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2 Introduction

The process of polymer overprint lattic-
ing by means of a UV source requires
supplying an optimal radiation dose. As a
rule, the radiation dose during the lattic-
ing process ranges from 0.5 to 15.0 J/cm2.
The need for measuring the intensity and
dose of UV radiation results from the
necessity to optimise the latticing proc-
ess so that, on the one hand, appropriate
durability of the overprints for use and
washing is obtained, while on the other,
the degrading effect of UV radiation on
the fibre structure is limited.

Measurements of UV radiation intensity
and doses for the purpose of polymer
overprint latticing, over a wavelength
range of 200 + 400 nm, are most fre-
quently carried out with optoelectronic
processing systems. Typical photosen-
sitive substrates generating an electric
signal due to UV radiation are made on
the basis of silicon carbide, SiC, titanium
dioxide TiO,, gallium and aluminium
nitrides, (Al)GaN [1 - 4]. However, they
require appropriate calibration owing to
sources of errors related to the nonlin-
ear characteristics of the elements in the
optical signal processing circuit and the
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nonlinear characteristics of the sensor
sensitivity in the electric signal process-
ing circuit [5].

There are also solutions in which meas-
urements of the radiation dose are con-
ducted without the processing of this
quantity into an electric signal. Yet, they
are not suitable for use in control sys-
tems, and as a result they are of limited
use in latticing processes. As a rule, their
use is limited to dose indicators (dosim-
eters) for people standing within range of
UV radiation. The principle of operation
of such measuring systems consists in the
evaluation of the degradation of the bio-
logical material disposed onto the sub-
strate during UV radiation [6 - 9] or in the
transformation of chemical compounds
due to their excitation by the absorption
of waves of the UV radiation range [10].

To programme the intensity and dose of
UV radiation, a system was developed for
measuring these two quantities on the ba-
sis of a semiconductor diode with non-ze-
ro sensitivity over a range of wavelengths
0f 200 + 400 nm. The photosensitive sub-
strate of this diode is made on a base of
silicon carbide, SiC. Since no semicon-
ductor sensors for large UV radiation in-
tensities, of an order of 10 - 15 W/cm2,
are produced nowadays, it was suggested
that a UV filter reducing the intensity
to the levels processed by the sensor
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Figure 1. Conception of the measurement of the intensity and dose of UV radiation.
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be incorporated into the optical signal
processing circuit.

Idea and model of the
measurement of the intensity
and dose of UV radiation

A general conception of a system for
measuring the intensity and dose of UV

radiation is shown in Figure 1.

Characteristics of the UV radiation
source are given in the form of a spec-
tral distribution P()) expressing radiation
power. The main element of the system
for measuring UV radiation intensity is a
measuring head, presented schematically
in Figure 2.
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Figure 2. Layer schematic of the measur-
ing head.

The sensor processing this intensity into
an electric signal is the photodetector of
a set sensitivity S(A). In addition, in the
optical signal processing circuit, two fil-
ters are used. The task of filter #1 is to
limit the spectrum of radiation falling
onto the photosensitive surface of the
photodetector to a wavelength range of
200 + 400 nm. The role of filter #2 of the
transmission T(}) is to limit the intensity
E(\) of UV radiation to the level proc-
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Figure 3. Spectral distribution of the radiation source — a high pres-
sure lamp of the HOK 20/100 type manufactured by Philips [13].

essed by the photodetector. Thus, radia-
tion of spectral distribution Pf(A) reaches
the photodetector.

Taking into account the parameters of the
particular layers of the measuring head,
the processing equation can be written in
the form:

Iy =J.E(ﬂ«)~T(ﬂ)~S(/1)~dﬂ, &)
A

where #y is the total photoelectric current
generated by the photodetector, meas-
ured on the stand.

A model for measuring the UV radiation
intensity and dose during the exposition
of antibacterial and antistatic overprints
was constructed on the basis of an analy-
sis of the phenomenon, catalogue infor-
mation given by producers in the form
of characteristics of the source, UV filter
and sensor as well as the measurement of
the total photoelectric current.

For the wavelength A; the UV radiation
power, expressed as a percentage, is
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Figure 4. Transmission of a UV filter of the
NDQ-250-0.5 type manufactured by CVI
Melles Griot BV [14].
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of a UV filter.

P(\y) = Py; (Figure 3), where 100%
means a maximum of the UV radiation
power in the spectral distribution. Taking
into consideration the transmission T(A)
of filter #2 (Figure 4), the value of the
power is expressed by the relationship:

. T,.
pl=p, A, )
Al Al 100
where: T); — the transmission of the filter
for wavelength A;; P%; — the source ra-
diation power in Watts for wavelength A;.

On the basis of numerical data of fil-
ter transmission in the wavelength
domain (Figure 4), the characteristic
was approximated by linear function
T(A) = 0.0004A - 0.07 to the wavelength
range of 200 + 400 nm.

On the basis of equation (2), replacing
P’y; by Py;expressed as a percentage, the
spectral distribution of the UV radiation
source with the use of a filter is shown in
Figure 5.
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Figure 6. Spectral sensitivity of a sensor
of SGOIS-HT type manufactured by sglux
[15].
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Figure 5. Spectral distribution of the radiation source with the use

The total current iy generated by the UV
photodiode is converted into voltage
Uy using the current-to-voltage system,
which contains two operational amplifi-
ers W1 and W2. A schematic of the elec-
tric system is shown in Figure 7.

Hence, with the voltage Uy and resist-
ances Ry, Ry, Ry, the current is expressed
by the relationship:

RUs
(R, +Ry)R,
Considering the sensor sensitivity Sj;

(Figure 6) for the wavelength A;, the cur-
rent iy is expressed by the equation:

€)

iy

L3 )
is =2 PLS, - 4)
i=1

Assuming the spectral line height in a
given wavelength A; to be equal to Kfy;,
the following conjunction is true:

K/‘i ) k
Klf" is AK' = ;K{i (5)

i _pf P
iy =P8y niy =

where: Kf; is the area of the spectral
line of height Pfy;, which expresses the
radiation power after the use of a filter
as a percentage (Figure 5), and width
AN; =1 = Ap; k is the total number of
spectral lines.

From equations (2) and (5), and taking
into account the entire range of wave-
length A, the UV radiation distribution is
defined by the equation:

/i
P'(/{) _ 1/00](/1 D . 6)
K/ S(D)T(A)
The studies carried out demonstrate that
the radiation distribution (6) differs from
the real spectral distribution P(A) deter-

mined for the source. For this reason, a
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Figure 7. Schematic of the electric system.

correcting dimenssionless function g(A)
of the following form was introduced
into equation (6):

_ P(A)P' (7)
A=z,
g AP0
where:
R=Yp,. ®)
P=3P,. ©)

Then, by including relationships (3) and
(7) in equation (6) and going over to the
boundary due to the infinite number of di-
visions of the interval, which is the range
of wavelength A, a model of the intensity
of UV radiation during the exposition of
antibacterial and antistatic overprints was
finally obtained:

Amg

100K /U R, g(l)
K" AR +R)R, S(MT(A)

(10)

Aax — A

max — Mmin 1.,

where: A — the photosensitive surface
area of the diode.

In particular, for wavelength ranges cor-
responding to UVC, UVB and UVA radi-
ation, we have (equations 11, 12, and 13):

Figure 8 shows the distribution of UV ra-
diation intensity during the exposition of
antibacterial and antistatic overprints for
wavelength A in the range 200 + 400 nm,
assuming Uy = 5V.

The UV radiation dose, determined in a
time interval from # to £, is expressed by
the relationship:

0,=[EW®d . (14)
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Figure 8. Distribution of UV radiation intensity

Assessment of the Inaccuracy
of the Determination of UV
radiation intensity

Analysis of the inaccuracy of determina-
tion of the intensity E of UV radiation
for a specified wavelength A was made
on the basis of the uncertainty theory [11-
12]. The inaccuracy of intensity meas-
urement, characterising the scatter of the
values attributed to the quantity being
measured, is described by a complex
uncertainty:

U(E)=kuc(E), (15)

where: k — the coverage factor (k=2 for
confidence level 0.95); u(E) — the com-
bined standard uncertainty of estimate E.
The equation from which the estimate E
of the true value of UV radiation inten-
sity is calculated results from equation
(10). After the characteristics of the ra-
diation source, UV filter and sensor are
taken into consideration, and assuming

that Aygxe — Amin = 1, the measurement
model has the following form:

= LUz g1
KT AR, + Ry)R,; (0.54429-0,001432)
’ (16)

where 4 = 0.00054 ¢cm2; Ry = 1000 €;
Ry = 470,000 Q; Ry = 220,000 Q;
Us = 5 V; for assumed wavelength
A = 310 nm we have g) = 2.31, hence
E =152 mW/cm2.

Making use of the uncertainty propaga-
tion law [11] and assuming that there is a
correlation of estimates of quantities P,
and K, using equation (16), we obtain a
relationship of the combined uncertainty
uc(E) of estimate E as well as the stand-
ard uncertainties of components Py, K7,
A, Ry, Ry, Ry, Us, This relationship is of
the form equation (17) where: r(P;,Kf) —
the coefficient of correlation of the esti-
mates of the quantities of P and Kf.

AbVCmax f
100K /UsR
Eyppe = ! 1008, Uk s 5, (1
Ayyemax = Auvcmin P K'A(R +R, )R/ S(AOT(1)
e _ 1 AUVE max IOOK/{UZRI g(ﬂ«) /1 (12)
o Apvsmax — Auvsmin Aursmin K’ A(R, + R, )Rf S(AT(A)
£ - 1 o 100K /U R, g(Ad) (13)
N At = uwamin 10y, KT AR+ R)R, S(T(A)
OF OF OE  OF - -

2(E) = (=) u*(P)+ 2wt (KT Y+ 2(= POu(K (P, K7 )+
uc(E) (0&) u”(P) (6Kf) u”(K”) (5P/1)(6Kf)u( UK (P, K7 -

O O O O O
+(a)2u2(ﬂ>+(a—&)2u2(&)+(£>2u2(1e2)+(@)2u2(&-)+(aU2>2u2(Uz)

Equations: 11, 12, 13, and 17.
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Table 1. Uncertainty budget for uncorrelated quantities.

Symbol Estimate of Standard
of input | input quantity uncertainty
quantity value of Type A
Pa 59.15 %W 0.03050 %W
A 310 nm 0.06885 nm
Kf 0.7928 %W 0 %W
R4 1000 0
Ro 470000 Q 0Q
R¢ 220000 0
Us 5V 0.01049 V

In the case of the remaining estimates
of the input quantities, it was found that
there are no grounds for rejecting the hy-
pothesis that these variables are not pair
correlated at a 0.05 significance level.

Table I presents an uncertainty budget of
the determination of radiation intensity E
for a wavelength A = 310 nm. Calcula-
tions of standard uncertainties by the B
type method were performed, assuming
the existence of a uniform distribution of
possible values within the interval.

For estimates of correlated quanti-
ties P, and Kf, a correlation coeffi-
cient was obtained - r(P),Kf) = 0.95.
The covariance for these quantities is
u(P,K) = 738715 (%W)2, while
the product of sensitivity coefficients
corresponding to the estimates of
the correlated quantities is equal to
—4.96-10-4 W2/((%W)2cm#). Thus, the
value of the component of the com-
bined variance of the output quan-
tity (the intensity E of UV radiation) is
—0.07327 (mW/cm?2)2.

Finally, the result of the measure-
ment of the UV radiation intensity at a
0.95 confidence level can be written as
E =(152+4) mW/cm?2. Hence, the relative
uncertainty of the measurement is 3%.

M Conclusions

In the UV curing of fluids disposed on flat
textiles and moved under long-arc medi-
um-pressure from a high power mercury
lamp, determination of the total dose of
UV radiation is possible using the UV
radiation measurement system presented.
The UV sensor is mounted on the textile
area and moves with the textiles through
the UV radiation zone.
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Standa_rd Cor_nbined Sensitivity coefficient C(_)mponent of combine'd
uncertainty unc_ertalnty square square variance of output quantity,

of Type B of input quantity (mW/cmz2)2

0.00361 %W 0.00094 (%W)2 6.65x10-6  (W/(%Wcm?2))2 0.00627

0.00931 nm 0.00483 nm2 4.66x10-6  (W/(nmcmz2))2 0.02251

0 %W 0.00001 (%W)2 3.70x10-2 (W/(%Wcm2))2 0.23644

5.77350 Q 33.3333 2.32x10-8 0.77188

271355 Q 7363333 02 1.05x10-13  (W/(Qcm?2))2 0.77188
1270.17 Q 1613333 4.80%x10-13 0.77516
0.00577V V 0.00014 V2 9.30x104 (W/(Vcm2))2 0.13333

The solution presented enables to opti-
mise the process of the latticing of over-
prints functionalising textiles in condi-
tions of extreme UV radiation, from both
the point of view of their resistance to
washing and fibre degradation. Adjust-
ment of the range of UV radiation inten-
sities processed to the range of intensities
processed by the semiconductor sensor is
made possible by use of a filter of specif-
ic transmission. The mathematical model
of the measurement system allows to pre-
dict the UV radiation intensity and dose
at a given filter transmission.

The relative uncertainty of the UV radia-
tion intensity measurement calculated is
3%. The greatest percentage in the com-
bined variance, 28% each, are shown by
the estimates of resistance variances Ry,
R, and Ry To improve the metrological
quality of the model, resistors of smaller
inaccuracy should be used. In the case
under consideration, one percent resis-
tors were used.
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