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Sat is fac tory dis crim i na tion be tween the neu tron and gamma com po nents in a mixed neu -
tron-gamma field is one of the most im por tant ob jec tives of neu tron do sim e try. One of the
com mon tech niques for es ti mat ing gamma and neu tron dose com po nents in mixed neu -
tron-gamma fields is the two peak method. This method has been ap plied us ing do sim e ters
such as LiF:Mg,Ti, but in the pres ent work, a 6LiF:Mg,Cu,P do sim e ter has been used, whose
thermoluminescence sen si tiv ity is much higher than the LiF:Mg,Ti do sim e ter, and there fore,
if ap pro pri ate re sults are achieved, it can dras ti cally re duce the dose es ti ma tion thresh old. Ap -
pli ca bil ity of 6LiF:Mg,Cu,P for es ti ma tion of the gamma dose us ing the two peak method in a
mixed ther mal neu tron-gamma ra di a tion field was stud ied. The ra tio of the area un der neath
the high tem per a ture thermoluminescence glow peak to do sim e try peak of this phos phor in
an Am-Be neu tron field is 0.127, while this ra tio in a pure gamma ray field of 137Cs is 0.039.
The cal i bra tion curves were ob tained by sep a rately ir ra di at ing 6LiF:Mg,Cu,P chips with
known gamma and neu tron doses. Re sults show that 6LiF:Mg,Cu,P can be used to es ti mate
the con tri bu tions of neu tron and gamma doses in a mixed neu tron-gamma field by us ing the
two peak method.
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IN TRO DUC TION

The ra di a tion field around the neu tron sources is
al ways a mixed field of neu tron and gamma rays. Sat is -
fac tory dis crim i na tion be tween the neu tron and gamma
com po nents is one of the most im por tant ob jec tives of
neu tron do sim e try. Amongst dif fer ent meth ods of mixed
neu tron-gamma do sim e try, thermoluminescent ma te ri -
als have been shown to be ap pli ca ble and sat is fac tory [1,
2]. The wide spread ap pli ca tion of thermoluminescence
do sim e ters (TLD) is due to their small di men sions and
tis sue-equiv a lence for most ra di a tions. There fore, the
fab ri ca tion of new thermoluminescence (TL) do sim e ters 
with dif fer ent sam ples and im pu ri ties is still on go ing.
The two peak method is a com mon tech nique for es ti -
mat ing gamma and neu tron dose com po nents in a mixed
neu tron-gamma field. In this method two TL glow peaks
of one phos phor hav ing dif fer ent sen si tiv i ties to low and
high lin ear en ergy tran si tion (LET) ra di a tions are used
for dis crim i na tion be tween neu tron and gamma com po -
nents in a mixed neu tron-gamma ra di a tion field. The
CaF2:Tm is one of such phos phors [3, 4]. How ever, the
low rel a tive neu tron to gamma peak ra tio does not al low

it to be used for per sonal and ac ci dent do sim e try. Thin
CaF2:Tm do sim e ters were also en cap su lated in a hy dro -
gen-rich ma te rial to in crease the rel a tive fast neu tron sen -
si tiv ity [5]. The two peak method us ing LiF:Mg,Ti has
also been con sid ered in neu tron-gamma do sim e try [6, 7]. 
In this phos phor, dis crim i nat ing be tween neu tron and
gamma doses is based on dif fer ent re sponses of high
tem per a ture glow peaks to neu tron and gamma ra di a tion
fields. Dis ad van tages in the use of high tem per a ture peak 
ra tios mo ti vated Yussian and Horowitz to em ploy peak 4
to peak 5 ra tios for es ti ma tion of the gamma dose in a
mixed neu tron-gamma field [8]. 

The LiF-based ma te ri als are at trac tive for per -
sonal and en vi ron men tal do sim e try be cause of their
suit able tis sue equiv a lence, so that even in re cent years,
the con struc tion of this do sim e ter with dif fer ent im pu ri -
ties has been car ried out [9-11]. The LiF:Mg,Cu,P TL
do sim e ter was firstly pre pared by Nakajima et al. [12].
The TL sen si tiv ity of LiF:Mg,Cu,P to the gamma ray is
about 30 times higher than that of LiF:Mg,Ti. The ther -
mal sta bil ity of do sim e ters of the LiF:Mg,Ti and
LiF:Mg,Cu,P has been com pared for the same stor age
tem per a tures and time stor age pe ri ods and it is de ter -
mined that the TL fad ing in TLD-100H (LiF:Mg,Cu,P)
do sim e ters is in sig nif i cant when com pared to the fad ing 
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of the TL re sponse of the TLD-100 (LiF:Mg,Ti) do sim -
e ters [13]. The TL sen si tiv i ties of LiF:Mg,Cu,P,
TLD-600 and TLD-700 to ther mal neu trons were com -
pared and it was ob served that the sen si tiv ity of the
TLD-600 to ther mal neu trons is 80 times and two times
greater than those of TLD-700 and LiF:Mg,Cu,P [14],
re spec tively. Parisi et al. [15, 16] in two sep a rate ar ti cles 
have stud ied the thermoluminescence prop er ties of the
LiF:Mg,Ti and LiF:Mg,Cu,P do sim e ters in dif fer ent
LET ir ra di a tions. In an other work, the re sponse of
6LiF:Mg, Cu,P and 7LiF:Mg,Cu,P phos phors to the
neu tron and gamma in mixed ra di a tion fields was stud -
ied by Wang et al. [17]. They es tab lished that TL sen si -
tiv i ties of 6LiF:Mg,Cu,P and 7LiF:Mg,Cu,P to a gamma
ray are nearly the same as LiF:Mg,Cu,P, while the TL
re sponse of 6LiF:Mg,Cu,P to ther mal neu trons is nine
times higher than that of 6LiF:Mg,Ti. In this work, ap -
pli ca bil ity of 6LiF:Mg,Cu,P for es ti ma tion of the
gamma dose in a mixed neu tron-gamma ra di a tion field
us ing the two peak method is pre sented for the first
time.

ANAL Y SIS OF THE TWO PEAK
DO SIM E TRY METHOD

The be low pre sented formulism is sim i lar to that
em ployed by Yussian and Horowitz [8] in es ti mat ing
the gamma dose in a mixed neu tron-gamma field with
LiF:Mg,Ti (TLD-100/600). In this study, we re-stated
the for mal ism since the area un der neath the main and
high tem per a ture glow peaks is em ployed rather than
the in ten sity of glow peaks which has been used in [8]. 

The dis crim i na tion qual ity fac tor (DQF) can be
de fined in a mixed neu tron-gamma field as fol low ing

DQFH,D
H,Dn

H,Dg

=
R

R
(1)

where RH,Dn is the ra tio of in ten sity of the high tem per -
a ture glow peak to the do sim e try glow peak in the TL
glow curve of 6LiF:Mg,Cu,P fol low ing neu tron ir ra di -
a tion and R H,Dg has the same de scrip tion for gamma ir -
ra di a tion. Equa tion (1) can be re li ably ap pli ca ble at
dose lev els where RH,D can be mea sured with an un cer -
tainty of about 1 SD. In the mixed field

S S SDm Dg Dn= + (2)

S S SHm Hg Hn= + (3)

in which SDm, SDg, and SDn are the ar eas of the do sim e -
try glow peak re spec tively in the mixed, gamma and
neu tron fields.

The SHm, SHg, and SHn are the peak ar eas of the
high tem per a ture glow peak in the mixed, gamma and
neu tron fields cor re spond ingly.

Ac cu rate de ter mi na tion of the pa ram e ter X =.SDg/SDm

is an im por tant step in the mixed field anal y sis. With de fin -
ing the re sponse ra tios as RH,Dg.= SHg/SDg in the pure gamma 

field, RH,Dn = SHn/SDn in the nearly-pure neu tron field
(Am-Be field) (in clud ing an un wanted small gamma com -
po nent) and RH,Dm = SHm/SDm in the neu tron-gamma mixed
field, the pa ram e ter X can be de fined as

X
S

S

R R

R R
= =

-

-

D,g

Dm

H,Dm H,Dn

H,Dg H,Dn

(4)

It is worth not ing in eq. 6 that in a pure neu tron
field, RH,Dm = RH,Dn and there fore X = 0 and in a pure
gamma field, RH,Dm = RH,Dg and thus X = 1. Con se -
quently, in a straight line show ing the vari a tion of
RH,Dm against X, by vary ing RH,Dm be tween two lim it -
ing val ues of RH,Dn and RH,Dg the pa ram e ter X var ies
from 0 to 1. As a re sult, ex per i men tal de ter mi na tion of
the RH,Dm yield the pa ram e ter X from which the con tri -
bu tion of the gamma dose, Dg, can be eval u ated via  

S a D S a DDn n n Dg g g= - =, (5)

where an and ag are the TL sig nal per unit ab sorbed
dose for neu trons, Dn, and gamma rays, Dg, re spec -
tively. Us ing the def i ni tion U (ra tio of gamma dose to
to tal dose)

U
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(6)

where DT is the to tal ab sorbed dose. It is straight for -
ward to show that
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where w = ag/an. It is most use ful and ap pli ca ble to ex -
press U as a func tion of the di rectly mea sur able re -
sponse ra tio, RH,Dm in the mixed field by in sert ing the
value of X from eq. (4) in eq. (7)
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The RH,D m, RH,D n, and RH,D g can be de ter mined
from the TL glow curves in the mixed field,
thermalized neu trons of Am-Be and pure gamma
fields, re spec tively. There fore eq. (8) can be used to
de ter mine U. Of course, w is known from cal i bra tion
of the do sim e ters to known doses of pure gamma and
neu tron ra di a tions. Fi nally eq. (8) gives RH,D m as a
func tion of U

R
R U UR w

U w
H,Dm

H,Dn H,Dg
=

- +

- -

( )

( )

1

1 1
(9)

with draw ing the RH,D m as a func tion of U by us ing eq.
(9) and mea sured re sponse ra tios, their close ness can
be ex am ined.

MA TE RI ALS AND IR RA DI A TIONS

The do sim e ters em ployed herein were MCP-6
(6LiF:Mg,Cu,P) were pre pared by the Microlab Com -
pany, Po land. LiF:Mg,Cu,P TL phos phor is man u fac -
tured un der the code name MCP) round chips with a
di am e ter of 5 mm and thick ness of 1 mm. Gamma ir ra -
di a tions were per formed us ing a 137Cs source. The
ther mal neu tron fa cil ity was an Am-Be neu tron
source. Seven do sim e ters were used to per form ir ra di -
a tion in each spe cific dose and in the next steps, the
same do sim e ters were ir ra di ated in dif fer ent ra tios of
neu trons and gamma and the av er age val ues ob tained
were used in the cal cu la tions. A poly eth yl ene mod er a -
tor was used to pro duce a ther mal neu tron flux. There -
fore the re sults of this study can be ap pli ca ble to es ti -
mate the con tri bu tion of ther mal neu trons in a mixed
field re gard less of the neu tron source. All the neu tron
ir ra di a tions were car ried out at the SSDL cen ter,
Karaj-Iran.

Pre-ir ra di a tion an neal ing was com pleted at 240 °C
for 10 min utes us ing a pro gram ma ble oven with tem per -
a ture ac cu racy of ±1 °C and then the chips were cooled
rap idly to room tem per a ture (75 per min utes). The read -
out pro ce dure was ac com plished by heat ing the sam ples
from 50 per sec onds to a max i mum  tem per a ture  of  300
°C with a heat ing rate of 1 °Cs–1 in a Harshaw TLD
reader model 4500, where a heater strip is used for warm -
ing the chips with a pre ci sion of 1 °C.

RE SULTS AND  DIS CUS SION

The glow curves of 6LiF:Mg,Cu,P ir ra di ated by a
137Cs gamma ray (30 mGy) and thermalized neu trons
from Am-Be ra di a tion fields (6 mGy) are shown in fig. 1. 
The aim of this work is to val i date that the ra tio of ar eas of 
high tem per a ture to the main glow peak of MCP can be
used for iden ti fy ing the con tri bu tion of the gamma dose
in a mixed ther mal neu tron-gamma field. The pre sented
method was em ployed for the lin ear dose re sponse area.
There fore the ra tio of neu tron to gamma dose can be var -

ied by keep ing one com po nent con stant and chang ing the 
other com po nent in the lin ear dose re sponse re gion. Ob -
vi ously, the 6LiF:Mg,Cu,P do sim e ter is much more sen -
si tive to the gamma ray than the neu tron, but it still has a
good re sponse to neu tron ir ra di a tion.

More in ter est ing are the dif fer ent re sponses of
the com po nent glow peaks to low and high LET ra di a -
tions which make it pos si ble to ex tend the dis crim i na -
tion of gamma and neu tron com po nents at pro tec tion
level doses.

The cal i bra tion of TLD re sulted in the re sponse ra -
tios of RH,Dn = 0.127±0.006 and RH,Dg = 0.039±0.002.
From eq. (1), the dis crim i na tion qual ity fac tor (DQF)
was ob tained to be 3.25 ± 0.11 us ing the above val ues for
RH,D n and RH,D g which shows that the dif fer ence be tween 
rel a tive sen si tiv i ties of the high tem per a ture peak and do -
sim e try peak in pure gamma and Am-Be neu tron fields
are con sid er able. This re sult can be com pared with DQF
of 2.6 re ported for the ra tios of in ten si ties of peak 4 to
peak 5 in TLD-100 and 2.5 for CaF2:Tm [8]. Ac cu rate
de ter mi na tion of the re sponse ra tios makes it pos si ble to
use the two peak method for dis crim i nat ing be tween the
gamma and neu tron dose in a mixed field with the
6LiF:Mg,Cu,P phos phor. With find ing an and ag val ues
and us ing eq. (5), w was de ter mined from the equa tion w
= ag/an as

w = 0.68±0.10

Af ter iden ti fy ing RH,Dn and RH,Dg val ues, for
test ing the va lid ity of two peak tech nique,
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Fig ure 1. (a) The TL  glow  curves  of  6LiF:Mg,Cu,P in a
30 mGy dose of a pure gamma ray from 137Cs and 6 mGy
nearly pure neu tron from an Am-Be source
(b) The re gions of main and high tem per a ture peaks. For
better com par i son of neu tron and gamma curves, the in -
ten sity of the neu tron curve was mul ti plied by 2.7



6LiF:Mg,Cu,P chips were sep a rately ex posed to
known gamma and neu tron doses. The ir ra di a tion was
started with a gamma dose com po nent from 10 % out
of the to tal dose and this ra tio in creased up to 80 %
over eight steps. Some of the TL glow curves re corded
fol low ing ir ra di a tion in a mixed field are shown in fig.
2. Us ing the peak ar eas ob tained from ir ra di at ing the
chips in a mixed field, RH,Dm val ues were de ter mined.
Then us ing equa tion X = SDg/SDm, the pa ram e ter X was
iden ti fied. Fig ure 3 shows the mea sured val ues of X
for eight rep re sen ta tive mixed fields with dif fer ent
gamma dose com po nents. The con sis tency be tween
the ex pected val ues of the re sponse ra tios and mea -
sured val ues of X is strik ing. The re sults ob tained,
dem on strate that the two peak method can re li ably be
ap plied for es ti mat ing the gamma dose in a mixed neu -
tron-gamma field us ing 6LiF:Mg,Cu,P.

Fig ure 4 shows the vari a tion of the re sponse ra -
tio as a func tion of U in the mixed field us ing eq. (9).

Also mea sured RH,Dm for each gamma and neu tron
doses are shown in tab. 1. In this ta ble, you can see the
num ber of dif fer ent doses of gamma and neu trons. Pa -
ram e ter 1 has been changed in dif fer ent gamma and
neu tron ra tios from 0.104 to 0.833 in 8 steps. The val -
ues ob tained for the ra tio of peaks 1, which are mea -
sured from the ex per i men tal re sults, are com pa ra ble to
the val ues ob tained from the de fined the o ret i cal re la -
tions. It can be seen that the max i mum dif fer ence be -
tween these val ues is 6.6 %. So, 6LiF:Mg,Cu,P can be
suc cess fully used to es ti mate the gamma dose in mixed 
ra di a tion fields by the use of the two peak tech nique.
Us ing 6LiF:Mg,Cu,P, this method is ap pli ca ble for ra -
di a tion fields with gamma dose com po nents up to 80
% out of the to tal dose.

CON CLU SIONS

It was shown that the two peak method can ef fec -
tively be ap plied to es ti mate the gamma dose in a
mixed neu tron-gamma field us ing 6LiF:Mg,Cu,P. The
tech nique was suc cess fully ap plied to ra di a tion fields
with a gamma com po nent up to 80 % of the to tal dose
which is an im prove ment in mixed field do sim e try by
the two peak method. Be cause of high sen si tiv ity of
6LiF:Mg,Cu,P to a gamma ray, the low est de tect able
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Fig ure 2. Typ i cal glow curves and their com po nents
fol low ing ir ra di a tion to the mixed neu tron-gamma field
with known gamma and neu tron dose com po nents of
30 mGy gamma and 6 mGy neu tron, 15 mGy gamma and 
6 mGy neu tron (mul ti plied by 1.64) and 1.5 mGy gamma
and 6 mGy neu tron (mul ti plied by 3.15)

Fig ure 3. The re sponse ra tio for the mixed field as a
func tion of X for eight rep re sen ta tive mixed fields
of vary ing gamma dose com po nents

Fig ure 4. Val ues of the re sponse ra tio (RH,Dm) as a
func tion of U in the mixed field

Ta ble 1. Mea sured and cal cu lated RH,Dm and u for dif fer ent
val ues of the gamma dose in a mixed neu tron-gamma field

Dn

[mGy]
Dg

[mGy]
U =

Dg(Dg + Dn)
RH,Dm

measured
RH,Dm

the o ret i cal
Dif fer ence

[%] 

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



gamma dose in a mixed field us ing this phos phor can
be re duced to lower than 1.5 mGy. The re sults show
that the ra tio of ar eas of high tem per a ture to the main
glow peak of MCP can be used for iden ti fy ing the con -
tri bu tion of the neu tron dose in a mixed ther mal neu -
tron-gamma field. 

As was pointed out in the in tro duc tion sec tion,
the sen si tiv ity of the 6LiF:Mg,Cu,P to the ther mal neu -
tron is about 9 times higher than that of 6LiF:Mg,Ti
and the TL re sponse of 6LiF:Mg,Cu,P to gamma rays is 
about 30 times stron ger than the 6LiF:Mg,Ti. This en -
ables us to re duce the low est de tect able neu tron and
gamma com po nents in the mixed neu tron-gamma
field us ing the two peak method com pared to
6LiF:Mg,Ti and this is of cru cial im por tance in ra di a -
tion pro tec tion dose lev els.
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DOZIMETRIJA  NEU TRON-GAMA  ME[OVITOG  POQA  KORI[]EWEM
TERMOLUMINISCENTNOG  DOZIMETRA  6LiF:Mg,Cu,P

Zadovoqavaju}a diskriminacija izme|u neutronskih i gama komponenti u me{ovitom
neutronsko-gama poqu, jedan je od najva`nijih ciqeva neutronske dozimetrije. Metoda dva pika je
uobi~ajena tehnika za procenu komponenata doze gama zra~ewa i neutrona u ovim poqima. Ova metoda
primewena je kori{}ewem dozimetara kao {to su LiF:Mg,Ti, ali je u ovom radu kori{}en dozimetar
6LiF:Mg,Cu,P  ~ija je termoluminiscenciona osetqivost mnogo ve}a od dozimetra LiF:Mg,Ti, i stoga, ako
se postignu odgovaraju}i rezultati, mo`e drasti~no smawiti prag procene doze. Otuda je prou~avana
primenqivost 6LiF:Mg,Cu,P za procenu gama doze metodom dva pika u me{ovitom poqu termi~kog
neutrona i gama zra~ewa. Odnos povr{ine ispod pika visokotemperaturnog termoluminiscencionog
isijavawa prema dozimetrijskom piku fosfora u Am-Be neutronskom poqu je 0,127, dok ovaj odnos u
poqu ~istog gama zra~ewa od 137Cs iznosi 0,039. Kalibracione krive dobijene su odvojenim
ozra~ivawem 6LiF:Mg,Cu,P ~ipova poznatim dozama gama zra~ewa i neutrona. Rezultati pokazuju da se
6LiF:Mg,Cu,P mo`e koristiti za procenu doprinosa doza neutrona i gama zra~ewa u me{ovitom
neutronsko-gama poqu kori{}ewem metode dva pika. 

Kqu~ne re~i: termoluminiscencija, 6LiF:Mg,Cu,P, dozimetrija, metoda dva pika,
                         me{ovito poqe, neu tron-gama


