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ABSTRACT N

The thermal neutron mon-1041ng system used with ordinary thermoluminescenca dosimeters has been
studed. In theg romitoring system we usad the captue gamma *ays from the rescton between cadmum and
thermei neutrons. The effects of the beck scatter and buiding up of radation heve been studied for
spprosching the 'Y raro of the system 10 thet of the mmed fieid. It has been found thet :he ranoc of »
systom using thesd rﬂccu Y pvut-r than that of one without thees effects and that the minmum messurable
fivence '3 sbout 10° n/iem’. This method can be used for all k:nds of thermolum:nescence dosimeter
phowphors.

N
INTRODUCTION {

The thermoluminescence dosimeter (TLD) hes been widsly used for radistion dosimetry
because of high sensitivity to the radistion dose, its convenience, and the freer selection of TLD
phosphors it makes possible. Meny kinds of phosphors have besn developed and their properties
Rudied by » number of investigetors. These phosphors may be classified into two groups. One
comprises phosphors for ¥, 8, a and X rays, and the other, phosphors for neutron dosimetry.
such as ® LiF and ’ LiF. On the other hand, recently, the dose messursment of sach radistion in
& mixed field of nautron andd y rays has become importat in the fiekd of radiation dosimetry.

The semsitivity of TLD in treating neutrons has been meinly investigated on LiF, CaF,
" end Li;8,0, for thermal neutrons and fast neutrons'' 4! For example, the difference in
seneitivity Detween ®LiF and 7 LiF has been used for thermal neutrons Watanabe et a/, heve
reported o seif activatic method'®! This method hes one of the same merits as TLD for
messwring thermel neutron snd fast-neutron fluences; namely, it is designed specifically for
rwesring newtrons However, the sif activation method hes & low sensitivity For example, the
minimum detectsble fiuence is sbout 10'%n/em’ of thermal neutrons using neturs)
CoF ;- TLD'®): this is because the activation crosection of ** Cs on thermal neutrons is about
0.72 bern. On the other hand, in the cese of the LiF method of neutron dosimetry, isotope
eperation from the netural Li element must be carried out Therefore, the cost of these
phosphors is more than ordinery Therefore, we have proposed another monitoring system by
which it is pomible to detect the neutrons with al! phosphors; however, n/y ratio of the
atector system is lower then that of the redistion mixed field used. The method of improving
the n/y ratio in the monhtoring system hes not been studied

The present study was undertaken in order to ascertain the sffect of the back-scatter and

building-up of radistion on the n/y retio of the monitoring system; this paper will report the
Tosults.



EXPERIMENT

in the presert experiment, TLD 100 LiF and TLD 800 {purchased from the Hershew
Chemics! Co.) CsS0,(Tm) snd BeD(Na) puchesed from Mastsushita Electric Co ),
Mg_S:O.(Tb) (purchesed from the Dei Nippon Toryo Co.), NTL 50p LiF (purchesed from the
Nemoio Tokushu Kagaku Co.), and neturs| CaF, (from Brazil) were used. Thess phosphors
we ¢ 'n powdered form, and Mg; Si0, (Th), CaSO4(Tm). BeO{Na) and netursl CaF, enclossd ir.
small glass tubes sbout 2 mm or 0.8 mm in dismeter snd 13 mm or 10 mm long were used as
themolummescencs dosimeters. The TLD-BD0 LiF wes a hot pressed crystsl. while the
TLD 100 LiF and NTL 50p LiF phosphors were powder .

Van de Grastt generstor, purchased from the High VoRage Co . was used as neu ron
generator from which neutron flusnce was produced from the resctions of both Be{d. n} and
Tid n) The mean snergwes of these fast neutrons were sbout 2.5 and 14 MeV respectively Tha
thermat neutrons were obtained from thermelized fast neutrons of the Beld, n) resction with s
peraff:n biock, as 15 shown in Fg. 1 (8). On the other hund the neuirons from the 7(d, n)
raact-on wee thermalized with the biock, as is shownin Fy 1 (b).
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Disgrams for obtaining thermel asutrens frem fas neutron (s) is for fest nevtrens
from resstion Deid, n), snd (b) fer the fast neutrens from Tid. n) resstion.

The TLD phosphors were irradisted B or 20 cm in front of » target of the generator with
thermsi nautrons, the fliuence of which was messured by mesns of the sctvstion method of
10 x 10 mm’ goid foil; the fluence was veried from 107 t0 10’ ' ./em* . In the caseof reading
the themoluminescence intensity, the phosphor wes hested from room temperature up to
sbout 360°C using 8 Dei Nippon Toryo or Mershw TLD resder.

Figwe 2 shows a disgram of the TLD hoider for thermel neutron monitoring. in such s
hode . 8 tin or leed filter is used for correcting the energy dependence of the TLD phosphor on
7y rays from the neutron generetor, while & cadmium filter is used for obtaining the capture
|amme rays dus 10 the reaction of Cdin,y) betwesn therms! neutrors end the cadmium
sloment. A ised fiter inside or outside of the cadmium filter was used for sscurtsining the
building up of the secondery electrons and the beck-scetter of the gemme rays.
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Fig 2
Thermoluminsssense dasimeter helder for the thermal Neutron Mmonitor

RESULT AND DISCUSSION

The termoluminescence intensity of esch filtered phosphor in the mixed radistion field
may be represented as follows:

TL=aD +gD’
TLCG =} + GDCO (1}

where TL and TLog 90 the thermoluminescence intensities of 8 non-cadmium-covered and a
cedmium-covered thermoluminescence dosimeter respectively; D is the radistion dose due to
gemme rays in the mixed radistion fleld, and D’ and D¢ 4, the doses due 10 the radistion caused
by a resction between thermal neutrons and fitered meterials, sand by cadmium, respectively.
The values of a, § and § sre xroportions! constants relsted to the thermoluminescence emission.

The smount of O’ and D4 are preportional to ont and o 4nt, where o and o 4 are the
crossections of the filter meterisl and cadmium to thermal neutrons; nt is the fiuence of the
therme! neutrons. In equation (1), D¢ 4 s much grester then D°; D’ will be neglected if o is
much greater then the fiker meterisl. Therefore, the difference between Tl snd TL
approximately represents tnw vaiue proportionsl to the neutron flusnce.

it is well known thet when a materis! is irradieted with gsmma-rays the concentrstion of
the secoiiery slectrons resches its meximum st a suitable thickness of the irradisted meterial.
Then, if the phosphor is enclosed with 1ome meterisl the thickness of whinh corresponds 1o
thet of the meximum building-up of the capture gamme-rays, the n/y ratio of the monitoring
systom wiil be improved and will approsch the n/y ratio of the mixed field.

On the other hend, it is well known (het when gamme-rays sre s.ttered with some
meteriel, the enwgy of the seattered redistion comes 10 be decressed. The thermoiuminescence
intonsitios or energy dependence of CaBO,, Mg,8I0, and CsF,, which have lerger stomic



numbes s than air, generally /ncresse with 3 decreass in the photon energy until about 30 keV |{f
the phosphor 15 vradweted by beck scatterad radistion, s thermoluminescencs sensitivity wall
incease but an noeese n the thermoluminescencs sensitvity 13 dependent on the rato
between nitial radiation and the back scattered radistion intensites

Fast the phospnor usueity lapped with cadmium fod 0 5 mm thick and successively
enciosed with lesd forl of verious thicknessss and other phosphors for detecting the resction
gamme 1ays n the mixed radiation fisld wes only lapped with lead foil of » thickness squal to
thet of the lssd foil for the neutron detector Second, the phosphor was snclosed with the lesd
foil ot varous thicknesses and successively lapped with ccdmium foit 0 § mm thick

Table 1 gives the beck scatter and building-up effects of the radiat'on on the n/y ratio of
the detectar system

Table 1

Back scatter and building up effects on the n/y ratio of the monitoring system
t{n/y), is the n/y ratio of the monitoring systsm without thass effects and
thermel neutron was obtsined from thermalized fast neutron ¢t T(d,n} resctions)
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When the phosphor was enclosed with the fiker of the lead foil 10 Obtain either the
back scatte’ or building-up of the radistion in the phosphor, the n/y ratio varied 83 comperad
with that of an unfitered phosphcr. Esch retio in the monitoring sysem was normelized with
thet of tho unfitersd one. In the case of sn unfikered system with cadmium foil 0 2 mm thick,
the n/y ratio wes about 1.2, but, ss is given in Table 1, the n/y ratio in the filtered system has »
meaximum of 1.8 at 0 5 mm end 8 minimum of 0 96 st 0.2 mm, and wes imgroved . It s found
thet the n/y 1atio in the monitoring system is improved by using thess effects Theretore, the
tfeasibility of thess effects for improving the ratio in the monitoring system is estsblished

The correistion between the thermal-neutron fiuence snd the thermoluminsscence
memity of the Mg,8i0,(Tb)-TLD put into the holder is shown in Fig. 3. In this figure, the
vertical axis is the ditterence in the thermoluminescence intensities between the
cadmium fittered and non-filtered TLD slements, celibrated with gammerays of *°Co As is
shown in Fig. 3, the difference betwesn the thermoluminescencs intensities is neerly
proportionsl to the thermsi-neutron fiuenea.The linesrity of the thermoluminsscsnce responss
due to the dose of capture gamme-rays is meintained in the thermat-neitron-fluence range from
107 10 10" ! n/em’ used in the presemt experiment.

On the other hend, Ayyangsr ot o/.'6 have reported thet the thermoluminescence
response of the ® LiF TLD crystal to the thermal neutrons was decressed in the Hiuence renge of
10' 2n/em® or more. In this case, it maey be inferred thet the * Lif’ erystal contains muny letice



defects coused by the rasction of *Liin a)'H. Accordingly, 1n the case of re using the
phosphor, the thermoluminescence intensity of the phosphor 15 stfected by the lattirs deffects.
On the other hand, in the case of the application of the capture gamma rays for the dosimetry
of theems! neutrons, the radistion demege is less then thet due to a drect reaction betwesn
therme!l neutrons and the phosphor. Therefore, with regerd to re using the phosphor, the
spplication of the capture camme fays to the neutron monnoring is better than thet of the
dirsct raection batwesn the neutrons and ihe phosohor, and the linsarity of the
thermoluminescence respone is meintained until the seme dose range as the case of the
svadietion of *°Co gamme rays, becsuse of the vradation of the gamma rays {t s considered
thet when the response is axtrapoisted from high fluence experimental results, the miimum
messwrable fluence is about 10° n/em’ or less Therefore, 1 may be concluded that this
monnoring systam can be used for monitoring the thermal neutrons from the poimt of view of
hesth physics.

10°
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Linsarity of Thermeluminsssence response of the monitor system on thermal neutroms
{sstmyium eylinaler of 0 2 mm thick was wssd for the experiment)

The ratio betwesn the thermoluminescence intensities of the phosphors in the monitoring
system caused by the capture and resction of gammae-rays wss sbout 1.2 when the phosphor
was enclosed with s 0.2 mm thick cedmium foi! and when it was wredisted with the thermal
neutrom obtained by thermelizing the fast neutrons of 2.6 MeV, but it has been reported thet.
when they sre thermalized in paratfin 8 cm thick, the fast neutrons of 2.5 MaV used in the
present experiment are sbout 40 per cent thermelized and thet the tissue dose due to the fast
colfigion of the fest neutrons is sbout 6.9 times the gamma ray dose of this Van de Grast!
generator, Therefors, it may be considerad or inferred thet the n/y ratio in the mixed radistion
tield used in the present experiment is about 2.4, This velue is larger then thet obtaned from
the TLD monitoring system used in the experiment. Accordingly, when the shickness of the
cadmium foil for enclosing the phosphor is varied, the optimum thickness of the Jsdmium foil
with regerd to the n/y retie of the monitoring system mey be found.



Tabis 2 grves the n/y ratw of the system besed on therme! neutrons from the ther malized
tast neutrons of 25 MeV The /y rato in the system was dependent on the thickness of the
cadmium {0 and «noreesed with the thickness of the cadmium foil

Table 2

The n/y ratio of the monitoring system on verious cadmum thickness
{thermal neutron was obtained thermalizing fast neutron from 7(d.n) resction)
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There are severai elements with crossection large then that of cadmium for exampie, Gd,
Sm and Eu When 49 of Gd,0, powder were wuad instesd of Cd Foul, the rato n the
momvtoring system was about 0.1, smeller than thet of €d foil When cadmium is used, the
themoluminescence dosimeter cen detect thermal neutrons which have energres below the
effective cadmium cut off. whech 15 near 0.5 eV, and the cost of the csdmium is much less than
thet of rare esrth elements Accordingly. in practice, the use of cedmium covered TLD is useful
in the personnel momtoring system of thermal neutrons.

The nfluence of such phosphors es °LiIF.  LiIF, "LiF, natural CaF,, BeO(Na),
CaS0, (Tm} and Mg;S10,({Tb) on the n/y rstwo of the monitoring system is given in Table 3 in
th's expe iment, ther mal neutrons were obtsined from thermalized fast neutrons of the T(d, n)
reaction. The n/y ratios of all thesse phosphors except the LiF phosphurs were larger than zero
and wee nasrly squal 10 esch other. This phenomenon will be discussed as the cause of the
negative vaiues of the n/y ratio. The radwtion effect on the ther moluminescence emission due
10 a perticles from the ° Li(n, a) *H resction in the LiF TLD phosphor without cadmium foil 1s
arger than due to gamme rays from the Cdin, y) Cd resction, because the LET of the
o per1icies s much larger then thet of the capture gemma rays.

Table 3

The n/y ratio of phosphors in the monitoring system o0 thermel neutron and erossection
(thermel neutron was obtained from thermelized fast neutron of T(d,n) resstion)
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SLiF nLiF BesD CsF, CaSO, Mg, 8i0,
{Tb) {Tm)
n/y -093 016 0.7 084 0.88 098
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The thermolumunsscence sensrtivites of CaSO,(Tm) and netural CaF ; were sbout 1 0 and
0.3 times thet of Myg,5+:0,(Tb) respectively. Therefore, it may be concluded that these iwo
phosphors ean, like the Mg, S$10, (Tb) phosphor, be used for this monitoring system of thermal
neutron detection. However, the thermoluminescence semstivity of BeO(Ns) is sbout omm
parcont of that of the My, Si0, (Tb) phosphor. Accordingly, BeO(Na) s not surtsble for use in
the monitoring system for detecting » low fluence of therme! neutrons.

The holder shown in Fig. 2 was used as the TLD hoider in this experiment. A pert of "3
in Figure 2, winch was named the hoider spece, is mede of plastic materwi. It may be inferred
that the thermoluminescence intensity of the TLD used to detect the gamma rays in the mixed
twid = distwbed by the capture gamme-rays from the cadmium foill Therefore, the shieiding
effects of the hoider space meterials. such as leed, iron, brass and plastic. on the capture
gamme rays ware studied

The shisiding effect of sach msterial on the capture gamma-rays is given in Tabia 4 In
this experimernt, the n/y ratios were compered with ssch holder space mererisl. According to
those 1esults, the shieiding effect was herdly dependent at ali on the hoider spece materials
Therefors, it may be concluded thet the plastic materisl is usad as the holder spece

Table 4

Effect of holder space meterial on the n/y ratio of the monitoring system
(thermel neutron was obteined from thermelized fast neutron

of the T1d, n) resction)
Plastic Iron Brass Lesd
n/y 077 087 097 092
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Resumo

Um sistemp ds¢ monitoraslo de nevtrons tirmicos usedo com dosimetros comuns de
trmoluminsscingie foi investigedo. Nesie sistema do rionitoreclio, nds usemos reos gems b capturs de
oecdo emre o Cd ¢ nautrons térmicos. Os #feitos de retro-sspethamento ¢ “buildingup’ de radiagdo foram
studedos, sproximencio # mazlo Nty do sisteme 20 dO cempo mixto. O resuitedo observedo mostra que &
rszio de um sistame ueendo estes 6feitos ¢ Meior dO Que & JO sistems som 00003 ofeitos. ¢ Qus 8 fluinca
mimime mensurivel ¢ corce de 10° n/om®. Este minodo pods ser usedo pers 10008 Os tipos de dosimetros
trmolumingscentes.



Resume

Un systdma controteur Qes neutrons thirmmguis utdmd swec dosimétres ordingirgs de
thirmoiurm:nescence 85t #lud. Pour oF systems. on s utihed I8 reyONNBMEnts gamma 08 |8 capture dens e
rapction entre fe Cd @ les neutrors thérmiques. Lis etfers du  back scatter o du butidingup du
BYONDITHENT SONT SXAMINGS BN METIENT {8 re:s0n n/Y du systéme sup’ & 38 ool ie du champ Mmixts. Lo resultst
obserd montte que 'a 890N d un SYStéma en utiaent oss effets est plus znnd c?n ostie d'un systéme e
ot etets ot que 'a fluence minimum Qu: PRUt #1ry Misurde set enwiron 10 n/cm . Cette méthode peut #tre
Ut sde pOUr tOUS 193 typPes des dos:mitres thermoluminsecents.
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