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Abstract

The process of radiation damage and its recovery were investigated during and after irradiation with X-rays. The
absorption induced by X-rays in the scintillating fiber BCF-12 was measured in gas atmospheres with and without
oxygen as a function of time, dose, dose rate and wavelength. The studies during irradiation showed several surprising
effects: strong dose rate effects were observed. Shortlived absorption centers are formed during irradiation which decay
within hours via a bimolecular reaction. The reaction constant for the decay decreases suddenly by a factor 200 in the
moment when the concentration of oxygen dissolved in the fiber becomes zero. A kinetic model assuming three classes
of absorption centers describes the dependence of the radiation induced absorption on dose and dose rate correctly. The
influence of the shortlived absorption centers on the emitted fluorescence light yield was derived from the data as a
function of dose rate. © 1999 Published by Elsevier Science B.V. All rights reserved.

PACS: 29.40.M; 42.81.Cn; 61.82.Pv; 78.20.C
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1. Introduction motion of the polymer or is essentially a sequence
of successive hydrogen abstraction reactions.

Radicals are created when plastic scintillators
are used in a high dose rate environment. This
effect diminishes the detector performance since
radicals absorb fluorescence light. Although radi-
cals are often macromolecules they are able to
migrate through the polymer matrix. If no oxygen
is available, migration is associated with rotational R-+R- =X (2)

R-+RH - RH+R-. (1)

Here RH and R- denote polymer molecules and
radicals, respectively. Radicals annihilate when
two radicals come into close contact and interact.

This bimolecular termination reaction is often
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Additional reaction channels are open when
oxygen is available. The following simplified oxi-
dation mechanism is similar to that proposed by
Bolland [1]. A more detailed description of possi-
ble reactions between oxygen and radiation-in-
duced radicals has been given by Clough et al. [2].
Radicals react rapidly with O, molecules forming
peroxy radicals RO,- as an intermediate state.
Migration can now also occur via the following
sequence of reactions:

R - 40, — RO, (3)
RO, - +RH — ROOH + R ., (4a)
ROOH — RO - + - OH, (4b)
RO - +RH — ROH +R., (4c)
-OH+RH — H,O+R-. (4d)

The chain of reactions is terminated by one of the
reactions (2), (5) or (6):

RO, - +R- — RO,R, (5)

Reaction (3) is much faster than the others. Hence,
one generally assumes that no radicals R- survive
when oxygen is available. This is the basis of an-
nealing of radiation damage in air.

At room temperature the radicals formed in
polystyrene, the matrix of many plastic scintilla-
tors, are stable over periods of several weeks [3] if
no oxygen is available. On the other hand short-
lived absorption centers which decay within sev-
eral hours were observed [4-7] during the
irradiation of the scintillating fiber BCF-12 (Bic-
RON) which also has a polystyrene matrix. These
absorption centers are visible if one measures ra-
diation damage during irradiation. Due to the
short decay time it is difficult to detect them after
the end of irradiation. A new broad absorption
band peaked at the wavelength 1 = 580 nm was
observed, i.e., in a region where the additional
absorption induced by radiation in pure polysty-
rene is very low. The investigation of the question
whether these shortlived absorption centers may

effect the fluorescence light yield and the detector
performance is one aim of the present work. This
question is of interest for detector components
using the BCF-12 fiber, for instance the SPACAL
calorimeter in the H1 detector at HERA (DESY).
For this purpose the overlap between the emission
spectrum of the scintillator BCF-12 and the ab-
sorption spectrum of the shortlived absorption
centers in the following denoted as R,, had to be
determined. This means that the absorption spec-
tra of R, and other absorption centers had to be
separated.

Presently it is not known whether R, is a radical
or not, but it behaves similar to most other radi-
cals in polymers: R, decays via a second order
process according to reaction (2), and secondly the
decay of R, is much faster in the presence of ox-
ygen than without oxygen [7]. Formation and
subsequent annihilation (R, + R, —Y) can be
described by a simple differential equation

d[Ro]
dr

=g-0-D—k-[Ry]%. (7a)

The production rate is proportional to the dose
rate D and the decay rate is proportional to the
square of the concentration [R;]. ¢ is the time, ¢ is
the density of the scintillator and k; is the reaction
constant for the decay of R,. g is the chemical
yield for the formation of R, i.e., the number of
produced absorption centers R, per absorbed en-
ergy AE (usually one uses AE = 100 eV, in Eq. (7a)
it is better to set AE =1 J). After a certain expo-
sure time, an equilibrium state is achieved where
production and decay rate of R, are equal

(d[R,]/dt =0). The corresponding saturation
concentration is given by
Rals = (g2 0 D/k)'" o< VD, (7b)

Let us assume that o,(A) is the cross section * for
the interaction of photons with wavelength 4 and
absorption centers R,. The additional absorption
Ap,(4) induced by the absorption centers R, can
now be written as

2 In most publications the extinction coefficient (1) is used

instead of g,. Both quantities are proportional to each other,
&(A) = Na - 02(1), where Nj is AVOGADROS number.
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Ay (2) = [Ro] - 02(4), (8a)

A#Z()) ~ A[l(;u) = iuirr()‘) - :uunirr(/l)? (Sb)

where y;,. and ., are the absorption coefficients
of irradiated and unirradiated samples. Saturation
of R, (Au, — Au,) is achieved at low doses
(D ~20 Gy) in BCF-12 [6], hence contributions
from other absorption centers can be neglected in
first approximation. The change of transmission of
the fiber before (7;) and during irradiation (7) can
be expressed as

T(2,D) — Ty(2)

na e [— Apns (%, D) -4 1

~ —Apys(,D) - £ < VD )

if Apyg- € < 1.2 1s the path length of the light in
the (homogeneously) irradiated part of the fiber.

Let us briefly summarize the effect of shortlived
absorption centers R, on the calibration of a de-
tector in a high dose rate environment. The
transmission of the fiber decreases within the first
hours of the irradiation until saturation of R, is
achieved (Ap, — Ap,g). As a consequence the de-
tector calibration will change slightly depending
on the dose rate produced by the beam correlated
background in the detector. A quantitative pre-
diction of this effect is given in Section 4.4. This is
of interest since modern detectors used in high
energy physics mostly need a calibration accuracy
of about +1%.

2. Experimental procedure

Systematic studies were performed for the
BCF-12 fiber which emits blue fluorescence light.
In an additional experiment the scintillating fiber
SCSF81(Y7) (KURARAY) emitting green light was
investigated. Both fibers have a polystyrene core
and a PMMA (polymethyl methacrylate) cladding.

The BCF-12 fibers were mounted in a vacuum
chamber with quartz windows which could be fil-
led with different gas atmospheres. The diameter
of the fiber was 1 mm, the length of its irradiated
part was 6.5 cm. A 100 kV X-ray tube was used to
perform the irradiations, while the dose rate was

varied in the range 742 Gy/h by means of a ro-
tating lead shutter. The temperature inside the
vacuum chamber was stabilized using a water
cooling system. The stability requirements during
the experiment were very high, since the maximum
duration of the measurements was about 11 days.

The light transmission in the fiber was mea-
sured before, during and after irradiation. From
these data the radiation induced absorption
Ap(2,t) (see Section 1) was derived as a function of
time ¢ and wavelength A. The fibers were covered
with black colour in order to suppress transmis-
sion of light in PMMA cladding. Details of the
experimental setup and the method were described
elsewhere [4,5,7].

Due to the continuous energy spectrum of X-
rays and several absorbers between source and fi-
ber it was difficult to determine the dose absorbed
during irradiation. Doses absorbed in the scintil-
lator and different types of dosimeters were cal-
culated using the code PHOTCOEF ([8]. Since the
absolute intensity of the X-ray source was not well
known, additional measurements were performed
with the dosimeter Amber Perspex 3042D
(HARWELL/BICRON) which allowed to determine
absolute doses more accurately. The systematic
error of the absolute doses is about +7%, the rel-
ative uncertainty of different doses is much less
(£(1-2)%). The errors given in the following in-
clude only the relative uncertainty of the doses, not
the systematic error.

3. Kinetic model for BCF-12

In this section a kinetic model is discussed
which describes the measured radiation induced
absorption Au as a function of the relevant pa-
rameters (time ¢, dose D, dose rate D and wave-
length 4). Only the kinetics will be considered, the
nature of the different absorption centers will be
discussed in Section 5.1. Most earlier studies ana-
lyzed only the behaviour after irradiation, how-
ever, a realistic model has to describe the whole
process during and after irradiation. Many inves-
tigations have shown that the availability of oxy-
gen accelerates the annealing process considerably.
This means that the concentration [O,] of oxygen
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Fig. 1. Formation and decay of different types of absorption centers during and after irradiation in argon atmosphere (schematic
representation). (a) R, are unstable absorption centers which decay via a second order process (R, + R, — X). (b) P are stable ab-
sorption centers, while the radicals R;- are stable only in the absence of oxygen. The dotted line (R}-) is plotted under the assumption

that the oxygen dissolved in the fiber is consumed after a time .

dissolved in the scintillator is an essential param-
eter.

The basic assumptions of the kinetic model are
the following.

(1) Three classes of absorption centers con-
tribute to the measured radiation induced ab-
sorption. Each one has its characteristic
absorption spectrum. In the present experiment
absorption centers can be distinguished if they
develop differently as a function of time and be-
have differently in gas atmospheres with and
without oxygen. The absorption centers are de-
noted as P, R;- and R, when no oxygen is dis-
solved in the scintillator ([O,] = 0) and P/, R}- and
R’ in the case [O,] # 0. (In the following quantities
with prime refer to the case [O,] # 0 while those
without prime refer to the case [O,] =0.) The
stable absorption centers (P, P’) are responsible for
the permanent transmission damage while the
annealable damage is caused by radicals (R;-,R/-)
and by the shortlived absorption centers (R,,R
mentioned in Section 1. The measured radiation
induced absorption Au can then be written as a
sum Ap = Ay, + Ay, + App (or correspondingly
Al = Auy + Apl, + Apg). In the following text the
slope parameters

d[Aw (4, D ~ 0)]

for i=1,2,P (10)

will be used. Each absorption center i has its
characteristic absorption “spectrum” X;(4). Z; is
proportional to the chemical yield g; of absorption
center 7 (see Eq. (13)).

(2) The time dependence of the concentrations
of the different absorption centers and their con-
tributions Ay; (i = 1,2,P) to the induced absorp-
tion are plotted schematically in Figs. 1 and 2. A
brief discussion follows:

e Stable absorption centers (P, P’) can be generat-
ed in the primary collision between particles
and polymer molecules as well as during anneal-
ing according to Egs. (2)—(6). In the present
analysis only the first process is taken into ac-
count, i.e., we assume that the permanent dam-
age rises linearly with dose during irradiation
(App = Zp - D) and remains constant after irra-
diation. This simple assumption may be suffi-
cient since the contribution of stable
absorption centers (P,P’) is very small in the
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Fig. 2. The additional absorption Ax induced in the scintillator
BCF-12 during irradiation in argon atmosphere. The stable
absorption centers P are responsible for the permanent damage
App, while the annealable damage (Ap, + Aw,) is caused by
R;- and R,. Rapid annealing occurs after inlet of oxygen.
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present experiment. A linear dependence of the
permanent damage on the dose D was observed
for polysterene [9] and the plastic scintillator
SCSN-38 [10].

e Radicals R- (here denoted as R;-) can be consid-
ered as stable molecular fragments under the
conditions of the present experiment (ambient
temperature, relatively low doses D <2.5 kGy,
annealing time < 10 days) if no oxygen is avail-
able (Au; = 2 - D). Radicals strongly absorb
blue and UV light. If oxygen is dissolved in the
scintillator the same type of radicals will be
formed (R;-=R]-), however they will decay
rapidly according to reactions (3)—(6). Hence,
one expects that the radical concentration [R)]
vanishes and that Ay} =X-D = 0 if
[O5] # 0. In the case [O,] = 0 the contributions
of the absorption centers P and R;- cannot be
distinguished during irradiation, after irradia-
tion they can be separated if one introduces ox-
ygen into the vacuum chamber (see Fig. 1(b)).
This has no influence on the stable absorption
centers P, but the radicals R;- will decay rapidly.

¢ Shortlived absorption centers (R», R}) were ob-
served in both cases with and without dissolved
oxygen. However, the decay times in both cases
were completely different. Hence, it is one aim
of the present experiment to see whether the
two species R, and R/, are identical or not.

Let us now consider more accurately the shortlived

absorption centers R, decaying via a second order

process (2). The solution of Eq. (7a) is well known.

Using Eq. (8a) it can be written during irradiation

(0<t<e,):

Aty (2, D, t) = Aprg(2, D) - tanh(t- /D - 1;). (11a)
For the saturation value Au,; one can write
Apas(1,D)/VD = (3 [ /. (11b)

The unknown parameters (k,,2,) are related to
the parameters (k;, g», 92(4)) defined in Section 1:

Ky =g 0" ka, (12)
25(4) =820 02(4). (13)

At very low doses (D = Dt < (D/x,)"*) one ob-
tains from Eqgs. (11a) and (11b)

Apy (3, D) ~ Z5(2) - D. (11c)

The corresponding solution after irradiation
(t > t)is

A:u2(/17DaDa t) = |:AM2()WD7 te)il

o) (- 1)] (14
where
ﬂ2(/1) = kz/O'z(),) = KQ/ZQ()»). (15)

An important result obtained for the bimolecular
reaction (2) is that the time dependence of Ay,
during and after irradiation can be described ac-
cording to Egs. (11a)—(11c), (14) and (15) with
only two free parameters (i, 2,).

The above Eqgs. (11a)—(15) are written for the
case [O,] = 0. If oxygen is dissolved in the sample
([Oy] #0) similar equations hold as has been
shown in Ref. [6]. Since the parameters are not the
same one has to replace the quantities
(K2, 23, B, Apty) by other ones (k5, 25, 5, Apth). The
time dependence during and after irradiation is
plotted schematically in Fig. 1(a): the concentra-
tion of absorption centers [R,] and the radiation
induced absorption Ay, = [R,] - g2(4) saturate af-
ter a short exposure time.

The radiation induced absorption Ax in the
case [O;] = 0 can now be written as a sum of three
terms which are due to the three absorption cen-
ters P, Ry- and R, as is plotted schematically in
Fig. 2:

Au(i,D,D,t) = |Zp(2, D) + (A, D)| - D
+AM2(;HD.7th)' (163)

Eq. (16a) holds during (D = D -¢) and after irra-
diation (D =0), this is the reason why Ap is
written as a function of four parameters. Ay, is
given by Egs. (11a), (11b) and (14), respectively. If
oxygen is dissolved in the fiber ([O,] # 0) for in-
stance when the fiber is irradiated in air, Eq. (16a)
has to be replaced by a similar equation with other
parameters

AW (2D, D,t) = |54(2,D) + %, ()”D)} D
+ AWy (2, D, D, t). (17)
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In some experiments oxygen was dissolved in the
fiber although the irradiations were performed in
argon. This occurs if the fiber was stored in air
before irradiation. After exposure to a certain dose
Dy=D-t;,, the dissolved oxygen will be
completely consumed due to reactions of the type
(3)-(6). In this case (see Fig. 1(b)) the radical
concentration [R;] will be =zero for doses
D <D, (t<ty). During irradiation and for doses
D = Dy Eq. (16a) has to be replaced by

Au(i,D,D,t) = Xp(2, D) - D
+ 21(4,D) - (D — Dy)

+ Auyg(4, D) - tanh {\/KQ/D (D - DO)} . (16b)

The curve Au(¢) shows a characteristic kink [7] at
dose Dy from which D, can be determined. For a
fixed wavelength 4 Egs. (16b) and (17) contain 4
parameters (X, 25, 2p, k) for the case [O,] = 0
and 5 parameters (2,2, 2}, k5, Do) for the case
[0,] # 0 which have to be determined from ex-
periment.

From the ESR (electron spin resonance) studies
it is well known that peroxy radicals RO,- are
produced in irradiated polymers if oxygen is
available ([O,] # 0). It has been assumed in Eq.
(17) that these radicals do not absorb visible light.
This assumption will be tested experimentally.

4. Experimental results

The kinetics of BCF-12, i.e., the time depen-
dence of the radiation induced absorption Au for
selected wavelengths is discussed separately for
irradiations in argon (Section 4.1) and air (Section
4.2). The absorption spectra of the different types
of absorption centers detected in BCF-12 is stud-
ied in Section 4.3. An important item is the emitted
fluorescence light yield and its dependence on the
radiation induced absorption, this point will be
discussed in Section 4.4.

4.1. Irradiations in argon

From the transmission measurement the radi-
ation induced absorption Au(4,?) is derived as a

function of the wavelength 4 and the time ¢ during
and after irradiation. A representative example is
plotted in Fig. 3. The absorption spectrum (Figs.
3(b) and (c)) is characterized by two broad ab-
sorption bands peaked at wavelengths A = 580 nm
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Fig. 3. Typical experimental result obtained during and after
irradiation of the scintillating fiber BCF-12 in argon atmo-
sphere (D = 1.26 kGy, D = 10.5 Gy/h, duration of experiment
~ 11 days). The radiation induced absorption Ay is plotted as a
function of time (a) and wavelengths ((b) and (c)). (a) The time
dependence is completely different for the two representative
wavelengths A = 420 and 580 nm. The arrows indicate the ex-
posure time (120 h) (b) and (c) present the absorption spectra
measured at different times 7 during (b) and after irradiation (c).
The spectra are plotted at selected times (see (a): ¢ = 30 h (kink),
t = 130 h (end of irradiation), = 262 h (moment before inlet of
oxygen), ¢t = 266 h (after 4 h of annealing). The error bars at
450 nm in (b) and (c) represent the systematic error.
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and 4 <420 nm, respectively. The time depen-
dence for the two bands is completely different
(Fig. 3(a)) indicating that the two bands are due to
different kinds of absorption centers. A compari-
son with Figs. 1 and 2 shows that shortlived ab-
sorption centers (R,) dominate at 580 nm while the
behaviour at 420 nm is typical for stable absorp-
tion centers at least when no oxygen is present.

The origin of the kinks observed at time ¢ = 30
h in both curves of Fig. 3(a) has been described in
Section 3 and in Ref. [7]. The BCF-12 fiber was
stored in air before irradiation. The oxygen dis-
solved in the fiber at the begining of irradiation is
consumed due to reactions with radicals, and the
kink is observed just at the moment when the
oxygen concentration [O,] = 0 is reached. In the
experiment this occurs after an absorbed dose
Dy = 150 Gy. This clearly demonstrates the ad-
vantage of oxygen: rapid annealing of radiation
damage during irradiation occurs only when oxy-
gen is dissolved in the sample. After consumption
of oxygen the induced absorption increases much
more strongly than before. This is due to the fact
that the radicals R;- can only exist when [O,] = 0.
It explains also the second sharp kink at ¢t = 262 h
when oxygen was introduced into the vacuum
chamber. The radicals R;- and the absorption
centers R, decay rapidly when oxygen diffuses into
the fiber, only the permanent damage remains —
this first example demonstrates that the measure-
ment of absorption during irradiation allows to
register valuable details of the process which often
cannot be detected after irradiation.

In the following part of this section the time
dependence of absorption will be considered for
Ao = 580 nm, i.e., for the wavelength where the
induced absorption has a maximum. Here are the
best conditions to understand the kinetics of the
shortlived absorption centers R,. Fig. 4(a) presents
the results obtained during irradiations in argon at
different dose rates. There are two reasons why the
shape of the two measured curves are so different:
there is a strong dose rate effect and secondly the
parameter D, is different for the two curves. From
the kink in the lower curve (D = 10.5 Gy/h) one
obtains Dy = 150 Gy while for the upper curve
(D =42 Gy) Dy = 0 holds. As mentioned above,
D, is the dose which is necessary to consume the

—
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Fig. 4. (a) The absorption Au(4 = 580 nm) induced during ir-
radiation of the BCF-12 fiber in argon is strongly dose rate
dependent (D = 10.5 and 42 Gy/h, respectively, dose D = 1.26
kGy). (b) The results of the two experiments plotted in (a) agree
completely if the data is plotted in the scale invariant form (Eq.

(18)).

oxygen dissolved in the fiber, and this quantity
depends of course on the prehistory of the fiber
before irradiation [7].

It is interesting that Eq. (11a) describing the
induced absorption predicted by the second order
process during irradiation can be written in a scale
invariant form

A#Z(’LDaD = Dt)
VD

:A'uzs-tanh <\/K_2-(DDO>>- (18)

Vb Vb

According to Eq. (11b) Auyg/ VD should only de-
pend on the wavelength . In order to test Eq. (18)
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the measured quantities Au/ VD are plotted in Fig.
4(b) as a function of (D — Dy)/VD. As one can see
the two curves for dose rates D = 10.5 and 42 Gy/h,
respectively, agree completely. This is a very suc-
cessful confirmation of the investigated model.
There is another reason why this result is of interest:
from the curve of Fig. 4(b) one can easily predict the
radiation induced absorption Au(4y = 580 nm) for
arbitrary doses and dose rates.

Figs. 4(a) and (b) show that Au(ly = 580 nm)
converges at relatively low doses to a constant
value. From a comparison of Figs. 2 and 4 one can
conclude that the influence of the shortlived ab-
sorption centers (R;) dominates and that the
contributions from other absorption centers (R;-,
P) are negligible at 1o = 580 nm (Z(4y) = Zp(4o)
= (). This is the reason why in the analysis of Fig.
4 only the shortlived absorption centers (R;) were
taken into account, one can set Au(do) = Ay ().

In the next step the time dependence of Ay will
be quantitatively compared with the model dis-
cussed in Section 3. Egs. (11a)—(11c) and (14) de-

Aw (1/cm)

ol b ek
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scribing production and annihilation of R, depend
on two parameters (k,, X»(4)). However, it is dif-
ficult to determine these quantities by means of a
least square fit, since they are strongly correlated
as can be seen from Egs. (11b), (14) and (15).
From the experimental point of view it is better to
use the quantities (A,uzs/\/B, Kky) for parameter-
ization. Ay, is the saturation value of the induced
absorption. According to Eq. (11b) Apu,,/VD
should only depend on the wavelength, not on
dose and dose rate.

The results of three independent experiments
performed under different experimental conditions
(dose D = 50— 1260 Gy, dose rate D = 8.4 — 42
Gy/h) are presented in Fig. 5. In all cases the fibers
were stored in argon atmosphere during and after
irradiation. At the begining of the irradiations the
concentration of oxygen dissolved in the fiber was
in one case [O,] = 0 (Fig. 5(a)) and in two cases
[0,] # 0 (Figs. 5(b) and (c)). The concentration
[O,] depends on the fact whether the fiber was
stored in argon or in air before irradiation.

o
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Fig. 5. (a)(c) Time dependence of the induced absorption Au(A = 580 nm) of BCF-12 measured in argon under different experimental
conditions: (a) D = 1260 Gy, D = 42 Gy/h, [0,] =0; (b) D = 50 Gy, D = 8.4 Gy/h, [0,] # 0; (c) D = 1260 Gy, D = 10.5 Gy/h, [0,] # 0
fort < 30 h, [O,]=0 for ¢ > 30 h. The behaviour during and after irradiation can be well described by a second order but not by a first
order process ((a) and (b)). (d) The reaction parameter x, decreases suddenly by a factor of about 300 when the oxygen dissolved in the
fiber is consumed by reactions with radicals ([O,] — 0 at £ = 30 h in (c)).
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First results of the analysis can be summarized
as follows.

e Formation and annihilation of shortlived ab-
sorption centers R, can be fitted with only
two free parameters if one supposes a second
order decay process (R> + R, — X) as can be
seen from Figs. 5(a) and (b). A decay via a first
order process (R, — Y) can be excluded (Figs.
5(a) and (b)).

e The reaction parameter k, decreases suddenly
by a factor (200-300) when the oxygen concen-
tration reaches the limit [O,] — 0 (Fig. 5(d)).
A confirmation of the latter statement can be

obtained from Fig. 5(c). The kink at # =30 h in-

dicates that the oxygen dissolved in the fiber is
consumed. Hence, the two regions with

[02] #0 (<30 h) and [O,] =0 (¢ > 30 h) were

fitted independently using the same formula (11a).

The result is plotted in Fig. 5(d): the reaction pa-

rameter k, decreases at ¢=30 h from

Ky =28 kGy ' h™! — x, =0.087 kGy ' h™".

In order to test this result a further experiment
presented in Fig. 5(b) was performed in argon. In
this case the irradiation was stopped at a relatively
low dose (D = 50 Gy) before the dissolved oxygen
was consumed. As expected formation and decay
of R, can be reproduced with the high value of the
reaction parameter (k) =31=+6 kGy 'h™). A
similar result (¢, =32 kGy ™' h™!, Au, /VD=
0.16 cm~' kGy '/* h'/?) was obtained for an irra-
diation in air [6].

The second parameter A,/ VD at 4y = 580 nm
depends also strongly on the fact whether oxygen
is available or not as can be seen from Fig. 6, but
in agreement with Eq. (11b) the ratio does not
depend on the dose rate D. The analysis of the data
measured in argon according to Egs. (16a), (16b)
and (17) yields the parameters given in Table 1 and
in addition Zl(ﬂvo) = ZP(/I()) = Z/l (/10) = Z/P(io): 0.
The parameter D, will be determined in Section
4.2. For the two parameters describing production
(%,) and decay (k;) of the shortlived absorption
centers R, we obtain the following surprising re-
sult: the rate parameter x, for the bimolecular re-
action R; +R; — X decreases suddenly by a
factor /i, = 204 £ 50, when the limit [O,] — 0 is
reached, while X,(4y) remains constant
(25(%0) = Z)(4)). The parameter Au,,(io)/VD
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Fig. 6. The ratio Aug/(D)"* (Aug=saturation value of the
absorption induced in BCF-12 at A = 580 nm) is plotted as a
function of the dose rate D for different irradiations in argon
(with and without dissolved oxygen) and in air.

decreases by a factor 13. This is in agreement with
Eq. (11b) from which one obtains a factor
(rh/ K2)'/? = 14 4 2. These results are confirmed in
Section 4.3, where the data for other wavelengths
will be analyzed.

4.2. Irradiations of BCF-12 in air

The behaviour of plastic scintillators during
irradiations in air is more complicated than in
argon since the diffusion of oxygen plays an im-
portant role. Earlier investigations [11] of plastic
scintillators have shown that the observed ab-
sorption Ay induced by the radiation may depend

Table 1

Parameters characterizing the time dependence of the induced
absorption Ay, (Z, t) for the shortlived absorption centers R, at
o = 580 nm.

[0:] =0 [0,] #0
K (kGy™' h™') 0.152 % 0.023 31+6
Aptos(70)/VD 1.62+£0.19 0.11 +0.02
(Cm—l kGy—]/Z hl/Z)
(%) 0.6340.10 0.61£0.15
(cm™! kGy™)
P (J) 0.70 +0.12 0.72£0.15
(cm~! kGy™)
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on the dose rate D. An important parameter is the
so-called critical dose rate D which depends on
the oxygen pressure, the basic material, the thick-
ness of the scintillator and on the fiber cladding.
At low dose rates (D < Dcm) the O, molecules
diffusing into a scintillating fiber can reach its
center, and oxygen will be available ([O,] # 0) in
the whole fiber. In this case radicals R- will decay
at once, annealing will occur during irradiation. In
good approximation the decay of absorption cen-
ters (Ry-, R;) depends only on the fact whether
oxygen is available or not and only weakly on the
absolute concentration [O;] of dissolved oxygen.
Hence, the results obtained during an irradiation
in air and an irradiation in argon with [O,] # 0
agree quite well in the case D < Dgy as was
mentioned in Section 4.1. At high dose rates
(D > Dcm) all O, molecules diffusing from outside
into the fiber will be bound by radicals before they
reach its center. The consequence is a non-uniform
distribution of absorption centers. In the center of
the fiber there is an oxygen free zone with high
concentrations [R;-], [R,], while the concentration
of absorption centers will be much lower in the
surface region where [O,] # 0.

In Fig. 7(a) the induced absorption Au(4 = 580
nm) is plotted for two independent irradiations at
similar dose rates, one was performed in air, the
other one in argon. The second curve is part of
the curve presented in Fig. 3(a). In both cases the
fiber was stored in air under normal conditions
(room temperature, p =~ 1 bar) before the experi-
ment started. Hence, in both cases oxygen is dis-
solved in the fibers and the curves in Fig. 7(a) are
very similar until the oxygen is consumed at least
in the center of the fiber. This is the moment when
the kinks in both curves (indicated by the hatched
lines) occur. An attempt is made in Fig. 7(b) to
explain the processes in the fiber and the time
dependence of Au qualitatively for the irradiation
in air. We assume that the dose rate D = 8.8 Gy/h
> Dgi. At the end of phase 1 corresponding to an
absorbed dose D, the dissolved oxygen is con-
sumed in the center of the fiber. The diameter of
the oxygen free zone increases in phase 2, until it
reaches an equilibrium value (phase 3). Since there
is no annealing in the oxygen free zone we expect
an increase of induced absorption Ap for
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Fig. 7. (a) Comparison of the induced absorption Au(4 = 580
nm) for two irradiations performed in air (D= 8.8 Gy/h,
D =1.1 kGy) and in argon (D = 10.5 Gy/h, D = 1.26 kGy).
The oxygen dissolved in the fiber at the beginning of the irra-
diation is consumed after exposure to doses of 150 and 240 Gy,
respectively. The behaviour during irradiation in air is ex-
plained qualitatively in (b). (b) During irradiation in air the O,
molecules which are bound chemically due to reactions with
radicals can be replaced by O, diffusion into the fiber. As a
consequence of the two competing processes one will obtain at
high dose rates (D > D) an oxygen free zone in the center of
the fiber (lower part of (b)) and a non-uniform distribution of
absorption centers (R;-,R»).

D > Dy. During irradiation in argon no oxygen
can diffuse from outside into the fiber. Conse-
quently for D > D, the whole fiber will be oxy-
gen free and the slope d(Au)/dD will be much
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higher than during irradiation in air (see Fig.
7(a)).

From the kink one can determine the dose D,
which is necessary to consume the O, molecules
dissolved in the fiber. From the measurement in
argon one obtains only a lower limit ( Dy > 150
Gy) since part of the O, molecules can diffuse out
of the fiber within the first 30 h (see Fig. 3(a)) of the
experiment. From independent measurements we
obtain for BCF-12 stored in air before irradiation

Do = (350 & 100) Gy.

From D, one can further estimate the chemical
yield g(—0,) for BCF-12, i.e., the number of O,
molecules consumed per unit of absorbed energy

g(-=02) o Dy’
where ¢ is the density of BCF-12 and C; is the
saturation concentration of O, molecules under
normal conditions in air. If we assume that both
quantities are the same as in pure polystyrene
(Cs =8.8-10"/cm® according to Ref. [17]) one
obtains under the conditions of the present ex-
periment

¢(—0,) ~ 38/100 eV.

This number is much higher than the corre-
sponding g yield g(—0,) = 1.3/100 eV derived by
Gillen et al. [17] at similar dose rates for pure
polystyrene. Presumably the shortlived absorption
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centers R, which react strongly in the presence of
oxygen are responsible for the very high value
g(=0,) of BCF-12.

4.3. Absorption spectra for the different absorption
centers

One aim of the present chapter is to separate
the absorption spectrum X,(4) of the shortlived
absorption centers R, from the contributions
21(A), Zp(4) of the other absorption centers
(R;-,P). This can be best done at very low doses
(D — 0) when the decay of the unstable centers R,
is negligible as can be seen from Egs. (7a) and
(I1c). According to Egs. (10) and (13) X,(4) is
proportional to the cross section ¢,(4) for the
absorption of photons by R, and can be deter-
mined from the slope d(Au,)/dD at D = 0.

The method of analysis will be explained for an
arbitrary example given in Fig. 8. If Eq. (16a) is
correct the induced absorption Ay can be written as
a sum of two terms. The stable absorption centers
(R;-,P) are responsible for one term
(Ap, + App = (21 + 2p) - D) which rises linearly
with exposure time 7 and dose D = D - ¢, while the
contribution Ay, of the unstable absorption centers
R, saturates. For 4y = 580 nm (Fig. 8(b)) we find
Ap(t) = const for #+ > 90 h and consequently
21(Ao) =2 2p(4) = 0. For 4; =420 nm (Fig. 8(a))
one can calculate X,(4)+ Zp(4) =d(Aw)/dD
from the linear part of the curve Au(¢) for ¢+ > 90
h. The difference Au — Ay, — App in Fig. 8(a) has
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Fig. 8. Separation of the induced absorption Au measured during irradiation in argon at A = 420 nm into contributions from the stable
absorption centers (P + R;-) and the unstable ones (R,). The curves labeled R, in (a) and (b) have the same time dependence, only the
normalization is different (D = 1.26 kGy, D = 10.5 Gy/h, argon atmosphere).
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the same time dependence as the curve in Fig. 8(b)

and can therefore be attributed to R,. The analysis

for different wavelengths in the range 1 = 420-650

nm showed that the reaction parameter k, is in-

dependent of A. An important conclusion is that
one needs only three classes of absorption centers

(P,R;-,R;) to reproduce the measured absorption

curves. In the present work we do not separate the

contributions of R;- and P. In principle this could
be done if one introduces oxygen into the vacuum

chamber as can be seen from Fig. 3(a).

The results for irradiations in argon atmo-
sphere are presented in Figs. 9(a) and (b). Fig. 9(a)
shows the absorption spectra X,(41) and
(Z1(4) + Zp(4)) for the case [O,] = 0, i.e., when
there was no oxygen dissolved in the fiber, while
the corresponding spectra X,(1), (2(2) + Zp(4))
for the case [O,] # 0 are plotted in Fig. 9(b).

The following two interesting consequences can
be derived from Figs. 9(a) and (b).

1. The spectral distributions X, and X', are practi-
cally equal: ¥,(4) ~ X% (4). From the definition
of 2, (see Eq. (13)) one can conclude that the
shortlived absorption centers R} and R, formed
with and without oxygen must be identical. The
cross sections for the absorption of photons
must be the same (0>(4) = d5(4)), and the same
holds for the chemical yield (g> ~ g,). From the
latter one can conclude that the shortlived ab-
sorption centers are stable at low concentrations
[R2] even in the presence of O,. They decay only
at higher concentrations via a bimolecular reac-
tion (R, + Ry — X).

2. We further see that (X + Xp) > (2] + 2p).
This is due to the fact that radicals (R;-) decay
rapidly in the presence of oxygen. In the follow-
ing we will assume 2/ (1) = 0.

This interpretation is confirmed by Fig. 9(c)
which summarizes the results from irradiations in
air. The permanent damage Ay, remaining after
the end of annealing in air has been determined for
two different irradiations. By comparison of Figs.
9(b) and (c) one obtains: Aup/D = X, (A) &= X(4)
+2(4). This relation can only be correct if
2(2) = 0.

In addition the slope parameter
2'(4) = d(Ap)/dD at D = 0 is plotted in Fig. 9(c)
for the irradiations in air. It is of similar size as the
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Fig. 9. (a),(b) Absorption spectra X;(4) for the different ab-
sorption centers of BCF-12 determined from measurements in
argon. X and Z; refer to the two cases with and without dis-
solved oxygen. (c) The slope parameters Aup/D (Aup = per-
manent damage) after irradiation and annealing of BCF-12 in
air (doses D = 1.1-2.5 kGy) and X' = d(Ap)/dD at D = 0.

corresponding parameters X, and X, in Figs. 9(a)
and (b). This shows again that the absolute value
of the oxygen concentration has only little influ-
ence on the concentration of shortlived absorption
centers Ro.

4.4. Fluorescence light yield of BCF-12

During all irradiations of the present work the
fluorescence light produced by the X-rays in the
fiber was registered [7]. In addition calculations
were performed under the following simplifying
assumptions [12] in order to quantify the influence
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of radiation induced absorption on the light yield

emitted by the fiber.

1. The primary light yield is emitted isotropically
with a spectral distribution as given by BICRON
[13]. It does not change during irradiation.

2. The fiber is irradiated uniformly along its length
with a constant dose rate D. The absorption co-
efficient p,(2) before irradiation and the radia-
tion induced absorption Ap(4,f) were
determined from the data of the present experi-
ment. At each moment before, during and after
irradiation the integration was carried out over
the whole fluorescence spectrum.

3. The spectral efficiency of the photomultiplier
tube (HAMAMATSU R 955) was taken into ac-
count.

Tests showed that the calculated results are in
good agreement with experimental data [12]. A
special example is plotted in Fig. 10. A 30 cm long
BCF-12 fiber, which has a mirror at one end, is
exposed to a uniform background radiation
(D = 42 Gy/h). The pulse height of particles hit-

irradiation

—_
—_

pulse height (rel. units)

06 Al 1 ) 1111 1 1111 j 1111 | 1111 [ L1l | L1l l L1l I 1
20 30 40 50 60 70 80 90
time (h)

Fig. 10. Influence of damage due to a background radiation on
the pulse height produced by particles which deposit a certain
amount of energy in the middle of a 30 cm long BCF-12 fiber.
The decrease of light yield during and after irradiation is
plotted as a function of time. The fiber has a mirror at one end.
The influence of uniform irradiation of the whole fiber in air has
been calculated using the experimentally determined induced
absorption Au(2,t) (D = 2.5 kGy, D = 42 Gy/h, exposure time
t =21-81 h).

ting the middle of the fiber is plotted as a function
of time during and after irradiation. The perma-
nent damage remaining after the end of the re-
covery process (¢ = 90 h) dominates, it increases
smoothly during irradiation. On the other hand
the pulse height decreases rapidly by about 4%
during the first hour of irradiation (# = 21-22 h).
This effect can be attributed to the shortlived ab-
sorption centers. Their concentration saturates
after one hour of irradiation in air. The effect is
relatively small (in an oxygen free atmosphere it
would be 13 times larger, see Section 4.1), but the
change occurs in a very short time.

In the following we consider only the influence
of shortlived absorption centers R, on the detec-
tor calibration. The essential effect will be that the
calibration will slightly depend on the dose rate
D. The maximum relative change of pulseheight
Al /Iy due to the shortlived absorption centers R,
alone can be roughly estimated from Eq. (9) if
one assumes that the mean wavelength of the
fluorescence spectrum is 4 ~ 450 nm. For irradi-
ations in air (with D < Dcrit) one obtains ap-
proximately

Al

0

~ 0 - Apyg(2,D)

=2.6-10"*- ¢ [cm] - \/D[Gy/h], (19)
where ¢ is the path length of the light in the irra-
diated part of the fiber. The results obtained with
Eq. (19) agree quite well those of the detailed
calculations mentioned above. For a detector
using BCF-12 fibers of 30 cm length Eq. (19) yields
Al /Iy = 1% for D = 1.7 Gy/h. Under these condi-
tions the calibration of the detector with and
without beam background will differ by about 1%.
Saturation will be achieved after about 8§ h corre-
sponding to an absorbed dose of ~ 14 Gy. Only in
relatively long fibers and at high dose rates one will
expect effects |Al/Iy| > 1%.

5. Discussion
In Section 4 it has been shown that the mea-

sured data can be described quantitatively if one
assumes that three classes of absorption centers



102 W. Busjan et al. | Nucl. Instr. and Meth. in Phys. Res. B 152 (1999) 89-104

(P,R;-,R,) are produced in BCF-12 during irra-
diation. In Section 5.1 it will be discussed what we
presently know about the nature of the absorption
centers. BCF-12 has a polystyrene core, hence the
results of the present analysis will be first com-
pared with those of pure polystyrene. Section 5.2
summarizes the processes which have been derived
from the analysis of the data.

5.1. Nature of absorption centers

y irradiated polystyrene was investigated by
different authors. From ESR studies at least two
distinct radical species were identified [14]: The
disubstituted benzyl radical (chemical yield
g1 =0.09 per 100 eV) and the cyclohexadienyl
radical (g, = 0.009/100 eV). Optical investigations
were performed by Bross and Pla-Dalmau [15] and
by Wallace et al. [9] after exposure to y rays from a
%Co source. In both experiments the transmission
of pure polystyrene samples was measured. Bross
et al. irradiated the samples in an oxygen free at-
mosphere (nitrogen) at doses D = 10-1000 kGy
(1-100 Mrad) and a high dose rate D = 10 kGy/h.
From their data we have determined the radiation
induced absorption, namely the initial damage Ay,
directly after the end of irradiation and the per-
manent damage Ay, after annealing in air. At not
too high doses (D <50 kGy) Ap; and App are
proportional to the absorbed dose D and the slope
parameters Ay;/D and App/D plotted in Fig. 11
depend only on the wavelength A.

In the following we try to show that the radicals
R;- identified in BCF-12 are identical with those
detected in polystyrene. A first indication is the
small peak occuring at A = 520 nm in the lower
curve of Fig. 9(a). It is more clearly visible in Fig.
3(c). This peak can be attributed to R, since it is
not found in the permanent damage (see Fig. 3(c)).
The same peak was observed in polystyrene by
Bross et al. and by Wallace et al. in the annealable
part of the induced absorption, which is attributed
to the radicals R- produced in polystyrene. In the
logarithmic representation of Fig. 11 the peak is
only weakly visible at 4 =525 nm. A further
confirmation of the hypothesis that R- and R;- are
identical can be obtained if one considers the
wavelength dependence in BCF-12 and polysty-
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Fig. 11. Wavelength dependence of the initial (Ay;) and per-
manent damage (Aup) in pure polystyrene. The ratios Ay;/D
and App/D (dose D = 50 kGy) were calculated from data of
Bross and Pla-Dalmau [14]. The small peak at 2 = 525 nm was
also observed in BCF-12 (see Fig. 3(c)).

rene. From a comparison of Figs. 9(a), (b) and 11
in the range 420-540 nm one obtains that the an-
nealable parts of the radiation induced absorption
Ap are proportional to each other and of similar
order of magnitude. At the same dose the radical
concentration [R;-] in BCF-12 seems to be roughly
twice as high as in polystyrene. We now also un-
derstand why the radicals R;- formed in BCF-12
are stable at low doses D <2.5 kGy: saturation
effects due to bimolecular reactions are expected in
polystyrene only at much higher doses D > 100
kGy [14].

The nature of the shortlived absorption centers
R, observed in BCF-12 is still not known. Fig. 11
shows no evidence for an absorption band in
polystyrene in the range A = (550-750) nm. In an
independent experiment [16] shortlived absorption
centers were also observed in the scintillating fiber
SCSF81(Y7). However, the peaks of the new ab-
sorption bands detected in the two investigated
fibers occur at different wavelengths (/4 = 580 nm
for BCF-12 and 2 =630 nm in SCSF81(Y7)).
Hence, it seems to be more probable that R, has
to be attributed to the fluors in the scintillator and
not to the polystyrene matrix. Further experi-
ments are necessary. Pure polystyrene fibers
should be studied. Presently we try to find out by
means of ESR measurements whether R, is a
radical.
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Finally a short remark concerning peroxy rad-
icals (RO,-) should be made. ESR studies have
shown that they are formed when polymers or
plastic scintillators are irradiated in the presence of
oxygen. They are unstable and at room tempera-
ture they usually decay within hours according to
reactions (3)—(6). In BCF-12 only one unstable
type of absorption center (R;) was detected. R,
cannot be the peroxy radical since it was also ob-
served when no oxygen was available. Within the
experimental errors there is no evidence that the
peroxy radicals produced in BCF-12 absorb visible
light (1 = 420-650 nm).

5.2. Summary

The behaviour of the scintillating fiber BCF-12
was systematically studied during and after irra-
diation with X-rays. The analysis of the data was
very successful, since a quantitative understanding
of the reaction mechanism was achieved. The ra-
diation induced absorption can be reproduced
quantitatively [12] using the formulae described in
Section 3. Only two free parameters have to be
fitted to describe the kinetics of the shortlived
absorption centers. Since the dose rate dependence
measured in the range 842 Gy/h is reproduced
correctly, one can predict the radiation induced
absorption in a much wider range than was studied
in the present experiment.

The absorption spectrum of the shortlived ab-
sorption centers (R,) and especially its overlap
with the fluorescence spectrum of BCF-12 was
determined from the data. Due to the different
kinetics the contributions of different absorption
centers could be separated. This allowed to deter-
mine the influence of R, on the emitted fluores-
cence light yield. Visible effects are expected
mainly at dose rates D > 1 Gy/h.

The method to investigate radiation damage
not only after, but also during irradiation revealed
surprising effects. Saturation of absorption was
observed and sharp kinks occured in the trans-
mission curves when the oxygen dissolved in the
fiber was consumed due to reactions with radicals.
It is interesting to compare radicals and shortlived
absorption centers R,. Radicals decay at once
(R - 4+0; — RO;-) when oxygen is dissolved in the

scintillator matrix, while R, is stable even in the
presence of oxygen at least at low concentrations
[R;]. This can be learned from the behaviour of R,
at very low doses when the decay of R, is negli-
gible. The absorption spectra of R, for the two
cases [0y]=0 and [Oy]#0 are identical
(22(2) = 2(4)). With and without oxygen R, de-
cays only at higher concentrations [R,] via a bi-
molecular reaction:

R, +R, 53X when [0, =0, (20a)
R, +R, 5 X' when [0,]#0. (20b)

The radiation oxidation scheme of R, seems to be
much simpler than that of radicals (see Eqs. (3)-
(6)). The surprise was that the reaction parameter
K, changes suddenly by a factor 200, when the
limit [O,] — 0 is reached (x,/x; = 204 £ 50). The
absolute concentration [O,] has only little influ-
ence on k5, the reaction parameter depends prac-
tically alone on the fact whether oxygen is
available or not. This must be due to the high
mobility of O, molecules in the polystyrene ma-
trix.

The saturation values of the induced absorption

Apyg and Apy, for the two cases [O,] = 0 and
[0,] # 0, respectively, are strongly different. For
equal dose rates and equal wavelengths one ob-
tains from Fig. 6, Au,g/Ap)g =~ 13. This is in quite
a good agreement with Eq. (11b) which predicts
(for ¥, = 27)
Arg/Apyg = /K /165 = 14,
The distinct properties of radicals and shortlived
absorption centers have direct consequences for
the use of the BCF-12 fiber in a detector. The
creation of the strongly absorbing radicals during
irradiation can be avoided if one guarantees that
[0;] #0 in the whole fiber. The formation of
shortlived absorption centers R, cannot be
avoided in the same manner but nevertheless the
saturation concentration can be reduced by a
factor 13 if [O,] # 0. The availability of oxygen is
important to reduce the radiation sensitivity, hence
glueing of the fibers which inhibits the oxygen
diffusion should be avoided.
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