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Relationship between normalized light intensity and
attenuated total reflection ratio
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Attenuated total reflection (ATR) ratio is usually utilized to study the properties of surface plasmon res-
onance (SPR) sensors. The relationship between normalized light intensity and ATR ratio is investigated,
and a modification coefficient is put forward to describe the relationship. A mathematical expression is
built up for the coefficient based on Fresnel principle. The result shows that the ATR ratio, which cannot
be measured directly in experiments, can be determined with the coefficient and the normalized intensity
of light. The characteristic of the coefficient is also discussed.
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Surface plasmon resonance (SPR) is one of the promising
optical techniques with potential applications in different
fields' =%, SPR sensors have the advantages such as
flexibility, low cost, and small sizel>6l. The principle
of SPR sensors is that surface plasmon wave (SPW),
which can be excited at the interface between a metal
film and an absorbing medium, is extremely sensitive
to tiny change in the refractive index (RI) of absorbing
medium. As the phenomenon of SPR is excited by a p-
polarized light, the attenuated total reflection (ATR) oc-
curs in sensor. However, the ratio of ATR could not be
measured directly in experiments, because the incident
and reflected light beams are all inside the sensor so that
their intensities cannot be determined. The normalized
intensity (the ratio of light intensity out of sensor to that
launched into the sensor) is usually considered as the re-
sponse of sensor for studying its characteristics/”~%. But
in fact, it is the ratio of ATR that is related to RI of ab-
sorbing medium. In this work, the relationship between
normalized light intensity and ATR ratio is investigated.

SPR sensors have been developed into three types,
prism-coupled, integrated optical waveguide-coupled,
and optical fiber-coupled sensors!!®=12/.  In this re-
search, a prism-coupled Krestschmann configuration is
employed. The 50-nm-thick Ag film was deposited at
the bottom of an equilateral triangle prism by radio fre-
quency (RF) magnetron sputtering. The prism was made
of K9 glass. A film thickness monitor (FTM) was used
to control the thickness of the film during deposition.

The experimental scheme built for measuring normal-
ized intensity of sensor is shown in Fig. 1. A 5-mW,
632.8-nm He-Ne laser was used as the light source. A
polarizer with a high extinction ratio (> 5 x 10%) was
installed to choose polarization of the incident light. The
light beam was adjusted with an iris in front of the prism.
The prism-coupled SPR sensor was positioned on a go-
niometer to change the angle of incidence in the ATR
case. The light transmitting out of the sensor was de-
tected with a digitized power meter.

Figure 2 illustrates the refraction and total internal
reflection of light inside the prism. In order to excite
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SPW effectively, a p-polarized optical beam was launched
into the prism. In the ATR case, the energy of the inci-
dent light is transferred to charge-density wave (surface
plasmon) and the intensity of the light reflected from the
bottom of the prism is reduced.

The ratio of ATR is given by
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Fig. 1. Experimental scheme.

Fig. 2. Refraction and total internal reflection of light inside
the prism.
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metal film and medium, respectively, kg is the wave vec-
tor of incident light in vacuum. Equation (1) shows that
the ratio of ATR is a direct response to the permittivity
of ambient medium, 5. The incident light and reflected
light of ATR are all inside the sensor, so it is impossible
to detect their intensity. The normalized intensity, i.e.,
the relative transmitted power of light, has been used to
study the characteristics of sensors3=15 In the follow-
ing, we will study relationship between normalized inten-
sity and ATR ratio.

Before ATR occurs, refraction of the incident light has
existed. Based on Fresnel formula, the amplitude of re-
fraction light is given by

B 2 sin @5 sin 64
B sin (91 + 92) COS (91 — 92)

Ts Ap, (2)

where Ap denotes the amplitude of light launched into
sensor. The ratio of ATR can be rewritten as

Rep = (%) , 3)

where T¢ is the amplitude of reflected light in ATR. On
the other side of prism, the amplitude of the second re-
fraction light is expressed as

2sin 64 cos 6,
Ap = Tg. 4
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The normalized intensity is
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Defining a parameter K with Rgp = Ry X K, we can
get
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Apparently, it is not accurate to replace Rgp with
Ry. The parameter K discussed above could be called a
modification coefficient of ATR. Several values of K are
given in Fig. 3. It decreases slightly with the increase of
resonant angle 6y (6 = 45° + 6-).

The analysis above is in such condition that the SPR
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Fig. 3. Modification coefficient K varying with resonant an-
gle 6.

system is based on angle interrogation technique. If
the SPR system is based on wavelength interrogation
method, the incident angle 6, is fixed, the coefficient
K will also change due to the existence of dispersion in
prism. The relationship between the coefficient K and
wavelength A is discussed in the following.

According to the experiential formula, the refractive
index of prism is given by

m=motaa b ™)

where ng is a constant, the coefficients B and C' have
certain values, and A denotes the wavelength (in nanome-
ters). If the high order items are neglected, Eq. (7) can
be rewritten as

B
n=mno+ 5Vh (8)
The reflection angle 63 is wavelength-dependent. Be-
cause sinfly = %sin 01, by taking differentiation of K
with respect to wavelength A\, we can get
dK dK df )
d\  dfy dX’

From Eq. (6), the differentiation of K by 65 is
dK _4sin3 (01 + 62)sin (61 — 6)
dfy sin? 26, sin? 2605 '

Based on Eq. (8) and sinfy = % sin A1, the differentiation
of 63 by X is

d_6‘2 2 sin? 6, B
d\  cosfy  A3sin6y’

So,
dK 8B si§22(91 +.923) sin (0, — 9?) sin? 0y <0 (10)
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Equation (10) demonstrates that the coefficient K de-
creases with the increase of resonant wavelength .

If the refractive index of absorbing medium is 1.3330,
and the sensor is considered with angle interrogation
technique, the relationship between normalized intensity
and ATR ratio is shown in Fig. 4. The curve of nor-
malized intensity is very similar to that of ATR ratio,
so it is reasonable to use the normalized intensity and
the modification coefficient to study properties of SPR
Sensors.
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Fig. 4. Normalized intensity and ATR ratio show similar de-
pendence on incident angle.
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In summary, the relationship between normalized in-
tensity and ratio of ATR has been investigated. The
ATR ratio can be determined based on the normalized
intensity and a modification coefficient. With the ATR
ratio, the resonant angle or wavelength can be detected
precisely. This ratio also illustrates that the energy of
light is transferred to charge-density wave (surface plas-
mon).
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