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The pres ent study in volves a com par i son be tween two do sim e try sys tems. The first sys tem de -
pends on vic to ria blue B (in cor po rat ing poly vi nyl al co hol) as a thin-film do sim e ter. The sec ond
sys tem de pends on the same dye as a liq uid do sim e ter, which is more sen si tive to gamma rays.
The pre pared film/liq uid has a con sid er able sig nal that in creases upon ir ra di a tion and the in ten -
sity of the sig nal de crease with in creas ing ra di a tion dose. The gamma ray ab sorbed dose for
these do sim e ters was found to be up to 25 kGy for the thin film and 700 Gy for the liq uid form.
Ra di a tion chem i cal yield, ad di tive sub stance, dose re sponse func tion, ra di a tion sen si tiv ity, also
be fore and af ter-ir ra di a tion sta bil ity un der var i ous con di tions were dis cussed and stud ied.
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IN TRO DUC TION

Ra di a tion do sim e ter is a ma te rial, or a de vice, or
a sys tem that mea sures ab sorbed doses, when ex posed
to gamma ra di a tion, a change oc curs that can be re -
corded by any in stru men tal anal y sis tech nique such as
UV-spectrophotometer, EPR, IR, and elec tri cal con -
duc tiv ity. One of its ad van tages is sta bil ity over a long
time [1]. A lot of poly mers are used in prep a ra tion of
dosimetric films due to their flex i bil ity, clar ity, and
ease of avail abil ity. In re cent de vel op ments in ra di a -
tion do sim e try a new thin plas tic film do sim e ter has
been pre pared from poly vi nyl al co hol (PVA) mix ing
with dyes. On the other hand, this film is sim ple to pre -
pare in the lab o ra tory and is con sid ered to be a prom -
ised ra di a tion do sim e ter [2]. More over, a lot of other
thin dyed plas tic films con tain ing var i ous ra di a tion
sen si tive in di ca tor dyes, in cor po rat ing with ac tive
chlo rine sub stance, have been pre pared to be ap plied
as do sim e ters and in di ca tors [3]. These dyed plas tic
films sig nif i cantly change their col ors upon ex po sure
to g-rays [4]. This change is re lated to the de com po si -
tion or deg ra da tion of the ac tive sub stance chlo rine
atom pro duc ing H+ ion that in duces a color change of
the pH in di ca tor dye. The au thors in ves ti gated the ef -
fect of add ing alanine to an or ganic dye, in cor po rated
with a trans par ent poly mer film, for ra di a tion do sim e -
try ap pli ca tions [5]. More over, pH in di ca tor dyes can
ex ist in “keto-enol form” hav ing dif fer ent col ors [6].

There are re cent stud ies on some or ganic dyes, which
decolorized and bleached un der the ef fect of gamma
ra di a tion [7, 8]  and radiochromic films [4, 9]; liq uid
do sim e try sys tems [10, 11].  Pre vi ous stud ies have pri -
mar ily con cen trated on the ef fect of ra di a tion on the
so lu tion which causes the for ma tion of tran sient ac tive 
spe cies such as free rad i cals, free ions and ex cited
mol e cules, which can then be mon i tored by us ing op ti -
cal spec trum, elec tric spin res o nance spec tra, con duc -
tiv ity de tec tion or some other suit able tech niques [12]. 
Free rad i cals H and OH, which are pro duced in the
radiolysis of aque ous so lu tion, are con sid ered to be the 
main ox i diz ing spe cies [13]. In re cent years, sev eral
stud ies have con cen trated on the ra di a tion-in duced
deg ra da tion of dyes [14]. 

This pa per at tempts to pro vide a more de tailed
in ves ti ga tion of the ef fects of gamma ra di a tion on vic -
to ria blue B (VBB) in both forms, as film and gel do -
sim e try sys tems, giv ing a com par i son study be tween
the two-do sim e try sys tems de vel oped for high and
low-dose do sim e try ap pli ca tions.

EX PER I MEN TAL WORK

Prep a ra tion of stock so lu tion
of vic to ria blue B

The stock so lu tion of the in di ca tor was pre pared
by dis solv ing 0.025 g of VBB, (Sigma-Aldrich, Inc.,
USA) in 25 ml of dis tilled wa ter. Scheme (1) shows the 
struc ture of the dye.
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Prep a ra tion of VBB/PVA films

Dyed poly meric films were pre pared by dis solv -
ing 5 g of  PVA  pow der (av er age M.W. 25 000 to tally
hy dro lyzed 99-100 % J.T. Baker Chem i cal Co. USA)
in 125  ml dou ble dis tilled wa ter at about 60 °C. The
so lu tion was kept fully stirred at that tem per a ture for
about  24 h;  there af ter  left  to  cool. More over, 1.1,
2.5, and 3 ml of dye stock so lu tion (0.2, 0.4, and 0.5
phr*) were added to each 15 ml of PVA  so lu tion and
kept stirred for  about 3 h at room tem per a ture to get a
ho mog e nous col ored so lu tion. Fi nally, the dyed PVA
so lu tions were stirred, casted on a 10 cm × 10 cm hor i -
zon tal glass plate and dried at room tem per a ture for
about  48  h.  The  film  thick ness  was  found  to be
0.049 ± 0.03 mm, (1s).

Prep a ra tion of the VBB liq uid do sim e ter

A stock so lu tion of the VBB with out any
changes  was  used  to  pre pare aque ous so lu tions of
dif fer ent con cen tra tions (1.5×10–4, 3.3×10–4, and
5.1×10–4 mol L–1) in dis tilled wa ter.

In stru men tal analysis

  Ab sorp tion spec tra of both unirradiated and ir ra -
di ated films and liq uid sam ples were mea sured in the
wave length range 200-800 nm us ing a UV4-vis i ble
spectrophotometer (KONTRON Co. Ltd., Swit zer land).
The film thick ness was mea sured us ing Digitrix-Mark II
thick ness gauge (pre ci sion ± 1 µm, 1s). Gamma ir ra di a -
tion pro cess was car ried out us ing a 60Co Gamma Cell
GC-220 Ex cel (man u fac tured by MDS  Nordion, Can -
ada) with  ab sorbed dose rate of 5.9 kGyh–1. 

RE SULTS AND DIS CUS SION

Ab sorp tion spec tra

The dis cus sion of the re sults be gun with the ab -
sorp tion spec tra of the unirradiated and ir ra di ated
films which were mea sured over the wave length range 

300-800 nm. The ab sorp tion spec tra of the VBB/PVA
films/liq uid (0.5 phr VBB) re corded be fore, and af ter
ir ra di a tion by dif fer ent doses are shown in figs. 1 and
2. The find ings sug gest that the ab sorp tion spec tra of
unirradiated and ir ra di ated films dis play a cen tral ab -
sorp tion peak in the vis i ble re gion, with dis tinc tive of a 
blue color peak ing at 612 nm (fig. 1), and at 617 nm
(fig. 2) for dyed liq uid. The am pli tude of this peak de -
creases pro gres sively with the in crease of ab sorbed
dose of gamma ray pho tons. This study in di cates that
the spec tra of ir ra di ated film with the VBB dye
bleached by ex pos ing the film to gamma rays.

Re sponse curves

For  do sim e try, op ti cal den sity was read-out at
612 nm for VBB/PVA films. Fig ure 3 dem on strates the
re sponse curves of VBB/PVA films con tain ing var i ous
con cen tra tions of the dye (0.2, 0.4 and 0.5 phr) in terms
of vari a tion in an ab sorp tion co ef fi cient, DA mm–1 at
612  nm,  against  the  ab sorbed  dose,  D, where (DA =
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Scheme 1. Mo lec u lar struc ture of VBB

Fig ure 1. The ab sorp tion spec tra of un-ir ra di ated and
ir ra di ated VBB film, ac cord ing to dif fer ent ab sorbed
doses; VBB = 0.5 phr , lmax = 612 nm

Fig ure 2. The ab sorp tion spec tra of the un-ir ra di ated
and gamma ir ra di ated VBB liq uid, ac cord ing to
dif fer ent ab sorbed doses; VBB =  5.1×10–4 molL–1,
 lmax = 617 nm*phr = part per hun dred parts of sub strate poly mer



=.Ao  – Ai) and  Ao and Ai are val ues of an ab sorp tion co -
ef fi cient for the un-ir ra di ated and ir ra di ated films, re -
spec tively. From the re sponse curve, it is clear that the
use ful dose range of the sys tem, be tween 1-40 kGy de -
pends up on the dye con cen tra tion. A group of liq uids
was ir ra di ated at a dose rate of 5.9 kGyh–1 in the dose
range up to 700 Gy. Through that dose range, the re -
sponse tends to sat u rate. Un der the ef fect of gamma ra -
di a tion the re sult ing liq uid color has an absorbance
peak at 617 nm, which bleaches upon ir ra di a tion as the
liq uid bleaches. Fig ure 4 il lus trates the dose re sponse
func tions of the sam ples pre pared with four con cen tra -
tions of VBB (1.5×10–4, 3.3×10–4, and 5.1×10–4 mol L–1)
dyed liq uid. In gen eral, as ob served from prior doc u -
mented stud ies, the ef fect of gamma ra di a tion on wa ter
is pro duc tion of a lot of rad i cals H2, H2O2, H

+, H–, and
hy drated elec trons (eaq–). Hydroxyl rad i cals (OH), as
in ter me di ate ac tive spe cies, ac cel er ate the
decolorization re ac tion [14]. This re vealed higher sen -
si tiv ity of VBB in a liq uid sys tem than the in case of
VBB as a film do sim e ter, which was due to free mo bil -
ity of all free rad i cals in the liq uid form and op po site,
the ri gid ity of free ions and rad i cals in a solid sys tem   

H O OH, H, e2 aq –

.
®× × (1)

Rate of deg ra da tion re ac tion
(bleach ing pro cess) of VBB

UV-V is ab sorp tion spec tra of VBB were stud ied 
at dif fer ent in ter vals of ir ra di a tion dose. Absorbance at 
300-800 nm was at trib uted to n ® p* tran si tion of ben -
zene and naph tha lene rings of the dye. The ab sorp tion
peak at 617 nm cor re sponds to the chromo phore part
of VBB. Un der op ti mum con di tions, ab sorbed dose
(0.7 kGy) of ir ra di a tion is re quired for com plete min -
er al iza tion of VBB. The photocatalytic deg ra da tion
can be per formed as

R R R= +1 2 (2)

where R, R1, and R2 are to tal bleach ing, photocatalytic
and photolysis rates, re spec tively. Un der cho sen ex -
per i men tal con di tions, photolysis had no ef fect on the
deg ra da tion pro cess. Equa tion 2 re duced to 

R
D

R= =
d VBB

d

[ ]
1 (3)

A sim ple power law model was ex am ined to de -
ter mine  the rate of photocatalytic deg ra da tion as

R k n= 1 1[ ]VBB (4)

where n1 and k1 are ap pro pri ate or der and rate con stant
of the re ac tion. In or der to ob tain the ap pro pri ate pa -
ram e ters in eq. 4, dif fer en tial meth ods of anal y sis
based on data about the dye con cen tra tion vs. ab sorbed 
dose

log log log[ ]R k n= +1 1 VBB (5)

The rate or der of the re ac tion in creases with in -
creas ing the ab sorbed dose

log log log[ ]D k n= +1 1 VBB (6)

Fig ure 5 dem on strates the or der of deg ra da tion
re ac tion in di cat ing the in tri cacy of the deg ra da tion
pro cess. Rate con stant for the deg ra da tion of VBB was 
found to be 9.4×10–2. Un der cho sen ex per i men tal con -
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Fig ure 3. Change of DA as a func tion of ab sorbed dose for
dif fer ent VBB con cen tra tions in PVA films

Fig ure 4. Dose re sponse of the (VBB -liq uid) at 617 nm in
the full dose range of 0-700 Gy. DA = Ao – Ai, where A0 and
Ai are absorbances of the ir ra di ated and un-ir ra di ated
sam ples, re spec tively

Fig ure 5.  Vari a tion of VBB deg ra da tion rate vs. its
con cen tra tion (1.5×10–4, 2.5×10–4, 3.3×10–4, 4.3×10–4,
4.4×10–4, and 5.1×10–4)



di tions, the net rate of the deg ra da tion of VBB can be
ex pressed as

R = ×94 10 2 2 2. [ ]– .VBB (7)

Ra di a tion chem i cal yield (G-value)

Ra di a tion-chem i cal yield (G-value) is de fined as 
the num ber of moles of dye de graded by ab sorp tion of
1 J of en ergy (unit: molJ–1). The G-value is cal cu lated
from the gen eral re la tion [15]

G(value molJ) [ ]= -DA

D ber

1 (8)

where DA is the change in absorbance at lmax, b [1 cm]
– the op ti cal path length , e [Lmol–1 cm–1] – the lin ear
mo lar  ex tinc tion  co ef fi cient  for  the  so lu tion at lmax,
r [gcm–3] – the den sity of the do sim e ter, and D [Gy] –
the ab sorbed dose. Us ing the dye con cen tra tion in
molL–1 and the av er age value of A0/b, the mo lar ex tinc -
tion co ef fi cient  had been found to be 71625.1 Lmol–1

cm–1 for VBB films. Us ing the den sity of VBB/PVA to
cal cu late the G-value in terms of µmolJ–1, the cal cu -
lated G-value for these films and the con cen tra tion of
the dye in side the film's ma trix were tab u lated in tab.
(1). From the ta ble, it could be ob served that the
G-value in creases with the in crease in the dye con cen -
tra tion. More over, this may be due to the num ber of
radiolysis prod ucts of liq uid/PVA. Based on the re -
sults, these data re flect the sig nif i cant role of the poly -
mer ma trix in the deg ra da tion pro cess.

Hu mid ity dur ing ir ra di a tion

 The ef fect of rel a tive hu mid ity (RH) dur ing ir ra -
di a tion, on the re sponse,  was in spected by ir ra di at ing
VBB films (0.8 kGy) at var i ous rel a tive humidities (0,
12, 33, 54, 76, and 92 %).  Ir ra di a tion was car ried out
while the films were pend ing sur rounded by dif fer ent
super sat u rated-salt so lu tions in jar. Rel a tive hu mid ity
of  0 %   RH was achieved by sur round ing the VBB
film  by  dried sil ica gel. The dif fer ence in re sponse
(DA mm–1) as a func tion of RH per cent age RH through 
ir ra di a tion pro por tional to that at 33 %. These re sults
re vealed that these films have no rat able ef fect in the
range of rel a tive hu mid ity RH  (10-50 %), how ever,
the re sponse shows slightly var i ous sen si tiv i ties at 
both  high and low hu mid ity val ues.

As sess ment of un cer tainty

In ad di tion, a mea sure ment of gamma ra di a tion
shall be taken by an as sess ment of the un cer tainty in
the mea sured value. Fac tors con trib ut ing to the to tal
un cer tainty may be di vided into two types, type A and
type B [16]. The first fac tor is re lated at most with the
mea sur ing in stru ment and the film, but the sec ond is
mainly re lated to the cal i bra tion.

One of the first fac tors the reproducibility of the
Unicam UV4 spectrophotometer was de ter mined by
read ing the absorbance value (at 600 nm wave length and
absorbance level 0.8) of ir ra di ated films sev eral times.
From the data ob tained, it was found that the co ef fi cient
of vari a tion (1s) is ±0.22 %, in di cat ing the ac cu racy of
the spectrophotometer. The reproducibility of the
Minitest thick ness gauge was ex am ined by read ing the
thick ness value for VBB/PVA films many times.  Ob vi -
ously, from the data ob tained it was found that the co ef fi -
cient of vari a tion (1s)  is ±0.5 %. The reproducibility of
the mea sure ments of sev eral films (10 times for a film)
was found to be 0.7 % (1s) [16]. 

On the other hand, the type A un cer tain ties (at
one stan dard de vi a tion, i. e. 1s) aris ing dur ing cal i bra -
tion  over  the  use ful re sponse range were found to be
±2.4 % [16](ISO/ASTM 51707, 2004). Com bin ing all
the com po nents in squares at one stan dard de vi a tion
1s leads to

   U c = + + + =( . ) ( . ) ( . ) ( . ) . %022 05 24 07 322 2 2 2 (9)

The ex panded un cer tainty ( at two stan dard de vi -
a tions, i. e. 2s, ap prox i mately equal to a 94 % con fi -
dence level) is set up by mul ti pli ca tion of Uc (at 1s) by
two. There fore, the com bined un cer tainty us ing
VBB/PVA film is 6.4 %.

Pre-ir ra di a tion sta bil ity for
VBB /PVA films

The color fad ing sta bil ity of (0.5 phr) VBB/PVA
films was ex am ined by stor ing the films at 33 % RH and
at room tem per a ture (25 °C ± 2) in the dark and un der
lab o ra tory flu o res cent light. In or der to in ves ti gate the
pos si ble ef fects of pre-ir ra di a tion stor age on the man u -
fac tured films sam ples, we ob served absorbances of
un-ir ra di ated film sam ples stored un der var i ous con di -
tions. These film sam ples, man u fac tured about one
month be fore the ex per i ment started, were stored un der
dif fer ent con di tions, and their absorbances at 612 nm
were ob served for 30 days. One of the groups was stored
at room tem per a ture in the dark; an other group was
stored at room tem per a ture ex posed to lab o ra tory flu o -
res cent light. Mea sured absorbances vs. time (days) are
shown in fig. 6. Pre-ir ra di a tion sta bil ity was very good,
with the absorbance of the films de creas ing by only
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Ta ble 1. The cal cu lated G-value for VBB/PVA at dif fer ent
dye con cen tra tions

Dye concetration phr G-value (VBB/PVA)
[µmolJ–1]

0.2 0.0093

0.4 0.0116

0.5 0.0168



about 8% over the first 10-days in stor age pre-ir ra di a tion
pe riod.

Post-ir ra di a tion sta bil ity for
VBB /PVA films

In  case  of  VBB/PVA  films  con tain ing [VBB] = 
=.0.5 phr ir ra di ated to 30 kGy, the sam ples were stored 
at room tem per a ture (25 °C ±2) in the dark and un der
lab o ra tory flu o res cent light. The absorbance of these
films was mea sured at 612 nm wave length at dif fer ent
time in ter vals dur ing the pre-ir ra di a tion stor age pe riod 
of 60 days. The change in the absorbance at 612 nm as
a func tion of stor age time rel a tive to that be fore stor -
age (im me di ately af ter strip ping) is shown in fig. 7. It
can be seen that the ir ra di ated films show good sta bil -
ity un der stor age con di tions.

Self-life of VBB dyed
liq uid do sim e ters

VBB so lu tion con tain ing 5.1×10–4 µmolL–1 VBB 
ir ra di ated to 400 Gy, was stored at room tem per a ture
(25 °C ± 2) in the dark and light. The absorbance of this 
so lu tion was mea sured at 617 nm wave length for var i -

ous time in ter vals through the post-ir ra di a tion stor age
pe riod of 63 days. It is clear from this fig ure that the ir -
ra di ated so lu tions ex hibit good sta bil ity un der dif fer -
ent stor age con di tions.

Com par i son be tween VBB/PVA films and
VBB/gel a tin gels do sim e try sys tems

A com par a tive study  with other dye do sim e ters
is also de vel oped in our lab. We pub lished many pa -
pers in the field of ra di a tion do sim e try [2, 4, 7, 9], in
case of dyed-film do sim e try ap pli ca tions.  More over,
the au thor pub lished two pa pers in the field of gel do -
sim e try and liq uid do sim e try; re spec tively [10, 11]. 
Con sis tent with pre vi ous find ings, we found that the
fol low ing tab. 2 sum ma rizes the dif fer ences be tween
the two-do sim e try sys tems used for VBB dye (films,
liq uid) with wave length, sen si tiv ity, dose range and
ap pli ca tions. From this ta ble, one can eas ily choose the 
suit able con di tions for a spe cific ap pli ca tion. These
liq uids have clear vi sual change in color for the dose
up to 700 Gy re flect ing their suit abil ity for use as ra di -
a tion in di ca tors in some food ir ra di a tion ap pli ca tions.
The sen si tiv ity of this film was in ves ti gated spec tro -
pho to met ri cally at a wave length of 612 nm, change in
color for the dose up to 25 kGy re flect ing their suit abil -
ity for ap pli ca tions as ra di a tion in di ca tors in food ir ra -
di a tion, med i cal ster il iza tion and poly mer cross link -
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Figure 6.  Pre-ir ra di a tion sta bil ity of (VBB film) stored
un der dif fer ent stor age con di tions

Fig ure 7. Post-ir ra di a tion sta bil ity of (VBB films) stored
un der dif fer ent stor age con di tions

Fig ure 8. Post-ir ra di a tion sta bil ity of VBB so lu tions 
[TR] = 4.1×10–4 µmoll–1 and [CH] = 66.6 phr) stored in
di rect and in di rect light at room tem per a ture,
as a func tion of stor age time, at 100 Gy

Ta ble 2. Com par i son be tween dif fer ent do sim e try sys tems 
used for VBB dye

Sys tem Film Liq uid

Wave length [nm] 612 617

Sen si tiv ity Sen si tive More sen si tive

Dose range (0-25) kGy (0-0.7) kGy

Ap pli ca tions

Food ir ra di a tion,
med i cal

ster il iza tion,
poly mer cross

link ing and
deg ra da tion

Food ir ra di a tion,
wa ter treat ment and
med i cal ster il iza tion



ing ap pli ca tions, as well as good post-ir ra di a tion
sta bil ity when stored in dark and light, at room tem per -
a ture. By com par ing, the re sults, pre vi ously pub lished
[6], of the rhodamine b liq uid and [7] of 2.6 DNP/PVA
and this pre pared VBB liq uid and films it was found
that, the ra di a tion sen si tiv ity in  the pres ent study of
VBB liq uid sys tem is more sen si tive than rhodamine b
liq uid sys tem. More over, the sen si tiv ity of VBB/PVA
film is higher than 2.6 DNP/PVA that pub lished by [7]. 
This re vealed the pos si bil ity of ap pli ca tions in a wide
dose range, more than the two pre vi ous do sim e try sys -
tems, es pe cially in med i cal ster il iza tion, food ir ra di a -
tion pro cess ing, ra dio ther apy and blood irradiation.

CON CLU SION

From the data pre sented in this study, the
dosimetric char ac ter is tics of VBB films and liq uid
con tain ing dif fer ent con cen tra tions of dye, were stud -
ied. The use ful dose range for these films was found to
be from 2 to 25 kGy and for liq uid was found to be
from 50 to 700 Gy. More over, these film do sim e ters
have in sig nif i cant de pend ence on the change of rel a -
tive hu mid ity dur ing ir ra di a tion. It is rec om mended to
cal i brate these do sim e ters at the con di tions of use or at
hu mid ity val ues less than 50 %. These liq uids have
clear vi sual change in color for the dose up to 700 Gy
re flect ing their suit abil ity for use as ra di a tion in di ca -
tors in some food ir ra di a tion ap pli ca tions. Fur ther -
more, the re sponse of these do sim e ters show ex cel lent
sta bil ity when stored at room tem per a ture and the
over all un cer tainty VBB/PVA film is 6.4 %. The prop -
er ties of the pre pared films and liq uid sug gest their
use ful ness in med i cal and in dus trial ap pli ca tions.
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Mo{ira A. EL-KELANI, Sameh M. GAFAR

RAZVOJ  DVA  DOZIMETRA  U  OPSEGU  NISKIH
DOZA  ZA  PRIMENU  U INDUSTRIJI

Ovaj rad obuhvata pore|ewe dva dozimetrijska sistema. Prvi sistem zasniva se na boji
Vic to ria Blue B (uz prisustvo polivinil alkohola), u obliku dozimetra sa tankim filmom. Drugi
sistem zasniva se na istoj boji u obliku te~nog dozimetra koji je osetqiviji na gama zra~ewe.
Pripremqeni film i te~nost, imaju zna~ajan sig nal uve}an pri ozra~ivawu, sa intenzitetom
signala koji opada sa porastom doze zra~ewa. Apsorbovana doza gama zra~ewa ovim dozimetrima
iznosila je do 25 kGy za dozimetar sa tankim filmom i do 700 Gy za te~ni dozimetar. Tako|e su
prou~avani hemijski prinos zra~ewa, aditivne supstancije, funkcija odziva doze, radijaciona
osetqivost i stabilnost pre i posle ozra~ivawa, pod raznim uslovima.

Kqu~ne re~i: Vic to ria Blue B, boja, gama zra~ewe, film, te~ni dozimetar


