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AN INTHODLUCTION To

; LBEDO NEUTRON DOSIMETERS®

Dale E. Hankins
Univeratry of California
Lovrence Livermore Laborakory
P. 0. Box 808
Livermore, California 94550

The cancept of albedo neutren dosimeters is mot o wew developmenkt and
cone ptudles date back to the earliest days >f the atomic encrgy programs.
The developmene of lighium-fluoride thermolumincence dosimeters provided
a sengitive thermal neutron detector and created a nev interest in albedo
neutron dos$meters. This intercat, houever, was Aiscouraged by the energy
dependence studies which indicated the dogimeters had responses that were
not proportional to the dose, Recently, field methods for determining
the calibration factors required to interpret the badges properly have
been devcloped and there has been a significant increase in their use.

The dosiwcters have one major advaotage over other typas of perscnmel
neutron dosimeters, char hutng they always provide a rending wheo the
perron 18 exposad to significant neutron dose. The mal. disadventage is
the determinacion of the proper calibration facter.

An albedo asutron dosigeter ta designed co eemsure the flux of thermal
neytrons which leave che body whew o person is exposed to fasc energy
neurrons. The fast ncutrons are scattered and moderated ia the body, and
many have lost most of their initfal emergy and emerge as Lhermdl neuctrons.
The albedo neutron dosineter is designed co detect this flux of thermal
neutrons by ueing a tharnal neutfon detector, This could be any type of
thermal neutron detector but in practical applicarions Jithium fluoride

(LiF) thermoliminescente dosimerers {TiDs) are most Frequencly used.
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Natural lichium TLDs ore ensitive to Lhermal neutrons and this
sensitivity can be inrreasced by making the TLD of Yithium enriched in the
{sorope "LL. TLDS arc also made fram lithium where the 61.1 isotope has
been removed (leaving only the 'Li fsotope), These TLDs have esgentially
ao response to thermal peutrons, Both types of TLDs, enriched in the
1lithium-6 lsotope (Li~6} or with only tha iithium~? isotope {Li-7), have
the same sengicivity to gacma rays. (There may be a gmall difference with
the Li-6 TLDs rormally being less mensitive, This 1s corrected by reading
the TLDs separately and applying the sppropriate calibrarion factor to
each type TLD. Thia roqulres teac the TLOs be marked in Some manner to
permit identificatlon sa a Li-6 or Li~7). These Li~6 and Li-7 TLDs acre
used in pairs with the reading of the Li-7 TLD {(gammr response gnly)
being subtracted from the Li~6 reading (gammo and neutren response) o
cbrain che ncuteon response of the Li-6 TLD,

When a pair of Li~é and Li-7 TLDs are placed on a person, the meucran
response af the Li~6 TLDs will be primarily from thermal neutroms entering
tha body (incideat thermal neutrons) with only a swall part of the reaponse
coming from fast peutrons returning from the body (albedo newtrons). To
make a dosimeter which will have a useful repding from albedo nestrons,
the incident chermal neucrons must be removed or at least gteatly reduced.
Thie is done by placing & waterial which captures thermal neutrons such
as caduina {or baorpn~loaded plasties) over the TLDs. This TLD and cadmium
combination is called gm albedo neutron dogimeter.

Figure 1 nhows Schematlcs of & types of alheds neutron dosigeters
that are in use or have becn studied, The schematica have been drawn so

thar. the bottom of thu figure represents the side of the dosimeter that
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would be againar the body. The firer dosimerer {a)} i. the Pasic or

gimple albedo neutron dosimeter. It consists of a pair of Li-6 and 7
TLDs on either side of a cadmium disk (Fa 71, Un 71). The LD pair on
the bottom 1s used to weasure the albede meutrons, and the fop pair of

TLDs 1z used to che incid, theraal fluence or dose.

The thicknesa of the cadmium in an albedo ceutron dosieeter can ba
from 15 mwils, shown in Fig. 1(a), to 60 mils, although 30 wils is most
frequently used. Cadmium thinner than 15 mils allows too many of the
ipcident and albedo thermal neuttons to lesk through the cadedum which
complicates the interpretation of the dosimeter (Ha 72a, Ha 72b).

The siza of the cadmfun diak should be as large as poseible to keep
incident thetmal neutrons frow entering the body mear the TLDs where they
bave 8 good chance of scattering and being detected. 5Since thermal
neutrons migrsce in the body large distances before belog captured, the
cadnium size mhould be about 4 inches in diameter. A dosimeter of this
type was designed io England (Br 67), but proved to be fmprsctical because
of fts size. A smaller disk can be used if the responsc of the bottom TLD
i corrected for the incident thermsl neutrons. This can bé done by suh~
traceing a portion of the incident thermal neutron reading of the top
TLDs fron the rcading of the botrom TLD. This correction depends on the
relative response of the top and bottom TLDS when exposed te thermal
neutrons and {s determined by exposing the dosimecers {n chéfmal peutron

beams from reactors. The correction factor includes the leakage of thermsl

gh the d and the to incident thermal peutcons

entering the body beyond the edges of the cadmium.



The cadmium s{ze cangot be reduced indefinitely, however, and a
diameter of 4 3/B-in, is c¢onsidered to be about the smallest usefyl size
(Ha 72a, He 72b). For smaller diameters, the incident therwal nemtron
response of the TLDs below the cedmium is aB grest or greater thon their
Tesponse Lo albedo nmeutrops, even when the thermal neutroms contribute only
& small part of the rotnl neutron dose,

The two Li-7 TLDs ehown in part {8) aof Fig. 1l are the mame, but their
readfngs will, in many cages, be different. The cadmium 1s a very good
shielding caterfal for - and gomma-rays energies iems thaon 100 keV.

This causes gamms readlngs of the botcom TLOs (both Li-6 and Li-7) to be
lower thao the top TLD readings when the exposure includes a component of
lav emergy photons. Siace this frequently occurs, two Li-7 TLDs are required
in an albedo neutron dosigeter for proper avaluation of the resultr. If

the cadmlum is reploced by boron-loaded plastic, the shielding effact for
low energy x or gamms rays is wuch smpller and only one Li-7 TLD 5 required.
The disadvantages of borop~loaded plsctics are: (1) the thickness required
to Gtop all thermal neutrons is largu cowpared to cadmium, and (2) t@ reduce
this thickness, the boron-10 isotope wust be used and B-10 1s very expensive
{Gr 72). 1In spite of thege dinadvancnges, the Eoglish albedo meutron dosi-
meter (Hat 69, Har 72), Fig. 1{(d), iud the Cerman dosiweter (Fi 74, Do 77),
Fig. 2(h), are made of a poron-loade! nlastic.

1f the albedo neutrop dosimerer consisis of cadoium and che peutrom
apectrum contains eignifigant thermal neutroms, the Li-7 TLD readings can

not be used to determine ghe wearers gamma exposure. The capture of the
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thermal neutrons by cadmfum resuits lo capture of gamma rays which increases
the readings of all TLDs neat the cadmium, For evxzawple, at & povnr reactor
the obsecrved reading of o Li~7 TLD located on an albede meutron dosimeter
was twice na large as a Li-7 TLD located away from the cadmiud. The
measurement of the gamma exposure the Individunl receives must be made

with a TLD separate from the albedo neutcon dosimeter if the dosimeter is
made of cadmium.

To evaluate the basic albedo neutron dosimeter, Fig. 1(a) (Fa 71},
both sets of TLDs are reed on a TLD reader. (If necessary, the TLD
readings are corrected for differences in sonsitivity betwcen the Li~6 and
Li-7 TLDs.} For each pair of TLDs the Li{-7 (gammn exposuve reading) is
subrracted from the Li-6 reading (gamm plus necutron resding) to obtain
the neutron responae of the TLO. The Li-6 TLD located above the cadeium
represents the incident thermal neutrop response. {(This aiso includes a
umall centribucion from incident fast neutrons which is ignored.) The
albedo neutran response 1s found by subrracting from the bottom Li-6 TLD
reading o fraction of the reading cbrained from the Li-6 TLD located above
the codwium (this fraccion heving been determined experimentally as discussed
previously). To determine the fast neotron dose an albedo nevwtrom cali-
bration factor is applied to the remainder of the Li-6 TLP reading.

The albedo neutron calibration factor is a function of the neutron
enargy and frs value can vary by > 2 orders of wagnizude (Ha 75. Ha 773,
This variation is the prime disadvantage of albedo neutron dosimeters; they

are highiy energy dependent. The znergy dependence of slbede neutron
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doslaecers is shown in Fig., 3. Here we have plotted the relative response
of a Hankins-type albedo nevcron dosimeter (determined by calculations

(Al 72) and experimentally} as a funcrion of ncutrom energy. A dosimeter
with no energy dependence would give n straight horizontel line, bur the
albedo neutron dosimeters response changes rapidly wich neutron energy.

To cvaluate the reading from an albedo neutron dosimeter properly, the
apprapriate calibration factor for the exposure must be determined.

Two techniques are cammonly used to detormine the albedo calibration
factor. One is to place the albedo neutxon dosimeter on an appropriate
phantom (usually a gallon jug of water) at a location whete the dose rate
has been determined. The dpaimeters are lefr for a knawn cime and the
total dose is calculated. The calibration factor is determined by dividing
the albedo neurron TLD reading by the dose. This procedure, although
accurate, 1s time-consuming and the preferred technique 18 to use the ratio
of two types of neutron detectors; one a remmefer and the other an fastru-
ment chut responds primarily to lovw energy neurrons. An example {s the use

of the 9~in. sphere remmeter and 3-in. sphere covered with 10-mil thick

dofum (Ha 75). A (usually in counte por minute using a
portable scaler) is made with both mpheres and the ratio of the 9/3-1nch
sphere is determined. By using a curve similar to the one shown in Fig. 4,
the calibration factor for that point in obtained. The locatipn of che curve
on Fig. 4 will vary slightly depending on the sensicivity of che Li~6 TLDs

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

alvays be a straight line and have the same slope.



The racie of the 9/3-1n, sphere and corresponding calibratfon factor
1s determined at each location whera neutron exposure may occur. By cow—
paring these calibration factors, the accuracy that could be ohteined from
albedo neutron dosimeters is determined., In most field situarfons the
calibration factors will not vary sore then 2 20 to 30Z (Ha 75). This
variation is the gize of error one could expect in the Josimetry results,

1If larger varietions are doed, a cxl factor for each

location or building pay be required or another type of personne) dosicerer
may have ro be used.

An error in the interpretation of the results of albedo neutron dosio~
eterd can occur Lf ehe gamma-ray expoeure 1s high coempared ro the nevutron
dose. The reading of the Li~7 TLD (gamma-ray expasure) i5 subtracted from
the reading of the Li-6 TLD (gasma-ray plus neutron expasures)i comsequently,
if there is a large gamma-vay component the difference between the readings
of the two TLDs will he wmall. The TLDs used in personnel dosimecters usually
have an accuracy of abaut * 5 to 10Z. Small diffarencam in reading could
go undetected because of these variarions, or a difference in readings
could be obtained although none actually existe. Tf rhe ratis of gammawray
to neutron doses are expected to be high, an albede neutyon dosimeter with
high neutron senmsitivity should be used. These dosimeters contain sig~
nificant amounte of polyethylenc (see discussiom halow) and ave coosequently

heavy and bulky.
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Many differeat types of albedo peutron dosimerers have heeu deaigned,
(see Figs. 1 and 2). Studies have been made to see if changes in size,
material, or locatfon of che¢ TLD in or on the dosimeter wauld give a different
energy dependence. With the exception of small variations aL the lower
intermediate energy region, ull albedo neutron dogimeters huve che same
enetgy dependence (Ha 7Za, Ha 72b}.

The studies above indicated that cthe sepsitivity of the dosimeters can
be changed by the addition of polyethylene in the dosimeter, snd some dosim-
eter designs have vsed this feature. This study alse pointed cur the
necessity of keeping rhe dosimeter worn agninst the body and that the
dosimeter must be orienred properly; that Ls, nat worn bdackwarde,

The different types of albedo neutron dosimeters shown In Figs., 1 and
2 were designed for specific purposes. Dosimetcr Fig. l{b) is used at the
Hanford facilities and was designed to permit an automacic TLD ceadec ta
be used with 5 TLDS mounted on a card (Un 69, Un 71). Only three TLDs are
wed in the albedo neutron portion of the badge. The two TLDS that are not
mder the cadpium are shisldad te give the same response to low energy gamma
rays as the TLD under cadmium. The dosimeter badge 18 similar in size to
a film hadge dasineta't and 1 worn loosely on the elothing.

The dosimeter 11;‘.1\5. 1(c) is the Hankins~typa doaimeter (Ha 73a) and
uses only two TLDS, The dosimeter was designed to have a thermal neutren
Tegponse equal ts the response of the dosimater to 1.0 MeV neutrons, making
a separate measuremeat of the thermal doae unuecessary. The dosimeter'a

design permits it to be worn backwards or at varying distancea from the
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body. The cadmium complectely surrounds the dosimeter and {ts genstivity
to neutrons is lower by about a facter of 3 (see Fig. 3} than a dosimeter
with cadoiun an only one gide, This dosimeter responds primarily to inter—
mediate energy neutrons since the cadwium removes most of the thernal
energy albede neutrons. The dosimeter 18 available commercially for about
$6 withour TLDe.

The dosimeter shoun in Fig. 1(d) waa’developed in England and vas
designed for use ac reaccors (Har 69, Har 72). The TLDs are "hidden™ in
a recess to reduce th= incident thermal neutron respeonse to be equal te the
dosimeter’e response from the low energy veactor leakage neutrons. The
dosimezer is held to the clothing by a safery pin.

The boron and cadmium shielded TLDs ta the dosimeter studied at the
Lavrence Liversore Laboratory (Un 71, Gr 72} and shown in Fig. 1l(e), give
different readinga when expesed to intcrmediate energy neutrons. This 1o
caused by the different cross sections of B and C4 near the thermal region,
and by observing these diffarences, information on the neutron energy
gpectrum could be obtained. Unfortunately, the differences in readings
are small, and, in field applicarion, tha small differences cannoc be
accurately evaluated and the dosimeter study was discontinued

The dosimeter shown in Fig. 1(f) is the largest dosimeter and is
42 in. in diameter (Ho 72}. 1t contains considerable polyethylene nnd
therefore i{s the wost sensitive of the dosimeters. Becausc of its weight,
ir 18 worn on a belt. It is commercially gvallable, witheut TLDs or bele,

for ashout S16.
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The dasimeters in Fig. 2 were rycently designed La Europe. The
dosimeter shown in Fig. 2(g) was designed by Piesch (PL 74, Do 77) in
Germany. The dosimeter in somevhat similar to the English dasimeter shown
io Fig. 1(d} but usex 3 sets of TLDs. The top set weasures incident thermal
neutrons, the middlc eet measures incident as well as backscattered inter-
mediate enevgy neutrens, and the hottam set measutes albedo peutrons. Ry
asubcractiog a part of the incarpedi{ace neutron reading (mlddle set of TLDs)
frow ehe albeds moutron reading {bottom set of TLDs), the ensrgy dependence
can be parctially corrected for upectra containing a large ¢imponent of
intermediate energy neutrons. This dosimeter is commercially available
in Germany.

The dosimetcr shown in Fig. 2(h) was designed by Burger in Germany
{Do 77, Br 773. It consists of polyethylene 32-mm in diameter which gives
the dosimeter high sensitivity. Recently, this dosimeter has been modified
to include a l-mm thick layer of a polymere resin containing naotural boron
placed over the polyethylene. This was sdded to decrease ite sensiciviry
to incident chermal meutrons.

The dosimeter shown in Fig. 2{i) is o dosimeter designed in England
(Do 77) which 1= similar in principle to the Hankina dosimeter shown in
Fig. 1(c). Both dosimeters cun be worn on an individual without having
to keep the dosimeter or...ted properly or held closely to the wearer,

There is some sacrifice in aensitivity.
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There are asveral other slbedc neutron dosimeter designs {n use but
they are generally eiailar to one of the dosimeters shown in Fige. 1 or 2.
In the selection of an albedo neutron dosimeter, several foctors must be
considered. 1f the gamma-ray component of the dose is high or the neurron
dose 18 from high-goergy nevtrons, where the seneitivity of an albedo dosim—
erer 1s low, an albeds dosimeter with high neutton sensitivity must he used.
The nenzitivity of the vaiious dosimeters vary by as great as a factor of
10. Some albedo dosimeters are small cad convenleot to wear, while othets
are large and must be worn cn a belt. Orfentotion on the permon 18 fmportant
for some albedo dosimetars with large errors in evaluation of the dose being
pogsible if the dosfaeter is worn improgerly. Allowing the dosimeter to
pull away from the body can decrease or increase ivs reading dopending on
whether the nautron energy is fast or thermal, respeccively. Some dosimeters
can be used with automated yeadour.

The advantage of albedo neutron dosimeters over other types of personnel
nevtron dosimerers is genpitiviry. 1If an individual receives an exposure
2 20 mrem or more, 8 pasitive reading will be dbeained. Other types of
dosimeters may have thresholds which make them insensitive to low energy
neuttons, fade vhen the temperature of tumidiry is high, or do not have
adequate sensicivicy to be useful at the lower neurron doses. The primary
problen {n using albeds neutron dosimeters s the determinaiion of the
proper calibration factor. Tu spite of this, albedo meutran dosimeters
will be used extensively because they do provide a reading which sther

dosimeters, in many cases, do moc.
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