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Satisfactory discrimination between the neutron and gamma components in a mixed neu-
tron-gamma field is one of the most important objectives of neutron dosimetry. One of the
common techniques for estimating gamma and neutron dose components in mixed neu-
tron-gamma fields is the two peak method. This method has been applied using dosimeters
such as LiF:Mg,Ti, but in the present work, a SLiF:Mg,Cu,P dosimeter has been used, whose
thermoluminescence sensitivity is much higher than the LiF:Mg,Ti dosimeter, and therefore,
if appropriate results are achieved, it can drastically reduce the dose estimation threshold. Ap-
plicability of SLiF:Mg,Cu,P for estimation of the gamma dose using the two peak method in a
mixed thermal neutron-gamma radiation field was studied. The ratio of the area underneath
the high temperature thermoluminescence glow peak to dosimetry peak of this phosphor in
an Am-Be neutron field is 0.127, while this ratio in a pure gamma ray field of 137Cs is 0.039.
The calibration curves were obtained by separately irradiating ¢LiF:Mg,Cu,P chips with
known gamma and neutron doses. Results show that °LiF:Mg,Cu,P can be used to estimate
the contributions of neutron and gamma doses in a mixed neutron-gamma field by using the

two peak method.
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INTRODUCTION

The radiation field around the neutron sources is
always a mixed field of neutron and gamma rays. Satis-
factory discrimination between the neutron and gamma
components is one of the most important objectives of
neutron dosimetry. Amongst different methods of mixed
neutron-gamma dosimetry, thermoluminescent materi-
als have been shown to be applicable and satisfactory [1,
2]. The widespread application of thermoluminescence
dosimeters (TLD) is due to their small dimensions and
tissue-equivalence for most radiations. Therefore, the
fabrication of new thermoluminescence (TL) dosimeters
with different samples and impurities is still ongoing.
The two peak method is a common technique for esti-
mating gamma and neutron dose components in a mixed
neutron-gamma field. In this method two TL glow peaks
of one phosphor having different sensitivities to low and
high linear energy transition (LET) radiations are used
for discrimination between neutron and gamma compo-
nents in a mixed neutron-gamma radiation field. The
CaF,:Tm is one of such phosphors [3, 4]. However, the
low relative neutron to gamma peak ratio does not allow
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it to be used for personal and accident dosimetry. Thin
CaF,:Tm dosimeters were also encapsulated in a hydro-
gen-rich material to increase the relative fast neutron sen-
sitivity [5]. The two peak method using LiF:Mg,Ti has
also been considered in neutron-gamma dosimetry [6, 7].
In this phosphor, discriminating between neutron and
gamma doses is based on different responses of high
temperature glow peaks to neutron and gamma radiation
fields. Disadvantages in the use of high temperature peak
ratios motivated Yussian and Horowitz to employ peak 4
to peak 5 ratios for estimation of the gamma dose in a
mixed neutron-gamma field [8].

The LiF-based materials are attractive for per-
sonal and environmental dosimetry because of their
suitable tissue equivalence, so that even in recent years,
the construction of this dosimeter with different impuri-
ties has been carried out [9-11]. The LiF:Mg,Cu,P TL
dosimeter was firstly prepared by Nakajima et al. [12].
The TL sensitivity of LiF:Mg,Cu,P to the gamma ray is
about 30 times higher than that of LiF:Mg,Ti. The ther-
mal stability of dosimeters of the LiF:Mg,Ti and
LiF:Mg,Cu,P has been compared for the same storage
temperatures and time storage periods and it is deter-
mined that the TL fading in TLD-100H (LiF:Mg,Cu,P)
dosimeters is insignificant when compared to the fading
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ofthe TL response of the TLD-100 (LiF:Mg,Ti) dosim-
eters [13]. The TL sensitivities of LiF:Mg,Cu,P,
TLD-600 and TLD-700 to thermal neutrons were com-
pared and it was observed that the sensitivity of the
TLD-600 to thermal neutrons is 80 times and two times
greater than those of TLD-700 and LiF:Mg,Cu,P [14],
respectively. Parisi ez al. [15, 16] in two separate articles
have studied the thermoluminescence properties of the
LiF:Mg,Ti and LiF:Mg,Cu,P dosimeters in different
LET irradiations. In another work, the response of
SLiF:Mg, Cu,P and ’LiF:Mg,Cu,P phosphors to the
neutron and gamma in mixed radiation fields was stud-
ied by Wang et al. [17]. They established that TL sensi-
tivities of °LiF:Mg,Cu,P and "LiF:Mg,Cu,P to a gamma
ray are nearly the same as LiF:Mg,Cu,P, while the TL
response of SLiF:Mg,Cu,P to thermal neutrons is nine
times higher than that of °LiF:Mg,Ti. In this work, ap-
plicability of °LiF:Mg,Cu,P for estimation of the
gamma dose in a mixed neutron-gamma radiation field
using the two peak method is presented for the first
time.

ANALYSIS OF THE TWO PEAK
DOSIMETRY METHOD

The below presented formulism is similar to that
employed by Yussian and Horowitz [8] in estimating
the gamma dose in a mixed neutron-gamma field with
LiF:Mg,Ti (TLD-100/600). In this study, we re-stated
the formalism since the area underneath the main and
high temperature glow peaks is employed rather than
the intensity of glow peaks which has been used in [8].

The discrimination quality factor (DQF) can be
defined in a mixed neutron-gamma field as following

R
DQFy; p == (M
H,Dg

where Ry p, is the ratio of intensity of the high temper-
ature glow peak to the dosimetry glow peak in the TL
glow curve of °LiF:Mg,Cu,P following neutron irradi-
ation and R y p, has the same description for gamma ir-
radiation. Equation (1) can be reliably applicable at
dose levels where Ry p can be measured with an uncer-
tainty of about 1 Sp. In the mixed field

SDm :SDg +SDn (2)

SHm :Sl-lg +SHn (3)

in which Spp, Spg, and Spy, are the areas of the dosime-
try glow peak respectively in the mixed, gamma and
neutron fields.

The Sy, Syg» and Sy, are the peak areas of the
high temperature glow peak in the mixed, gamma and
neutron fields correspondingly.

Accurate determination of the parameter X'= Sp,/Spy,
is an important step in the mixed field analysis. With defin-
ing the response ratios as Ry p, = Sy/Sp, in the pure gamma

field, Ryp, = Spy/Sp, in the nearly-pure neutron field
(Am-Be field) (including an unwanted small gamma com-
ponent) and Ry, py, = Syy/Spyy In the neutron-gamma mixed
field, the parameter X can be defined as

SD,g _ RH,Dm _RH,Dn

X = )

SDm RH,Dg _RH,Dn

It is worth noting in eq. 6 that in a pure neutron
field, Ry py, = Ry p, and therefore X'= 0 and in a pure
gamma field, Ry p,, = Ry pgand thus X = 1. Conse-
quently, in a straight line showing the variation of
Ry pm against X, by varying Ry p,, between two limit-
ing values of Ry p, and Ry p, the parameter X varies
from 0 to 1. As aresult, experimental determination of
the Ry p, yield the parameter X from which the contri-
bution of the gamma dose, Dg, can be evaluated via

Spn =an Dy, —Spg =a,D, (5)

n
where a, and a, are the TL signal per unit absorbed
dose for neutrons, D,, and gamma rays, D,, respec-
tively. Using the definition U (ratio of gamma dose to

total dose)
S W (©)
Dy Dy +D,

where Dy is the total absorbed dose. It is straightfor-
ward to show that
Spe
a, _
S Deg | Spn

a, a,

SDg

="
W(Dg + Sp, J
w

S pmX

+SDm _SDmX]
_ X
X +w(-X)

SpmX
W Dm
w

()

where w = a,/a,. It is most useful and applicable to ex-
press U as a function of the directly measurable re-
sponse ratio, Ry pm in the mixed field by inserting the
value of X from eq. (4) in eq. (7)
RH,Dm _RH,Dn

U= Ry,pg =Ry pn B

RH,Dm _RH,Dn { RH,Dm _RH,Dn J

— | |l

RH,Dg _RH,Dn

RH,Dg _RH,Dn
— RH,Dm _RH,Dn
(RH,Dm —Rypn )(I_W)+W(RH,Dg —Rypn)
R -R
_ H,Dm H,Dn (8)
(Ry.pm — Ry pn M(1=w)+ (RH,Dg —Ryipn w
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The Ry p iy Riyp n» and Ry , can be determined
from the TL glow curves in the mixed field,
thermalized neutrons of Am-Be and pure gamma
fields, respectively. Therefore eq. (8) can be used to
determine U. Of course, w is known from calibration
of the dosimeters to known doses of pure gamma and
neutron radiations. Finally eq. (8) gives Ry, ,, as a
function of U

Ry pp 1=U)+URy p, W
RH,Dm = - % 9
1-U(1-w)
with drawing the Ry p m as a function of U by using eq.
(9) and measured response ratios, their closeness can
be examined.

MATERIALS AND IRRADIATIONS

The dosimeters employed herein were MCP-6
(°LiF:Mg,Cu,P) were prepared by the Microlab Com-
pany, Poland. LiF:Mg,Cu,P TL phosphor is manufac-
tured under the code name MCP) round chips with a
diameter of 5 mm and thickness of 1 mm. Gamma irra-
diations were performed using a '*’Cs source. The
thermal neutron facility was an Am-Be neutron
source. Seven dosimeters were used to perform irradi-
ation in each specific dose and in the next steps, the
same dosimeters were irradiated in different ratios of
neutrons and gamma and the average values obtained
were used in the calculations. A polyethylene modera-
tor was used to produce a thermal neutron flux. There-
fore the results of this study can be applicable to esti-
mate the contribution of thermal neutrons in a mixed
field regardless of the neutron source. All the neutron
irradiations were carried out at the SSDL center,
Karaj-Iran.

Pre-irradiation annealing was completed at 240 °C
for 10 minutes using a programmable oven with temper-
ature accuracy of 1 °C and then the chips were cooled
rapidly to room temperature (75 per minutes). The read-
out procedure was accomplished by heating the samples
from 50 per seconds to a maximum temperature of 300
°C with a heating rate of 1 °Cs™! in a Harshaw TLD
reader model 4500, where a heater strip is used for warm-
ing the chips with a precision of 1 °C.

RESULTS AND DISCUSSION

The glow curves of ’LiF:Mg,Cu,P irradiated by a
137Cs gamma ray (30 mGy) and thermalized neutrons
from Am-Be radiation fields (6 mGy) are shown in fig. 1.
The aim of this work is to validate that the ratio of areas of
high temperature to the main glow peak of MCP can be
used for identifying the contribution of the gamma dose
in a mixed thermal neutron-gamma field. The presented
method was employed for the linear dose response area.
Therefore the ratio of neutron to gamma dose can be var-
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Figure 1. (a) The TL glow curves of *LiF:Mg,Cu,Pin a
30 mGy dose of a pure gamma ray from *’Cs and 6 mGy
nearly pure neutron from an Am-Be source

(b) The regions of main and high temperature peaks. For
better comparison of neutron and gamma curves, the in-
tensity of the neutron curve was multiplied by 2.7

ied by keeping one component constant and changing the
other component in the linear dose response region. Ob-
viously, the °LiF:Mg,Cu,P dosimeter is much more sen-
sitive to the gamma ray than the neutron, but it still has a
good response to neutron irradiation.

More interesting are the different responses of
the component glow peaks to low and high LET radia-
tions which make it possible to extend the discrimina-
tion of gamma and neutron components at protection
level doses.

The calibration of TLD resulted in the response ra-
tios of Ry, = 0.127+0.006 and Ry, = 0.039+0.002.
From eq. (1), the discrimination quality factor (DQF)
was obtained to be 3.25 £ 0.11 using the above values for
Ry pnand Ry, which shows that the difference between
relative sensitivities of the high temperature peak and do-
simetry peak in pure gamma and Am-Be neutron fields
are considerable. This result can be compared with DQF
of 2.6 reported for the ratios of intensities of peak 4 to
peak 5 in TLD-100 and 2.5 for CaF2:Tm [8]. Accurate
determination of the response ratios makes it possible to
use the two peak method for discriminating between the
gamma and neutron dose in a mixed field with the
SLiF:Mg,Cu,P phosphor. With finding a, and a, values
and using eq. (5), w was determined from the equation w
=a/a, as

w = 0.68+0.10

After identifying Ry p, and Ry p, values, for
testing the wvalidity of two peak technique,
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°LiF:Mg,Cu,P chips were separately exposed to
known gamma and neutron doses. The irradiation was
started with a gamma dose component from 10 % out
of the total dose and this ratio increased up to 80 %
over eight steps. Some of the TL glow curves recorded
following irradiation in a mixed field are shown in fig.
2. Using the peak areas obtained from irradiating the
chips in a mixed field, Ry p, values were determined.
Then using equation X' = Sp,/Sp,,, the parameter X was
identified. Figure 3 shows the measured values of X
for eight representative mixed fields with different
gamma dose components. The consistency between
the expected values of the response ratios and mea-
sured values of X is striking. The results obtained,
demonstrate that the two peak method can reliably be
applied for estimating the gamma dose in a mixed neu-
tron-gamma field using °LiF:Mg,Cu,P.

Figure 4 shows the variation of the response ra-
tio as a function of U in the mixed field using eq. (9).
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Figure 2. Typical glow curves and their components
following irradiation to the mixed neutron-gamma field
with known gamma and neutron dose components of
30 mGy gamma and 6 mGy neutron, 15 mGy gamma and
6 mGy neutron (multiplied by 1.64) and 1.5 mGy gamma
and 6 mGy neutron (multiplied by 3.15)
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Figure 3. The response ratio for the mixed field as a
function of X for eight representative mixed fields
of varying gamma dose components
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Figure 4. Values of the response ratio (Ry,pm) as a
function of U in the mixed field

Table 1. Measured and calculated Ry p, and u for different
values of the gamma dose in a mixed neutron-gamma field

Dn Dg U= RII.Dm RII,Dm Difference
[mGy] | [mGy] |Dy(D, + D,) measured |theoretical|  [%]
0.7 6 0.104 0.114 0.118 3.5
1.5 6 0.200 0.105 0.112 6.6
4.1 6 0.406 0.096 0.097 1.0
7.0 6 0.538 0.083 0.085 2.4
10.0 6 0.625 0.074 0.077 4.0
15.0 6 0.715 0.068 0.069 1.5
20.8 6 0.776 0.061 0.063 3.3
30.0 6 0.833 0.058 0.056 3.6

Also measured Ry p,, for each gamma and neutron
doses are shown in tab. 1. In this table, you can see the
number of different doses of gamma and neutrons. Pa-
rameter 1 has been changed in different gamma and
neutron ratios from 0.104 to 0.833 in 8 steps. The val-
ues obtained for the ratio of peaks 1, which are mea-
sured from the experimental results, are comparable to
the values obtained from the defined theoretical rela-
tions. It can be seen that the maximum difference be-
tween these values is 6.6 %. So, 6LiF:Mg,Cu,P can be
successfully used to estimate the gamma dose in mixed
radiation fields by the use of the two peak technique.
Using °LiF:Mg,Cu,P, this method is applicable for ra-
diation fields with gamma dose components up to 80
% out of the total dose.

CONCLUSIONS

It was shown that the two peak method can effec-
tively be applied to estimate the gamma dose in a
mixed neutron-gamma field using °LiF:Mg,Cu,P. The
technique was successfully applied to radiation fields
with a gamma component up to 80 % of the total dose
which is an improvement in mixed field dosimetry by
the two peak method. Because of high sensitivity of
°LiF:Mg,Cu,P to a gamma ray, the lowest detectable
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gamma dose in a mixed field using this phosphor can
be reduced to lower than 1.5 mGy. The results show
that the ratio of areas of high temperature to the main
glow peak of MCP can be used for identifying the con-
tribution of the neutron dose in a mixed thermal neu-
tron-gamma field.

As was pointed out in the introduction section,
the sensitivity of the °LiF:Mg,Cu,P to the thermal neu-
tron is about 9 times higher than that of ’LiF:Mg,Ti
and the TL response of °LiF:Mg,Cu,P to gamma rays is
about 30 times stronger than the °LiF:Mg, Ti. This en-
ables us to reduce the lowest detectable neutron and
gamma components in the mixed neutron-gamma
field using the two peak method compared to
®LiF:Mg,Ti and this is of crucial importance in radia-
tion protection dose levels.
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Excan CAJET'U, Mocraga SAXE[IUDPAP, [Tapacto PEZAN

JO3BUMETPUJA HEYTPOH-TAMA MEMOBUTOTI IIO/bA KOPUIIHEILEM
TEPMOJYMUHUCHEHTHOTI TO3UMETPA °LiF:Mg,Cu,P

3ayioBosbaBajyha fuckpuMuHaANMja u3Meby HEYTPOHCKMX M rama KOMIIOHEHTH Y MELIOBUTOM
HEYTPOHCKO-TaMa II0JbY, jeflaH je Ofi HajBasKHUjUX LUJbeBa HEYTPOHCKE Jo3UMeTpHje. MeTona JBa nuka je
yoOu4ajeHa TeXHUKa 3a IPOIeHy KOMIIOHEHATa /I03€ rama 3pauctha ! HeyTpOHa Y OBUM Mosbuma. OBa MeTofia
MIpUMEEHA je KopulthemkeM Jo3nmeTapa Kao mro cy LiF:Mg,Ti, anu je y oBoM papy KopuitheH Jo3UMeTap
6LiF:Mg,Cu,P yija je TepMOIyMUHUCLEHIIMOHA OCET/LMBOCT MHOTO Beha ox1 jo3umeTpa LiF:Mg,Ti, u cTora, ako
ce MOCTUTHY OroBapajyhm pe3ystaTu, MOXKe IpaCTUYHO CMambUTH Npar nporexe aose. OTyja je mpoydyaBaHa
npumensbuBocT °LiF:Mg,Cu,P 3a npolieHy rama o3e METOIOM fBa MUKA Y MEIIOBUTOM I10Jby TEPMHYKOT
HEyTpOHa U rama 3padera. OHOC HOBPIIMHE UCIO IMKA BUCOKOTEMIIEPATYPHOT TEPMOIYMUHUCHEHIIUOHOT
ucujaBama Mpema Jo3MMEeTPHjCKOM MUKy docdopa y Am-Be Heyrponckom nossy je 0,127, 1ok oBaj ofHOC Y
NOJby YMCTOr rama 3padewsa off °/Cs wmsnocu 0,039. KanuGpammoHe KpuBe J00HMjeHE CY OJIBOjEHHM
o3paumBameM °LiF:Mg,Cu,P unnoBa No3HaTUM [j03aMa ramMa 3paueka 1 HeyTpoHa. PesynraTu nokasyjy fa ce
SLiF:Mg,Cu,P MOXe KOPUCTHTH 3a HpOLEHy JONPHHOCA J103a HEYTPOHA M Tama 3padyera Y MEIIOBUTOM
HEYTPOHCKO-TaMa IoJby KOpHUIThelheM METOJIE /IBa IUKA.

Knyune peuu: itiepmonymurucyenuyuja, °LiF :Mg,Cu,P, do3umeilipuja, meitioda 06a iiuxa,
MEULOBUULO UObE, HEYULPOH-2aMA




