B and Cd near the thermal r e g i o n , 

and by observing these d i f f e r e n c e s , information on the neutron energy 

spectrum could be obtained, unfor tuna te ly , the d i f fe rences in readings 

a r e smal l , and, in f i e ld a p p l i c a t i o n , the small d i f fe rences caopac be 

accura te ly evaluated and the dosimeter study was discont inued 

The dosimeter shown in F ig . 1(f) i s the l a r g e s t dosimeter and i s 

<v2 I n . in diameter (Ho 72>. I t conta ins cons iderable polyethylene and 

therefore i s the most s e n s i t i v e of the dosimeters . Because of I t s weight , 

i t i s wont on a b e l t . I t i s commercially a v a i l a b l e , without TtDs or b e l t , 

for about $16. 
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The dosimeters In F ig . 2 were recent ly designed la Europe. The 

dosimeter shown m Fig. 2(g) vas designed by Piesch (PI 74, Do 77) in 

Germany. The dosimeter I s sosseuhat s i i a i l a r to the English dnslmce*.*r shown 

in F ig . 1(d) but uses 3 s e t s of TLDs- The top see measures inc iden t thermal 

neut rons , the middle s e t measures incident as wel l as baclescattcred i n t e r ­

mediate energy neut rons , nnd the bottom s e t measures albedo n e u t r o n s . By 

sub t rac t ing a par t of the in te rmedia te neutron reading (middle Bet of TLDs) 

frsHB the albedo noutron read ing (bottom s e t of TLDs), the enurgy dependence 

can be p a r t i a l l y corrected for spec t ra conta in ing a large component of 

Intermediate energy neu t rons . This dosimeter i s commercially a v a i l a b l e 

In Germany, 

The dosimeter shown in F ig . 2<h) was designed by Burger In Germany 

{Bo 77, 8r 77) . I t c o n s i s t s of polyethylene 32-mn in diameter which gives 

the dosimeter high s e n s i t i v i t y . Recently, t h i s dosimeter has bean modified 

to include a 1-na thick layer of a polyraere r e s in containing n a t u r a l boron 

placed ower the polye thylene . This was added to decrease i t s s e n s i t i v i t y 

to inc ident thermal neu t rons . 

The dosimeter sho;->n in F ig . 2(1) i s a dosimeter designed in England 

(Do 77) which la s i r i i l a r In ^ l n c i p l e to the Hankitia dosimeter shown In 

Fig. 1 ( c ) . Both dosimeters cun he worn on an individual without having 

to keep the dosimeter o r . , ^ ted proper ly or he ld c lose ly to the wearer . 

There I s some s a c r i f i c e in s e n s i t i v i t y . 



- I I -

There are several other albedo neutron dosimeter designs In use but 

they art generally s lal l i r to one of the dosimeters shown In Figs- 1 or Z. 

In the selection of an albedo neutron dosimeter, several factors oust be 

considered- If the gamma-ray component of the dose is high or the neutron 

o-pss in from high-aaergy neutrons, where the Btnsitivity of an albedo dosim­

eter is low, an albedo dosimeter with high neutron sensitivity must he used. 

The sensitivity af the various desiseters vary by as great as a factor of 

10' Some albedo doslnetcre are small vnd convenient to wear, while others 

are large and must be wots on a belt- Orientation on the pexcen is important 

for some albedo dosimeters with large errors in evaluation of the dose being 

possible if the dosimeter is worn Improperly, Allowing the dosimeter to 

pull away from the body can decrease or increase i t s reading depending on 

whether the neutron energy is fast or thermal, respectively. Some dosimeters 

can be used with automated readout. 

The advantage of albedo neutron dosimeters over other types of personnel 

newtron dosimeters is sensitivity- If an individual receives an exposure 

> 20 mrem or note, a positive reading will be obtained. Other types of 

dosimeters may have thresholds which make them insensitive to low energy 

neutrons, fade when the temperature of humidity Is high, or do not have 

adequate sensitivity to be useful at the lover neutron doses, the primary 

problem in using albedo neutron dosimeters 13 the determination of the 

proper calibration factor. In spite of this, albedo centres dosiseters 

will be used extensively because they do provide a reading which other 

dosimeters, in many cases, do not. 
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