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ABSTRACT

Measuring Optical Absorption Coefficient of Pure Water in UV Using
the Integrating Cavity Absorption Meter. (May 2008)
Ling Wang, B.S., Peking University, P. R. China;
M.S., Peking University, P. R. China

Chair of Advisory Committee: Dr. Edward S. Fry

The integrating cavity absorption meter (ICAM) has been usezkssiully to measure
the low absorption coefficient of pure water. The ICAM producesftattive total path
length of several meters or even longer, although the physmmlbf the instrument is
only several centimeters. The long effective total path lengghres a high sensitivity
that enables the ICAM to measure liquid mediums with low absoriompared to the
conventional transmission type of instruments that were used to med®ursame
medium with the same path length, the ICAM eliminates thecteffé scattering by
introducing isotropic illumination in the medium, and consequently measheetrue
absorption coefficient of the medium in stead of the attenuation ceetfi The original
ICAM was constructed with Spectralon and used in the wavelengge faom 380 nm
to 700 nm. Later studies showed that Spectralon is not suitable feurageents in the
UV region because of its relatively lower reflectivitytims region and, even worse, the
continuously decaying reflectivity under the exposure to UV radialibnos, we have

developed a new way to construct the ICAM utilizing the matduded silica. The



resulting ICAM has a high sensitivity even in the UV region andsdia have the
deterioration problem. The measurement results from the new ICAVinagood
agreement with the existing results. The absorption coefficiehtpure water at

wavelengths between 250 nm and 400 nm are presented here.
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CHAPTER|

INTRODUCTION

Water is one of the most important molecules on Earth, which makesaoet different
from other known celestial bodies. Water covers about 70% of the swufd€arth,
mostly as saltwater in the ocean (97%). Some is fresh wateers and lakes; some is
in the form of ice or vapor. In the ocean, phytoplankton are at the boftdhe food
chain; they play the same role as vegetation on land. They obtairy émengthe Sun’s
electromagnetic radiation, and through the process of photosyntimesigrovide the
initial step in the food chain for all life in the oceans. Consiher of these remarkable
food chains in the ocean: some of the largest organisms on Earteswiead on krill,
which in turn feed on phytoplankton, the smallest organisms on Earth. Phytoplankton are
also responsible for making up to 90% of Earth’'s oxygen. Radiation degifram the
Sun, passes through space and the atmosphere of the Earth, petiedrate=an, and
reaches the phytoplankton. To understand the ecosystems of the bsesnportant to
understand how the atmosphere and water affect the Sun’s radiatibow.ediation is

absorbed and scattered.

The spectrum of the sun’s radiation is close to that of a lbadit at a temperature of

5800 K, visible (VIS) light is just a small part of it. Ultralet radiation (UVR) is that

This dissertation follows the style of Applied Optics.



part of the spectrum with a wavelength less than 400 nm. UVRdwasrecognized as a
potential stress for organisms in a variety of environments, imgudhe marine
ecosystems [1, 2]. Fortunately, stratospheric ozone absorbs mdke afVR and
protects the environment from the detrimental UV-B (280 nm-320 nm)tiadidBut
recent studies showing an intensifying anthropogenic-induced declisieatospheric
ozone concentrations with concurrent enhanced UV-B radiation aneidar This
alteration of the sun’s radiation spectrum on the earth’s supgases some potential
problems for the established balances in the marine ecosystemsestilteng changes
are the subject of many ongoing multidisciplinary studies inclugimgsics, chemistry
and biology. Since the knowledge of the distribution of UVR in the rocisa
fundamental, the optical properties of water in the UV rangerary important subjects

of research.

1. Optical properties of water
The water molecule is one of the simpler molecules in the universe, composed of only

three atoms: one oxygen atom and two hydrogen atoms (Fig. 1.1) [3].

104.45\@ )
——

0.9584 A

Fig. 1.1. Water molecule.



However, the energy structure of the water molecule is complegauBe of its
importance, the high resolution energy structure of the water oleléas been under
decades of intense studies. In reference [4], Tennyson et al.thawiated 12248
vibration—rotation states of the water molecule. Researchesdilargorking to expand

the table and approach the full set of the states [5, 6].

The water molecule is under constant vibrational and rotational mofimnsl.2 shows
the fundamental vibration and rotation modes of the water moleculdén[faseous
water, the frequency of the symmetric stretch megei§ 3657.05 cil (2.73444um).
The frequency of the asymmetric stretch modgié 3755.93 cri (2.66246um). And
that of the bend modevs) is 1594.75 ci (6.27058um). The water molecule has a
small moment of inertia on rotation which gives rise to ridmlined vibrational-
rotational spectra in the vapor containing millions of absorption limeshd liquid,
rotations tend to be restricted by hydrogen bonding, giving tratibns. Also, the

spectral lines are broadened, resulting in an overlap of many of the absorpson line

A oo

O;/ | / i3 /
symmetric stretch asymmetric stretch bend
X O Q y 3 b
librations

Fig. 1.2. Vibration and rotation modes of water molecule.



The absorption spectrum of liquid water has been intensively stutBestructure is
very complicated and is still a topic of current research. Sitscanolecules are
connected by hydrogen bonds, the structure of liquid water gigesto several
anomalies when compared to other liquids. Fig. 1.3 shows a combinatiota aindténe
absorption coefficient of the liquid water for electromagneticateah at wavelengths
from 40 nm to 1 mm [7, 8]. The absorption coefficiafit), with unit m", at a particular
wavelength is defined as A =exp(a(r)L), wherel is the transmitted intensity of the
light, Io is the incident intensity of the light ahds the path length (m). (Sometimes the
absorption coefficiena()) is given in unit cit, with 1 cm' equal to 100 M) In this
dissertation, most of the time | will only wrigefor a().), buta is always wavelength

dependent.

s 10000 cm™! 1000 cm™’ 100 cm™! 10 cm™
H‘"/‘l‘"\\lill:‘ll TIIT T T T T L D TITT T T T
e 105 N
E10 |
T
o 104
g \
s 10° - .
=] ot \ L a et
8 V\l » \hm-..______‘_q_-“
.S 100 s ay
B ,\ \,\
1
o 10
] f e 1 \\
2 f | .
1 L
0.1
0.01 J |
]
1073 \
104 Ay
10
100 nm 1000 nm 10 um 100 pm 1mmj
Wave!ength

Fig. 1.3. Absorption coefficient of water.



In Fig. 1.3, the blue line is the absorption coefficient of watke light blue line shows
some spectrum structure only existent in gaseous water. Théneedhows some
different values for the §0n to 1mm region. This data is compiled from the existing
literatures. Some part of the data, e.g. data in the UV regi@rgimble and must be
verified by independent investigations. Our present researchtiobjecto measure the

absorption coefficient of pure water in the UV region and clarify the confusion.

For ocean color studies, the spectral absorption of water provi@dé¢snput into the
modeling of spectral reflectance [9]. Of equal importance ishanaiptical property of
water: scattering. Scattering in water is discussed inl dgtdorel [10]. The following
relations and definitions are used:

c=a+b, (1.2)
b=[[, B(6)Q = 2nj0”,3(e)sin6ue, (1.2)

wherec is the attenuation coefficierd,the absorption coefficienh the total scattering
coefficient and (f) the volume scattering function. Attenuation, apson and

scattering are all wavelength dependent.

Absorption and scattering characteristics are ieoptical properties (IOP) of water.
They only depend on the water through which thietlig propagating, not on the nature
of the light field itself. Properties that are ditlg derived from the light field are called

apparent optical properties (AOP). Changing thhtligeld that enters the water body,



for example by a cloud moving in front of the sun immediately changes the AOP, but not
the IOP. If one knows all of the IOPs of a water body and the figld above the
surface, one can, in principle, calculate the light field anywhetbe water body. On

the other hand, it is possible to estimate the I0Ps of water fbasymeasurements of

the AOPs. This is the so called inverse problem of hydrologic optics. FromPise it@s
possible to extract information about suspended and dissolved substatioesvister

body.

Natural waters can be of great purity, e.g. deep sea w&tersequently, pure water
itself plays an important part in absorption and scattering peseblatural waters have
dissolved organic or inorganic materials as well as suspendedgsariihese materials
have their own characteristic absorption and scattering propefPigs. water IOPs

provide a baseline for studies of diffuse attenuation coefficiantgater as well as the

absorption by dissolved or suspended organic and biological materials.

2. M easurement methods

Because of its importance, the optical absorption of pure wasebden of interest to

many researchers. Accordingly, various techniques to measuoepiidns have been

developed. Querry et. al. give an extensive review of researthe spectral absorption
coefficient for pure water [11]. Here we briefly review soofi¢he techniques that have

been used for absorption in the visible and UV regions.



The most intuitive technique to measure absorption of water is dheewtional
transmission type measurement. Hulburt et. al. used a long path tabgtof distilled
pure water to measure the attenuation of a beam of light; thaynia¢hematically
corrected for the scattering losses using measured or catcsledétering coefficients
[12, 13]. Other researchers have also made measurements usiagtsichniques [14-
19]. The obvious problem of the transmission type measurement is thaietsired
guantity is actually attenuation, not absorption, coefficient. Usudlg scattering
coefficient is calculated and equation 1.1 is used to get the absarpéfiitient. There
are also other problems. To measure the low absorption of purg tiateath length
must be long, sometimes several meters. Long path lengths posearsablenaking
large amounts of pure water; they complicate optical alignmedtttaey significantly
increased the errors associated with the scattering domectUsually, the pure water
samples are sealed in tubes. The interfaces of each windovaiwdhd water produce
reflection and scattering. These effects must also béutlgreompensated; otherwise,

the error could easily be as large as the absorption itself.

At the same time, some ingenious true absorption techniques lsemeaeloped. Hass
et. al. used a collimated high power continuous wave (cw) laser teedluminate a
pure water sample and monitored the temperature change of the[2(atéd]. Stone
used photothermal techniques based on the temperature dependencandéxhef
refraction [22], while Tam and Patel used photoacoustic techniques [2BFH&5] sent a

pulsed laser beam through a cell filled with water, and then oredithe acoustic wave



caused by the heating of water by the laser pulses. Sogamardsy measured the
absorption spectrum of the purest available water with photothermédctomi

spectroscopy [26].

Because the optical absorption of water in the visible and UV reggorexy low (less
than 0.01 rit at its minimum), accurate measurements are difficult. f{Glaegamination
of measurement results shows the inconsistencies in the datxebdés by an order of
magnitude at the same wavelength are not uncommon. The inconsstmecprobably
due to a combination of both experimental error and unknown sample purityaRdpe
Fry’s measurement of absorption from 380 nm to 700 nm using theiratitegcavity
absorption meter (ICAM) [27, 28] have cleared up much of the confusidwir. data is
highly reliable due to many crosschecks and consistency tésts. ih excellent
agreement with recent measurements of absorption coefficierdedp sea ice [29] and
with those obtained by Sogandares and Fry. The importance of thehakatheen
emphasized by Morel: “...Such a drastic revision is of considenadgact, in particular
on the understanding of the optical properties of extremely pure rolmpt, waters,
which form a wide part of the world ocean. These new values, iviohet part of the
spectrum, strongly suggest that the currently admitted absorptidficiemds in the

near-UV (400 - 300 nm) domain are likely to be also revised.” [9]



3. ICAM
Due to the extremely successful performance of the ICAMhénvisible and near UV
parts of the spectrum, we are modifying the design for opeatwavelengths in the

deeper UV region.

Integrating cavity spectroscopy was first introduced by Eltermamé&berials with small
absorption coefficient [30]. The advantage of this method was statetheasy
independent of the scattering within the material sample, thectigity of the material
surface, and the geometry of the sample”. Later the technigsi@dapted and refined
by Fry et. al. to measure the small absorption coefficieatlofuid sample, particularly,

pure water [27]. The idea is very simple, as shown in Fig. 1.4.

O Detector

Fig. 1.4. ICAM simplified. (Cross section)

Consider a spherical integrating cavity (the blue shell in Eig4.) that's uniformly
illuminated by monochromatic light from outside. The wall of daity is made of
translucent material with highly diffuse, highly reflective fage. Light leaks through
the wall, reflects off the surface of cavity wall manpés and builds up a uniform light

field. The inside of the integrating cavity can be either engstyilled with liquid
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sample. When the cavity is filled with a medium, some lighbsoebed by the medium.
Thus energy is lost from the radiation field and transferreeg&b. This loss results in a
reduction of the outward irradiance at the inner surface of théycévfiber is used to
sample this outward irradiance. By comparing the outward irraglifimen both an
empty cavity and a full cavity, it is possible to calculateabsorption coefficient of the

liquid sample.

The advantages of the ICAM are twofold. First, photons undergo nraeynal
reflections in the cavity before they are lost, either by abisorph the sample or
transmission through the wall. The effective path length is consequently vgrimany
times larger than the physical size of the cavity itsetfgking it suitable for the
measurement of a low absorption medium, e.g. pure water. Second heiright field
in the cavity is already isotropic, it cannot be made more isctimpiscattering within

the medium. Therefore, the measurement is insensitive to scatterirtg.effec

The objective of our research is to modify the ICAM to measater absorption in the
near UV region. That involves considerable changes of the origisgnjes discussed

in the following chapters.
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CHAPTER I

THEORETICAL BACKGROUND

1. Theory
In order to provide uniform illumination of the sample in a spherlCAM, the
integrating cavity shown in Fig. 1.4 is put inside of another lasgherical integrating

cavity, as shown in Fig. 2.1.

Input fiber

O

Sampling fiber @/7
So

Fig. 2.1. Cross section of a generic model of ICAM.

Both of the integrating cavities are made of material with Kighffuse reflective

surfaces. High reflectivity usually means over 99% reflectifitydepends on the
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wavelength). Ideally diffuse means a Lambertian surface. g formed by the
inside of the smaller sphere. Cavity Il is formed by the osteface of the smaller
sphere and inner surface of the larger sphere. Monochromatic dightroduced into
cavity 1l by means of input fibers. Light reflects off tharfaces of cavity Il many times
and builds up a uniform light field. Some light leaks through the snhaty wall and
builds up a uniform isotropic field in cavity I. The inherently anigitt introduction of
radiation into cavity Il is converted into a nearly isotropic illoation of a sample
placed in cavity I. It should be noted that although the wall of cavityas high
reflectivity, the light is incident many times until an appreciable ifvaajets through the
wall into cavity I. Ideally, the energy density in cavity | sltbbe the same as that in
cavity Il if there were no losses in cavity | other thantth@smission loss through the
wall. Two optical fibers are used to sample the outward irradsafroen cavity | and
cavity Il, respectively. Light is carried by the fibecsdetectors, which produce signals
S and G, proportional to the outward irradianceg &d F in cavity | and cavity II,

respectively.

The theory of this generic model of ICAM has been developed by Fry et. al. [27, 28]. Let
the scalat_(r, Q) denote the radiance in the direction of unit ve@at pointr. Then, at

pointr, we can define a vector irradianee
F= jﬂ L(r Q)QdQ (2.1)

and a radiant energy density
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:? [ L(r.@)a0 (2.2)

where the integral is over solid angle c is the speed of light in vacuum, amdis the
refractive index of the homogeneous medium in the cavity [31]. ®jardom equations

of radiative transfer [32], we have:
QOL(r,Q) =-A.L(r,Q) +% jQ, p(Q,Q)L(r,Q")dQ’ (2.3)
T

wherep. is the attenuation coefficient (we choose this insteadlas defined before to
avoid the confusion with speed of lighp) is the scattering coefficient, amqis the
scattering phase function. The equation is easy to understanthatingecof the radiance
along one specific direction is due to the loss from the attenuetiect and the gain
from scattering of the radiance in other directions. The stajtgghase functiorp

satisfies the normalization equation:
1 (Q,QYdQ =1 (2.4)
a7l P20~ -
Integrating equation 2.3 over solid angleit’s straightforward to get

—oF =2% (2.5)
m

In the above equation, we have replacgd £s) with a, the absorption coefficient, by
definition of equation 1.1. This fundamental relation is valid in every pairnthe

medium, irrespective of the magnitude of any scattering effect.

Integrating equation 2.5 over voluriveof the sample and using divergence theorem on

the left hand side, we find
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-[F mS:%jVUdv (2.6)

The left hand side of equation 2.6 is the net radiant power enterirsgutiygle volume,

i.e. it is the power P that is absorbed in the sample. Thus we have
_ac
Paos = [udv (2.7)

For a homogeneous medium this result is exact and is rigorouslpandent of any
scattering effect. If the energy density is also homogenecels constant), we can

simply integrate the right side of equation 2.7 to obtain
P, =—UV (2.8)

A form of more practical use is obtained by relating therggnéensityU inside the
sample to the normal componentfofat the inside surface of the sample. This normal
componentFq is just the outwardly directed irradiance at the surface osaneple. If
the radiance distribution in the sample is both homogeneous and isatnepic(r,) is

a constant. Equations 2.1 and 2.2 then become, respectively,

F, =N [jﬂ L(r,Q)QdQ =7t (2.9)
U :4%11, (2.10)

wheren is the outward unit vector normal to the surfadeese two equations give the

relation betweelkr,; andU,

(2.11)

Thus the final result for the absorbed power is



15

P

abs

= 4aVF

out (2.12)
In the ICAM, irradiance relationships can be obtained by usinglaiveof energy
conservation within each cavity; specifically, the total poweeramg cavity | is equal to

the total power leaving the cavity plus the power absorbed in it,

R, =P,+P

in — "out abs

=P

wut T4aVE, (2.13)
where we have used equation 2.12 and repl&ggdvith Fo, the outward irradiance in
cavity I. We will assume that the radiance at any point in cavity isasropic and
homogeneous, and the radiance at any point in cavity Il is proportootied tadiance at

other points in the same cavity, as the result of the cavitygetoation. The radiance is

actually nearly uniform and isotropic in each cavity, but it is only required in davity

We can write the power in and power out in terms of irradiafesndF;. The power
entering cavity | will be proportional t6;. The power leaving the cavity through the
wall and sampling fiber will be proportional €. The power conservation equation can
be written as

K,F, = K,F, +4aVF,, (2.14)
whereKy andK; are proportionality constants. As described before, the irradiamnees
sampled by the sampling fibers and sent to detectors to producepoomeng signal
voltagesS andS,. Since these voltages depend on the spectral response of therdetect
and the fiber optics, equation 2.14 can be rewritten as

C,S =C,S, +4avs, (2.15)
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where Cy and C; are new set of proportionality constan®. and C; are wavelength
dependent and cavity configuration dependent. Dividing equation 2.16,%yand

replacingS/S, by Sgives a simpler equation that is lineaSnaandV:

S:Ciavw;), (2.16)

1
where we have also replac€d/C, by Co. The partial derivative 0 with respect to/

will be used later to determine the absorption coefficient of pure water:

95l _4, (2.17)
V|, C

If we have a sample, e.g. a dye solution, whoserphien coefficient is already known,
we can fill the cavity with this sample gradualkor each volume, we measure the
signalsS and S, and calculate the quantiy Then we plotS versus volume/ and

determine the slopgpS/oV) From the slope we calculate the calibration camtst

sample*
C,using equation 2.17. Next, we fill the cavity gratiy with pure water, do the same

procedure again and determi(@S/oV) for pure water. We can use this two

purewater
slopes information to determine the absorption fameht of pure water. It should be
noted thatdS/0V , C; anda are all wavelength dependent. During the measureme

light from a monochromator is used for illuminatiand data are recorded at regular

wavelength intervals.
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2. Photon behavior in ICAM

From the analysis above, we see clearly that scatteringcheect on the measurement
of the absorption coefficient. The reason is that the light fielarsady uniform and
isotropic in the cavity and scattering cannot make it more arigegropic. The other
advantage of the ICAM is the very long effective path lengtm(ared to the physical
size of the apparatus itself). It is easily understood becagylgerdflects off the highly
reflective wall many times before it escapes from thatgaBy examining the photon
behavior, we can get an analytical result for the effective |eaitpth in a spherical

integrating cavity [33].

Consider a population of photons emitted into an empty cavity withrefictivity of

p. Every time a photon has a collision with the wall, the probgbilitsurvivs the
collision and stays in the cavity s The probability that the photon transmits through
the wall or is absorbed by the wall is (i)- The average lifetime of each photon staying

in the cavity can be measured in terms of the number of colligiamslergoes in the
cavity. For the whole population of photons, we defmes the proportion that has one
collision, P, as the proportion that has two collisions and so on. The proportion that has
survived (-1) collisions isp™?, of which (1-p) is lost in the next, i.ath, collision. Thus

the proportion that has exactiycollisions is given as:
P.=0""-p). (2.18)

The average numbé€l: of collisions for a photon is
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C.=R1+P[2+P,[3+..+P [n+...

=(1-p)+pl-p)2+p°A-p) B+...+ p" (1-p) [h+...
=(1-p)(1+2p+30*+...4+np" " +..) (2.19)
1

1-p

This result doesn’t depend on the shape of the cavity. The effectalg@th length is
equal to the product of the average number of collisi@nand the average path length
between any two collisionds, which is dependent on the shape of the cavity. Now we
consider a spherical integrating cavity of radiusith a diffuse wall and calculate the
average photon path length between collisions. Consider a population of phottied emi
into the cavity from a small element of the wall surface. &t parts of the uniform
spherical surface are equivalent, the result will apply eqtaljyhotons all around the
surface. For each photon, tebe the angle between the photon trajectory and the normal
of that element of the surface. The path length of this toapeétom the starting point to
the next point of collision is

1(6) =2rcosf. (2.20)
For a Lambertian surface, the radiant intensity from theaiéwrf the surface at anghe
is

1 () =1,cos8, (2.21)
wherely is the radiant intensity & = 0. The radiant fluxd(6) that is emitted from the
element of surface in an angular interxélcentered o, within a solid angl@zsind46
is

®(0) = 1(8)2rrsin@A8 = | ,2rrsindcosdN . (2.22)
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The total radiant flux emitted from the element of surfacebigined by integrating

equation 2.22 ove¥:
Py, =271, sinfcosll = 7, . (2.23)

The proportion of the total radiant flux that isi#ted in the angular intervald centered

onédis

P(O) = ) = 2sindcosdnb . (2.24)
d

tot
P(#) can be interpreted as the proportion of the phptgoulation whose trajectories are
in the angular intervalld centered ond. Thus the average path length between

successive collisions is

6=r/2

de = D P(O)I(6)

= 4r["*singcos &ig (2.25)

_ar
"

In an empty spherical cavity, the average totah pangth per photon is the product of
the average number of collisions completed by gdudion and the average path length
per photon per collision, that is

4r
e =C.d; 3= p) .

(2.26)

Since the reflectivity of wall is very highy & 1), the average total path length can be
very long, usually many meters. Table 2.1 givesesemamples of the average total path

lengths for different reflectivities for a spheticavity of radius 5 cm. Fig 2.2 gives a
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graphical presentation of the trend of the average total pagthléalling rapidly with

decreasing reflectivity.

Table 2.1. Total path length for different reflectivity.

r (m) 0.05
P 0.998 0.992 0.950 0.900
[e (m) 33.3 8.33 1.33 0.67
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Total Path Length vs. Reflectivity
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Fig. 2.2. Average total path length vs. reflectivity.

The result above is derived for empty cavity. When the cauviiited fvith an absorbing
medium, the average total path length will decrease accordiegiyuse some photons
are lost in the medium while traveling during collisions. Thisrelese will be
manifested by a decrease in the outward irradiance at thecsuof the cavity. The
longer the total path length, the greater the probability a photorbevéibsorbed in the

medium and the greater the decrease in the outward irradiancee,He longer path
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length in the cavity means a greater sensitivity of the apafat measurement of
small absorption coefficients. There are two ways to obtain lord path length as
indicated in the equation. Increasing the physical size of théydaas practical limits.
But, increasing the reflectivity by just a small amount couttipce a huge gain in the
path length. So, finding the right material with a high diffuséectivity in the UV

region is critically important.

It is easy to find the average photon path length betweeniaodlifor a spherical cavity
because of its simplicity and symmetry. For a cavity witheotshape, an analytical
result may not be obtained easily in the conventional way. In [34ktFa). have shown
how difficult it can be just by calculating the average patigtle for a right cylinder
cavity. But fortunately, they have also included a beautiful désiveof the average
photon path length between collisions for arbitrary cavity shape, andedbia general

result. The derivation and results are reviewed here.

Consider an arbitrary shape cavity with volumand total surface area Assume the
cavity containg1 photons per unit volume. Consider an infinitesimal element of surface
on the walldSand an infinitesimal cylindrical element of volume as shownign E3.

The number of photons in the cylindemig4t)(udS)whereu = cod). Since the photon
propagation directions have a uniform distribution overdiheolid angle at any point in
the volume, the fraction of the photons propagating in the direétignin the solid

angledQ = dudg is
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P, = -dudg (2.27)
7T

Fig. 2.3. Schematic for photon flux incident on the wall of a cavity.

Therefore the number of photons in the cylinder in Fig. 2.3 that tiravleé directiory,

¢ in the solid angleQ is

dN, = n(CAt)(,UdS)(%T dedg) = (2—7(;)(,Udﬂd¢)d5dt : (2.28)

All these photons must be supplied by the reflection from the surfde total number

of photons in the cavity isV and all of these photons will be incident on the wall in an
average timalg/c, wheredg is the average path length between collisions with wall, as
defined before. So the total number of photons incident on the wall péinumper unit

areais
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nw___nev (2.29)
(/S dy S |

Since the surface is Lambertian, the probability that photons witefbected in the

directiond, ¢ in the solid anglelQ is
1
P = 7—Tﬂdﬂd¢ : (2.30)

The photons reflected in the directiéng in the solid angled@ from the element of
cavity surface aredSin time dt are contained in the cylinder shown in Fig. 2.3. The
number of these photons is

_,ncV 1 _,ncV
dNr—(d—Eg)(TTﬂdﬂd@det—( mEg)(mmmdet (2.31)

To maintain constant radiance, we must hdid=dN;. It is possible to satisfy this
condition because th® ¢ dependences idN, anddN. are identical in equations 2.28

and 2.31, and we get

d. =4 (2.32)

v
S
This is a general result for a cavity with arbitrary shape.dah use the result that we
have obtained for the special case of a spherical cavity fock cueck. For a spherical
cavity, V=(4/3)xr3, S=4xr? anddg=(4/3)r, just the same as in equation 2.25. This general

result has also been checked with other results calculated iore asic way for

cavities with different shapes, e.g. spherical shell and right circuladey cavity.
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In a practical experiment, a spherical cavity has some &l and assembling
difficulties, so we usually use a cavity with a cylinder shape.dah apply the general
result on a cylinder cavity to obtain the average path lengthelketwollisions. For a
right circular cylinder with height! and end faces of diametér, V=(zD%4)H and
S=rD*2+zDH. So

2DH
E D+ 2H (2.33)

inl<

For the special cade = H, equation 2.33 givede=(2/3)D. It is interesting to note that
this result is identical to thd: for the inscribed sphere that is tangential to all surfaces of

the cylinder.
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CHAPTER 11

INTEGRATING CAVITY ABSORPTION METER

1. Selection of material

As discussed in the previous chapter, the integrating cavitiesbausonstructed with
highly reflective diffuse materials in order to obtain a unifornd asotropic light
distribution in the cavities and a long effective path length. In tiggnai ICAM, the
material Spectralon was used. As stated by the manufactursphere, “Labsphere’s
Spectralon reflectance material is a thermoplastic rbsincan be machined into a wide
variety of shapes for the fabrication of optical components. Spattgates the highest
diffuse reflectance of any known material or coating over iéAl5-NIR region of the
spectrum. The reflectance is generally >99% over a raoge 400nm to 1500nm and
>95% from 250nm to 2500nm.” [35, 36]. The reflectance of the Spectralomlogiacie

SRM-990 is plotted against wavelength in Fig. 3.1 and tabulated in Table 3.1.

Table 3.1. Reflectance of Spectralon SRM-990

Wavelength (nm) | Reflectance Wavelength (nm) | Reflectance
250 0.950 1400 0.991
300 0.985 1500 0.991
400 0.990 1600 0.991
500 0.991 1700 0.988
600 0.992 1800 0.989
700 0.992 1900 0.981
800 0.991 2000 0.976
900 0.991 2100 0.953

1000 0.993 2200 0.973
1100 0.993 2300 0.972
1200 0.992 2400 0.955
1300 0.992 2500 0.950
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Fig. 3.1. Reflectance of Spectralon SRM-990.

The reflectance of Spectralon also depends on the thickness ohtieaim It decreases
with decreasing thickness over most of the spectrum. Table 3.2 shisvdependence

for several wavelengths, and Fig. 3.2 shows this dependence gligdbicevavelength

325nm.
Table 3.2. Reflectance of Spectralon dependence on thickness.
Wavelength Thickness (mm)

(nm) 1 2 3 4 5 6 7
325 0.934 0.959 0.970 0.973 0.988 0.985 0.985
450 0.937 0.962 0.973 0.977 0.992 0.991 0.991
555 0.933 0.960 0.972 0.976 0.989 0.989 0.990
720 0.928 0.958 0.970 0.976 0.988 0.987 0.989
850 0.922 0.956 0.969 0.976 0.985 0.986 0.987
1060 0.916 0.954 0.968 0.974 0.986 0.986 0.988
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Fig. 3.2. Reflectance dependence on thickness for wavelength 325nm.

In addition to the high reflectance, the surface and immediateirates structure of
Spectralon exhibits highly Lambertian behavior. This property istdieal by the

bidirectional reflectance distribution function (BRDF) [36]. BRDKl&ined as the ratio
of the radiance of a sample to the irradiance upon that safopke,given direction of
incidence and direction of scatter. The incident direction is fspedy two angles: the
angle of incidence#), and the incident azimuth angle;)( Similarly, the scatter
direction is specified by the scatter anglg @nd the scatter azimuth angig)( These

angles are defined as in Fig. 3.3. The origin of the coordinateeipdint where the
central ray of the incident radiatioh) (trikes the sample. Theaxis is normal to the
sample surface, and tleaxis lies in the plane defined by thexis and the direction of
I. The incident direction is determined I8}, (i), wherep; = z by the choice of axis. The

scatter direction is determined ki, (ps). The solid angle subtended by the detect@. is
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Fig. 3.3. Geometry for the BRDF.

To measure BRDF, the sample is illuminated with a collimatesnbiom a range of
incident directions. A detector, subtending solid angleviews the entire illuminated
area and can be positioned at a range of scattering directlmmsample irradiance can
be calculated from the pow®y incident on the sample and the illuminated akedhe
sample radiancé can be calculated from the powey collected by the detector, the
detector solid angle, and the area of illumination. The sample BRDF isdlveitated as
the ratio of these two quantities:

radiance _ R/(QAcost,)) _ R (3.1)
Irradiance P/A PQcosb, '

BRDF=

The BRDF of a perfectly diffuse, i.e. Lambertian, sample shbelconstant for all
bidirectional geometries. It should be noted, however, that the pgeyweetlected by the
detector is dependent on the scatter aAgland becomes very small &sapproaches
/2. So the effects of system noise, and other sources of measumnoentecome

much more serious at large scatter angles.
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BRDF measurements are also dependent on any polarization bias détector and
source of illumination. Fig. 3.4 presents the BRDF for Spectralon, und=arly
polarized illumination, where the direction of polarization is pardR) to the plane of
incidence [36]. The detector is also polarized, with bias par&jedr( perpendicularS)

to the plane of incidence. For a material which does not affeqidlagization of the
incident flux, the observed BRDF for the cross-polarized configuraB&h Would be
zero. For a perfect depolarizing sample, BRDF values would be dadefdr the two
measurement configurations. The measurements in Fig. 3.4 weremmaldee, that is,
the detector was placed in the plane defined by the incident &editihe normal to the
surface of the sample. The dependenceppwas ignored. The flatness of the BRDF

shows that Spectralon is indeed a fairly good diffuse reflector.
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Fig. 3.4. BRDF of Spectralon. (Incident angle)30
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Spectralon’s high reflectance in the visible ensures a longetfi¢aiive path length and
thus high sensitivity of the ICAM. But a steep drop in reflectdredew around 350 nm
makes the material not suitable for the UV region. Note thaa fgpherical cavity with
diameter of 10 cm and wall reflectance of 95% for waveleng@b06fnm, the effective
path length is just 1.3 m, much less than the 8.3 m for wavblerigdO0 nm. Even
worse, the exposure of Spectralon to UV illumination would decreaseftbetance. As
stated in the manufacturer's document [36], “Spectralon test sawelee exposed to
deep and mid-UV (unfiltered Hg arc lamp) at a vacuumldf® torr with the equivalent
of 2 suns for 500 equivalent sun hours. At 110 sun hours, a lowering exftaeite of
between 5 - 10 % in the UV was noted; at 500 sun hours, a slight yedlawthe VIS

was noted, along with a 20% total drop in the UV (250 nm).” The tafiee could drop
to 75% for 250 nm after extended exposure to UV illumination, whiclegponds to a

total effective path length of only 0.15 m! This “aging” effect $pectralon under

exposure of UV light has also been investigated [37, 38]. In our measurement of the pure

water absorption coefficient in the UV, the ICAM cavities havenbeader UV
illumination for years and the drop of reflectance could be sogmf. This reflectance
change also makes frequent calibration necessary; thimesconsuming and can make
the measurement results less reliable. Previous studies inocayr lgave shown that the
ICAM made of Spectralon gave poor results [39]. Random noise is oVeringealue to
the drop of total effective path length at wavelengths below 350The absorption of
Spectralon in the UV also gives an apparent increase in watapbs because some

light actually penetrates into the Spectralon wall. As weufil the sample cell with
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water, more light is penetrating into the wall and absorbed bytr@fmt, which appears
as the absorption of water. Thus in order to measure the pure alaerption
coefficient in the UV region, a search for new material thauitable for building the

ICAM was required.

It is necessary to understand the nature of diffuse reféeptaterials before undertaking
a search. Consider a light beam striking the surface of the safifpeinteraction

between photons and the sample occurs not only at the surface, bwtitalsothe

material for a small depth. Photons end up in three ways. Firsg gbatons enter the
material, are scattered by the particles many timeseaedtually come out of the
material on the same side as they go in. These photons laaeef If the scattering is
totally random, then this reflection is diffuse. Second, some photorbsoebed by the
particles and lost permanently. Third, some photons, after mangrgagt will find

their way through the material and come out from the other sigeseTphotons are
transmitted. For a highly reflective material, absorption andstngssion must be

minimized.

Fused silica is a material widely used in optics and well knawnt$ low absorption
over a broad bandwidth. It is essential just silicon dioxidecgsitir SiQ). Its optical
absorption is virtually zero in the visible and can also be made notha UV if
impurities are removed. Fig. 3.5 shows the transmittance of CorfifRf<S Standard

Grade fused silica, which is a high purity synthetic amorphousosildioxide
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manufactured by flame hydrolysis. The internal transmittafd¢¢PFS at wavelength of

185 nm is certified to meet the conditi®ferna = 88%/cm.

Fused silica is used in many areas of the industry and acadessarch. It can be
purchased at a reasonable price. Many companies sell and castorate fused silica
apparatus. So fused silica is an excellent candidate mdter@lr application because

of its high quality and wide availability.
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Fig. 3.5. Internal transmittance of Corning HPFS standard grade fused silica

Conventional quartz products are in the form of plates. A piece ofzqgolate has high
transmittance, seemingly having nothing to do with high reflectancea Biatple model
can show that, if properly arranged, a number of highly transparent quartztptgther

can exhibit a very high reflectance [40]. See Fig. 3.6.
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Fig. 3.6. A reflector made of N pieces of quartz plates and back reflecting
surface

ConsiderN quartz plates placed parallel to each other to form a pile.didtance
between any two plates is not essential. Light incident norroallthe surfaces of the
plates undergoes a series of reflections at the quartz afag#s. The net reflectance is
given asRy = iifip. Let p be the reflectance at each quartz air interfaceée the
reflectance at the back surface. Lgbe the light intensity traveling down the direction
as shown in Fig. 3.6. For the case of only one quartz plate, werttarthe following

equations fory;
i1=iop+i3(1_:0) (3.2)
i2 = io(l_ p)+ i3,0 (3.3)

i3 =i2,0+i5(1—,0) (3.4
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i4 :iz(l_p)"'isp (3.5)
is =i, : (3.6)
Solving these simultaneous equations gives the net refledgance

_iy _n+2p-3p
R T o2 (5:1)

For the case of two quartz plates, the relationship betvisgeand i, is just the
relationship between andip in the one quartz plate case. So we replace equation 3.6
with the following equation

is =i,R . (3.8)
Clearly nowR; is in the place of. So to geR,, we simply use equation 3.7 but replace

n with R;. After some algebra, we get

_n+4p-51p
RQ_—“Sp_Mp. (3.9)

Doing this again, i.e. replacingwith R, in the above equation, we get the reflectance

for a three quartz plate pile

_n+6p-Tnp
SY/R il Iy 3.10
R, 1+50-6p (3.10)

After using some reasoning and calculating, we get the finalt fes the reflectance of

an N quartz plate pile

_n+ 2Np - (2N +Dnp (3.11)
1+ 2N -D)p-2Nnp '
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It is easy to check that for lard& no matter what valugsandy take, the reflectance
approaches unity. For a quartz air interfgeaes 0.04. Fig. 3.7 shows the reflectance

dependence on the number of layers of quartz plates for difievahtes.
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Fig. 3.7. Reflectance of a pile of quartz plates for diffeperdlues p=0.04.
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We can see that for sufficiently large N, the reflectadmes not depend on the value of
n, as we expected. Fig. 3.8 shows the dependence of the reflectancenomtiex of
layers fory = 0 andp = 0.04. The reflectance reaches 0.99Wat 11500 For a normal
quartz plate with thickness of about 2 mm, it means that attotkiness of 23 m is
needed. The essence of this simple simulation is that multyz# seflections can build
up to reach very high reflectance. Although using many quartz péates practical, we
can use submicron sized quartz particles packed together to atheewame goal:
multiple reflections. We use 1 cm for a reasonable estimatidheothickness of the
apparatus we are going to build. To achieve a reflectance of 0l#9%jzie of each
particle should be on the order ofufin. We should be reminded that in the derivation
above, we have neglected the absorption of the material. For lighg#ssiugh 11500
layers of quartz plate (or particles), even a small absorptiancease significant
degradation in reflectance. We have known that, in quartz, impuateeshe main
causes of absorption. So we need a material composed of high puriy paricles

with sizes around one micron or less.

2. Fumed Silica

At first our group tried to make our own quartz powder and observeditie
reflectivity and diffuse nature of the powder [40]. But soon, it wealized that
commercial high purity quartz powder exists with the name of fusiied. Aerosil is a
line of fumed silica products from Degussa. It is silicon dioxpdevder made from

vaporized silicon chloride, oxidized in high temperature flame withaitl Q. In this
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reaction, hydrogen chloride (HCI) is the only byproduct which cagalsdy separated as

it remains in the gas phase. Content of trace elements caadeevery low. The Si©
content, by weight, can be as high»a89.98%. The average primary particle size can be
a few nanometers to several tens of nanometers. The bastepaate not found alone.
They form aggregates, which then form agglomerates. Fig. 3.9 ang. Higshow SEM

pictures of fumed silica aggregates and agglomerates [41].

*xZ200000 Z00nNnm Z 00KV Zmm
#6561 SILICA AGGREG MUT DRESDEMN
S1Z2 x S12 KS=1T.ITIF

Fig. 3.9. Fumed silica aggregate.
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Fig. 3.10. Fumed silica agglomerate.

Several Aerosil products, i.e. Aerosil 380, Aerosil 90 and Aerosib&Gvere tested for
their reflectivity and diffuse property [40]. To compare the réfld@y of the quartz
powder (in this dissertation, quartz powder, although not exact, mfeasarne thing as
fumed silica does.) and that of Spectralon, a setup as shown in.Figwas used.
Samples were rotated under an integrating cavity so diffeaemples were exposed to
the laser beam alternatively through a small port on the caiiity laser beam was
incident on the samples at an angle off@m normal. The reflected light was collected

by the integrating cavity and measured by a Hamamatsu 1P21nplitpdier tube
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(PMT), which was mounted on the side of the cavity. A baffle wad ts prevent any

light from reaching the PMT directly from scattering d¢fétsurface of the samples. The

result is shown in Fig. 3.12.

Integrating Cavity

Fig. 3.11. Setup to compare the reflectivity of Spectralon and several fumed
silica samples.

Signal, arb. units

Spectralon, Aerosil 380, Aerosil 90, and Aerosil EG50

Fig. 3.12. Relative reflectivity of Spectralon and several fumed silica sample
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From Fig. 3.12, it is clear that Aerosil 90 and Aerosil EG 50 both have higher refiectivi
than Spectralon, while Aerosil 380 has almost the same reflgctisiSpectralon. The
“dog ears” in the graph are due to the specular reflections frometad rings that were

used to support the samples.

In the above experiment, it was shown that the Aerosil samplesfoutpeSpectralon in
reflectivity when compared relatively. More knowledge could be gained know the
absolute reflectivity of the Aerosil samples. There is a teaylo this. Consider the
cavity as shown in Fig. 3.13. The wall of this cavity is madehef highly diffuse
reflective material that is under investigation. The cavitglased except for one small
opening for an optical fiber carrying light in or out the cavitypgose that at one
infinitesimal time interval, a population of photons is releasemthnd cavity through the
fiber. Then the outward irradiance is sampled using the séme An exponential
decay in the irradiance is expected. The time constant oflélcesyz is determined by

the absolute reflectivity of the wall as given below

r= —ig, (3.12)
Inpc

wherep is the reflectivity of the walld is the average distant between collisions as

discussed in the previous chapter, amlthe speed of light.

Plotting out the time response of the irradiance and fittingith \&n exponential

function, we can calculate the reflectivity of the matgriasingr andd .
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Integrating cavity

Q

Fiber

Fig. 3.13. Setup to measure the absolute reflectivity of material.

In the real measurement, a cylindrical cavity with both thedtar and the height equal
to 5 cm was used [40]. The thickness of the wall was also 5 cofibers were used to
minimize the interference between the input and output pulses. Light was introgliaced i
the cavity by a multimode fiber. Another identical fiber locatedi©gree apart from the
input fiber was used to sample the outward irradiance. A HamamhaB21l
photomultiplier tube was used for the detector. Fig. 3.14 shows the tghegaés of the
input pulse, the output pulse and the exponential fit to the output pulse. Reom t
exponential fitting parameters, the reflectivity was deterchexe0.998 at wavelength of
532 nm, and 0.996 at wavelength of 266 nm. Both were believed to be titiflose
reflectivity ever measured at the respective wavelength. pect@lon, the reflectivity

is ~ 0.991 at 532 nm and ~ 0.96 at 266 nm. The advantage of the fumedssdi¢iva

diffuse reflector is obvious.
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Fig. 3.14. Typical shapes of the input pulse, the output pulse and the
exponential fit to the output pulse in the absolute reflectivity measurement.

The bidirectional reflectance distribution function (BRDF) wa® aheasured [40]. The
setup is shown in Fig. 3.15. A collimated laser beam hit the sudbeereflective
diffuse sample from a specified angle. The detector was salmxe the sample from a
fixed distance across the angle from -90° to 90°.

Detector path

| Diffuse reflectod

Fig. 3.15. Setup to measure the BRDF of a diffuse reflector sample.
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The BRDFs of Spectralon and Aerosil samples were measured anghrenl in Fig.
3.16 for several different wavelengths. The curves have been afffatilitate visual
presentation. It is clear, from the experimental results, thatAerosil sample is
performing better than or equivalent to the Spectralon samples femember that a

more constant BRDF means a better diffuse reflector.
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Fig. 3.16. Comparison between BRDFs of Spectralon and Aerosil samples at
three different wavelengths.

In the measurements of the reflectivity and BRDF, fumed silica outperdoBpectralon
in every aspect, with a more noticeable advantage in UV. We Ir@agy known that
Spectralon was considered to “give the highest diffuse reflectance of any kndeviama
or coating over the UV-VIS-NIR region of the spectrum.” So we hdereeloped an

excellent material that potentially could replace Spectralonmany important
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applications where high reflectivity is critical, especiaftythe UV. It should also be
noticed that fumed silica doesn’t have the problem of deterioratioler exposure to
UV illumination. The fumed silica has two disadvantages. Firsttaluke fine powder
nature of the fumed silica, it is fluffy and occupies a largeime, most of which is
empty space. Consequently, it must be pressed into a relatmalyv®lume in order to
achieve the desired reflectivity. Although at this point it igmissolid, it still should be
supported in a container to maintain a specific shape (More hecstiable forms have
been obtained after firing in a kiln). In this work, to makeyéndrical cavity, two
cylindrical tubes with the right size were cut and propergeasled. Then the fumed
silica was packed between the two tubes, just like a sandwichfuiex silica was
pressed while packing. The transmission of fumed silica sampiegr different
pressures was investigated [40]. Second, due to the large sudacefdhe material,
moisture and other volatile materials are readily absorbed. édudting contamination
lowers the reflectivity. Consequently, the powder is baked atgh t@mperature to
eliminate moisture and other volatile contaminants. All our funiexh ss baked before

being used to build our research apparatus.

3. Integrating cavity assembly
Fig. 3.17a and 3.17b show cross sections of the integrating cavitydggarallel and

transverse to the Z axis.
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Fig. 3.17a. Cross sections of the integrating cavity. Side view.
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Output fiber

Input fibers

Fig. 3.17b. Top view.

The assembly consists of two concentric integrating cavities.olbher cavity has a
hexagonal cross section with 107 mm across the inside facesalltss wnade of six
interlocking Spectralon plates attached to each other by ngtews. Each plate is 12.7

mm thick and 254 mm high. Two 19 mm holes were drilled on two platesder tw
mount the sampling fibers in previous experiments. In the preseniragpéronly one

hole located at the center of one plate was used to sampleati@nce in the outer
cavity and the other hole was plugged. A Spectralon cup with 19 mm OD and 4.8 mm ID
is inserted into the hole and terminated at the inner surfate @idte. An optical fiber

was inserted through the side of this cup, to sample the irradiaribe iouter cavity.

The fiber is Thorlabs catalogue number FT-800-UMT. The diamettdreotore is 800
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um, and the numerical aperture (NA) is 0.37. The fiber carries the lighttopper box,
where it is modulated and then detected by a photomultiplier tubeerdseof the outer
cavity are closed by two hexagonal Spectralon caps 12.7 mm thidk hEaagonal cap
has a 19 mm center hole for the quartz sample cell inlet and tuliks. End cap also
has three 2 mm holes to insert the six input fibers that ddigharto the outer cavity.
The three holes are on a 113 mm diameter circle, 120° apart. Onagattiey are offset
by 60° with respect to those on the opposite cap. The input fibers G0@pan core
diameter and a 1.0 mm nominal overall diameter. The ends of the ibput fre
arranged in a vertical linear array that collects light olieriteight of the exit slit of a
monochromator. The other ends are inserted into the holes on the Spemticlcamps.
The arbitrary choice of six input fibers provides direct illuminatdrthe entire outer
cavity. However, the diffuse reflectivity of the Spectralosashigh that even one fiber
would have probably been sufficient to provide the required uniform illuramaf the

sample volume.

The inner cavity is enclosed by the fumed silica packed betweeifused silica cells.
The sample cell is made of Suprasil tube from Heraeus Qu&hz8& mm OD. The
main body is about 135 mm long and tapers into a 125 mm long, 5 mm ID, @Dnm
quartz tube at each end. The tubes are used to fill and emptylith&heetaper is
necessary to avoid trapping air at the top of the cell whendfilind to avoid leaving
water at the bottom when draining. The capacity of the samfilesc866 ml. The

outside surface of the main body is heavily frosted in order to nzeirapecular
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reflection effects when light enters the cell through the quartinterface. The out side
of the fumed silica region is a tube made of the TOSOH EDQ+#thssized fused silica
with 96.5 mm ID and 105 mm OD. The tube is 152 mm long. Two end capsades of
the TOSOH ES fused silica ground disc with a 105 mm diametea@20 mm diameter
center hole. To make the structure strong, the bottom cap is welgletthér with the
tube. On each end cap, a Suprasil 300 fused silica tube is welded. Thagubé&7 mm
ID and a 20 mm OD. Fumed silica is packed between the two &ikeal cells. When
packing, a small amount of fumed silica is put in the space batiweo cells and then a
small quartz rod is used to press the fumed silica down until the powder fe®lgkeh
more fumed silica is used. It is a tedious process to pack thedfgitica; a lot of
patience and experience is required. A dark room and a flashlighttdvedheck the
uniformity of the fumed silica wall. For example, illuminatitige sample cell using the
flashlight and observing from the outside, a bright spot indicateaca pthere fumed
silica is packed too loose and needs to be fixed. At the ends oévitg, ¢the fumed
silica is sealed with two Spectralon plugs. An output fiber isqulan the sample cell
through the outlet tube at the bottom of the cell to sample the ouirsaaldance in the
inner cavity. The fiber has the same specifications as the omk tossample the

irradiance in the outer cavity.

Samples are delivered to the sample cell through quartz tubing teescTygon high
purity plasticizer free tubing. Use of Tygon tubing is minimizea@void contact of pure

water with any material other than quartz. The entire integratavity assembly is
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placed in a small dark space built up with light shielding clothhat gtray light is
minimized. Any tubing or fiber that enters the cavity is codength shielding cloth,
because environmental light can easily propagate through thesewga&eguides into
the cavity and contribute a noisy background. Because the light sseuteak in the
UV, it is especially important to avoid a stray light backgroundiriguthe experiment,

the room lights are turned off to further minimize any background light.
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CHAPTER IV

PURE WATER SYSTEM

1. Purewater specification

Absolute pure water is hard, if not impossible, to obtain in the labgragcause, in
part, pure water will attack the container and quickly absorb camaats from the
environment. Many early measurements of absorption on pure waftaveed because
of the quality of the water used. Some researchers used gagtigex containers and
reported that the absorption increased after extended storages ofiger sample in the
containers. Some of the previously accepted water purification medinedst able to
produce ultra pure water. For instance, water triply distilled iquartz vessel still
contains some organic materials with low boiling points. Organic arofial
contaminants can be removed by UV treatments, but that reducessistevity of the

water.

Many professional organizations have published standards to sperifyality of pure
water, such as the American Chemical Society (ACS), theridareSociety for Testing
and Materials (ASTM), the College of American Pathologi€i8K), the International
Organization for Standardization (ISO) and the National Committee Clinical
Laboratory Standards (NCCLS). In the standards, water is f@dssiccording to the
electrical resistivity, organic or microbial contaminants and otbataminants present.

The electrical resistivity is used to indicate the ion contantvater. The organic
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contaminants can often be specified by the total organic carbon)(Mth is a
critical parameter to our experiment because any organic coraarmiwill adversely
affect our measurement of the optical absorption in UV. The ASTM [Standard for
Electronic Grade Water specifies type | water as havimgramum resistivity of 18
megohm-cm and a maximum TOC of @§/liter. Type Il electronic grade water is
specified as having a minimum resistivity of 17.82Mm and maximum TOC of 50
ug/liter. In other standards, the type | and type Il may haverdift specifications. In
our project, we have traditionally adopted the definition that the tywater has at least
a 1.0 megohm-cm resistivity at 25°C. And our type | water is tiad firoduct from our
commercial water purification system; it consistently &assistivity of 18 megohm-cm

and a TOC of < 5ppb.

Many types of water purification methods are available, sucHisiglation, active
carbon adsorption, microporous membrane filtration, reverse osmosB), (R
electrodeionisation, UV treatment, and ultrafiltration. Every methad its own
advantages and disadvantages. Modern water purification systerascas®ination of

several methods to obtain ultra pure water.

2. Water purification system
We use a commercial water purification system from Millipmr@roduce the ultra pure
water for our experiments. The system consists of three sabsisan Elix 10, 60 liter

polyethylene storage tank, and a Milli-Q Gradient A10. The Elixslibe pretreatment
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unit, which will produce type Il pure water. The Milli-Q subsystsrthe polishing unit,
which will produce type | pure water. Because Elix 10 is slawegroduction rate than
the Milli-Q system, the 60 liter tank is used to store typedter produced by the Elix
10. The Milli-Q is thereby provided with a sufficient water supphen a large amount
of ultra pure water is needed. When the Elix 10 has filled the tarkshut off by a
water level sensor in the storage tank. The tank is made oftipgh®e, which is the
best material for storage of pure water according to Millipéig. 4.1 is a block

diagram of the water purification system.

A. Progard pretreatment
pack
B. Booster pump
C.Reverse osmosis (RO)
cartridge
D. Electrodeionization
(EDI) unit
E. 60 L polyethylene tank
E F. Pump
G.Q-Gard cartridge
Type Il H.UV lamp
water I. Quantum ultra-pure
""""""""""""""""""""" cartridge
J. 0.22um final filter
K.A10 TOC monitor

<7
‘H

Fig. 4.1. Block diagram of the Millipore water purification system.
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The Elix 10 produces type Il water from the tap water by combiseveral purification
technologies. Tap water passes through a Progard pretreatnoénfirsg which is
designed to remove particles and free chlorine from the feeat.Wataddition, it helps
to prevent mineral scaling in hard water areas. The watberspressurized by a pump
and sent through a reverse osmosis (RO) cartridge to genatatmediate quality
water. Next, the RO product water passes through an electrodgioni¢ZgEDI) module
to reduce levels of organic and mineral contaminants. The tymsstivity of water
produced by Elix 10 is 10 - 15 megohm-cm and the total organic carla@) (i§ less
than 30 ppb(g/liter). The product water is then stored in the 60 L polyethytank.
The tank has a vent filter on the top cover to prevent bacteriangrair borne
contaminant from entering the tank. An overflow tube on the side prewestiling. A
valve at the bottom provides access to type Il water direaiiy the tank for rinsing

pure water containers.

The Milli-Q system is used as a final water purificatioage, or so called “polishing”
stage. The feed water comes from the 60 L polyethylene tapkoduces ultra pure
water, which is equal to or better than ASTM, CAP and NCCLS typater quality
standards. Feed water enters the system and is pumped thro@iGtre cartridge for
an initial purification. Then the water is exposed to UV light@h 185 nm and 254 nm
to oxidize organic compounds and kill bacteria. The function of the Quantum carsridge
to remove trace ions and oxidation by-products produced by the actiba ofV light.

The ultra pure water is obtained after this cartridge. A maweaay valve directs ultra
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pure water through a final 0.22n membrane filter so that any particles or bacteria
greater than 0.2gm will be removed. An A10 TOC monitor is installed to sample the
ultra pure water and determine trace organic levels. Thisaspeature makes real-time
organic content monitoring a reality. The final product of the wststem consistently
has an electrical resistivity of 18.2 megohm-cm and TOC of 3 — 4 pjzbmlaintained

at a stable temperature of 25 + 1 °C.

3. Sample preparation

The water purification system is installed in the same ro®th@lCAM, so fresh type |
pure water can be used whenever ultra pure water is needed. Mtamhers are made
of Pyrex glass; some critical ones are made of quartz.géteessels made of plastic are
avoided because ultra pure water can slowly leach organic cowtatsifrom the
container wall and adversely affect our measurements in thélastic tubing used for
transporting the pure water sample is not avoidable, but is limitetiet minimum
possible. Whenever flexible tubing is needed, Tygon high purity plasticizetuioeng is
used. Tygon tubing is chosen for its high purity and flexibility. Quarking is used

wherever rigid tubing is acceptable.

All glassware, including Pyrex or quartz containers, measwytigders and pipettes,
were initially soaked in an acid cleaning solution, which was nadelissolving
potassium dichromate in type Il water and then mixing with coreteatrsulfuric acid.

This solution, also known as “chromic acid”, is widely used in the @tgnaboratories
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for cleaning glassware. The glassware was then rinsed wehlltyjure water at least 5
times and subsequently rinsed with type | ultra pure watexast B times. It was then

filled or immersed with type | water for at least one week before use.
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CHAPTER YV

APPARATUS

1. System overview

The ICAM system was developed originally by Pope and then modifi€guband Lu
[39, 42, 43]. The current system was improved to facilitate meagssmall absorptions

in the UV. The system includes both hardware and software componkathafdware
components produce signal§ and S. The software components automate data
acquisition, control hardware components, and provide signal processiranagdis.

Fig. 5.1 is a block diagram of the ICAM system.

Xenon Arc Lamp Computer Running _ -
LabVIEW with GPIB < »  Lock-in Amplifiers
¢ Controller
Monochromator | g
Input Referencd Signal
Fibers
Integrating Light
@ > Cavity —>( chopper—>| PMT
Assembl Output Fibers|
Millipore Water R y Hioh Purit
Purification Systent » Quartz Tubing< g y N

Fig. 5.1. Block diagram of the ICAM system.
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2. llluminating components

For illumination purposes, a broad band light source is used. Light mdduc the

source passes through a monochromator. The monochromatic output ligheateddby

the input optical fiber bundle and carried to the integrating cawserably. The
wavelength of the monochromatic light can be scanned acrossatleewgth range of

interest.

An Oriel 6255 150 W ozone free xenon arc lamp is used as the ligokesdiuinas a flat
irradiance spectrum from 300 nm to 800 nm. In the infrared regionptdatrgm has
some peaks and extends to over 2.4 um. The irradiance begins to drayekangths
below 300 nm, but it is still appreciable at 250 nm. The lamp is doyem Oriel 68700
200 W lamp power supply and is set in an Oriel 66005 lamp housing. A coatizld
concave mirror is installed on the back side of the housing to cbfjatfrom the lamp
and reflect it into the forward direction. The mirror can be adjusted such thavdned
image of the arc lies on the arc itself. A 3 inch diamé@v fAspherab UV grade fused
silica condenser is mounted on the front of the housing to colleagtitdrom the lamp
and the back mirror. The focal length is about 52 mm. The condenser praduces
collimated beam from the arc with negligible spherical abierraand high efficiency.
The collimated beam then passes an Oriel 6214 water filtethwhimounted on the
condenser and filled with type | pure water. Because of the higivpios of water in
the infrared region, undesirable infrared radiation is removedéfiltar to reduce the

thermal load in the subsequent stages. The filter is cooleddufating water, which in
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turn exchanges heat with the cooling water in the building. Tambeg then focused by
a 3 inch diameter Oriel 41980 plano convex fused silica lens ontotitzaee slit of the

monochromator. The /2.6 lens has a focal length of 200 mm at 580 nm.

The light path from the focusing lens of the arc lamp to the recgraof the
monochromator is shielded from dust and unintentional obstructions bgeagdiblack
corrugate PVC drainage pipe. The shield also serves to redusteahéight entering the
monochromator entrance slit. A Copal DC-494 plunger shutter with 30 nmettiais
installed in front of the entrance slit of the monochromator. Closiisgshutter makes it
possible to measure the ICAM background signal due to the photomuldigtiecurrent
and any stray light that might reach the photomultiplier tube. The shutter isgublayea
DC 24 V plug-top transformer, which is controlled by an HP 6214A pougplg. The

shutter defaults to be closed when the power is off.

When measuring the absorption coefficient in the UV, a Schott U&&s dilter is

inserted in front of the monochromator to block visible light and thdscee the stray
light level in the monochromator. The UG5 glass filter has artremsson greater than
80% for the wavelength range 250-390 nm. The transmission ishi@ssl0% for the

wavelength range 450-660 nm.

The monochromator is a Digikrom 240 from CVI Laser Corporation. & ddassical

Czerny-Turner scanning monochromator with a 240 mm focal length aeffemtive
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aperture ratio of f/3.9. The monochromator was upgraded to include W gpics
inside and a reversible two-grating mount. Both gratings have adt206/mm ruling,
the first has peak transmission at 500 nm and the second at 330 nnec®he sne is
used when the UV measurements are made. Both gratings 8i2enan/mm reciprocal
linear dispersion; therefore a 6Qfn slit width will provide a 1.92 nm bandwidth. The
monochromator can be controlled either by using a hand held keypad a@ttacthe
monochromator by a RS-232C serial port or via an IEEE-488 (GPIBfaoée The
primary control of this instrument is by a Macintosh computer runmhiagVIEW

through this GPIB interface; this facilitates automated data collectioaraiysis.

The input fiber bundle is composed of six silica core silica dlzetd. Each fiber is 1.5
meter long, with a 60@m core diameter and a 1.0 mm nominal clad diameter. Each
fiber is shielded in a protective cable. This custom-made assérabiyC Technologies
Inc. is used to couple light from the monochromator into the integratmity. At the
input end the six fibers are arranged in a linear array and el®thed an aluminum
ferrule, which is secured in a transparent Plexiglas blockd®t acrew. The orientation
of the linear fiber array with respect to the exit slit, amel distance between the fiber
and the exit slit can be adjusted and locked with a set screwPlErgglas block is
mounted on a Newport X-Y translation stage which is attached totee plate in front
of the exit slit of the monochromator. This stage is used to atijgistansverse position
of the fiber relative to the exit slit. At the output end eachrfilg@minates in an

aluminum ferrule for protection. The output end of each fiber extends ab®utm
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beyond the ferrule and through a 1 mm 1.D. hypodermic tube. All the éibés have
been polished by Thorlabs polishing films & film followed by 3pum then 1um

films).

The integrating cavity assembly and the output fibers have beersskstcin chapter 1l
in detail and will be briefly reviewed here. The integratiagity assembly is composed
of two concentric cylindrical cavities. The outer one is formedbpgctralon; the inner
one is formed by fumed silica packed between the sample cel &mskd silica tube.
Six input fibers carry light collected from monochromator into theer cavity to
provide uniform illumination of the sample stored in the inner cavitye outward
irradiances of the cavities are sampled by two output fibers.eTtes output fibers

carry light to the light chopper box.

3. Detecting components

The chopper is a Model 197 precision light chopper from EG&G Princefiplieil
Research. This extremely compact unit comprises the dualisgpehopper disc, motor
and necessary driving electronics. The head contains all the canttolrg to keep the
chopper blade synchronized to its own internal precision oscillatéo @an external
frequency signal. The unit is powered by an HP 6235A power supmdye&re two sets
of apertures on the chopper disc. The outer 30 apertures cover the fyecarayec 150-
3000 Hz and the inner 3 apertures cover the frequency range 15-300 Hzth@nce

frequencyf is set to a specific value using the 4 digit pushbutton frequsglector, the
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light going through the outer apertures is chopped at frequienoy the light going
through the inner aperture is chopped at frequéfi€y The unit has two synchronous
square wave outputs with 10 V nominal peak to peak values. One of the putsduds

a frequencyf, the otherf/10. These two synchronous signals are fed to two lock-in
amplifiers as references. The whole unit comes in the form lofack box with two
windows on the front and back sides of the chopper disc, just opposite eachf dkiee
output fibers from the integrating cavity assembly are mounted owomw and a
photomultiplier tube (PMT) mounted on the other, no stray light from outhigldox

can reach the PMT, thus background noise is minimized.

For wavelengths below ~300 nm, the signal is weak and minimizing moissential.
All noise sources were identified and eliminated. In the chopper boxjgiat emitting
diodes (LED) are used to facilitate measuring the choppedspée two LEDs emit
infrared light at around 900 nm. The infrared light bounces aroundeirbox, gets
modulated by the chopper and finds its way to the PMT through the wimpdogycing
a significant amount of background signal. To remove this background, digmdiber
coupling assembly as shown in Fig. 5.2 is used. The output fibers Hie@mtegrating
cavity assembly are fixed on an aluminum block. The aluminum blot¢lershounted
on the chopper box in such a way that the ends of the fibers grelese to the chopper
blade and each fiber pointing to either outer aperture or inneusperspectively. On
the other side, two short pieces of optical fibers with ladigmeter are mounted in the

same way. These two fibers are Thorlabs BFH37-1500 multimode filpdr a 1.5 mm
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core diameter. The two pairs of fibers are aligned to each sularthat the short pieces
of fibers efficiently accept the light from the output fibereeTPMT housing is attached
to the aluminum block on which the short fibers are fixed. The onlylighican get to
the PMT is through the two short fibers. In this design, signal igglvansmitted with

little loss while the background light transmission is minimized.s T$ignificantly

increased the signal noise ratio (SNR).

PMT Housing
Chopper Box
Fiber from inner cavity
PMT —Auminu— Aluminum
Block Block
— — | —
29
&8
e)
TTTTT &
| A _ _
: : Fiber from outer cavity

Fig. 5.2. Fiber coupling assembly mounted on chopper box.

To further reduce the effect of the 900 nm LED, the detector wémnsmmatsu R1527
PMT that is specified for the wavelength range 185-680 nmpdéstial response drops
quickly at wavelengths longer than 680 nm. It has a peak anode sgnsiti¢i0 x 10
A/W at 400 nm. Anode dark current is typically 0.1 nA. The PMT is erdlds a

magnetic shield that is connected to the electrical ground; set inside a housing
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together with the resistor voltage divider. The PMT is operatdd 00 V DC applied
across the voltage divider; its output is terminated by a 4X%résistor. A BNC cable
carries the output signal,i to the lock-in amplifiers. This signal,& includes the
information from both the outer and inner cavities. Because theychemped at two

different frequencies, the information can be extracted by two lock-in a@nglif

One lock-in amplifier is a Model 5210 from EG&G Instruments, therothe@ Model
SR830 from Stanford Research Systems. In our setup, light frormrike cavity is
chopped by the outer aperture with frequehdyhe synchronous signal with frequericy
from the light chopper box is fed to the SR830. Thus, the SR830 providésndre
cavity signal §. Similarly, the EG&G 5210 produces the outer cavity sigaalstg the
synchronous signal at frequen®t0. These two values,pSand S, are read by the

computer through the GPIB interfaces on the back of the lock-in amplifiers.

An oscilloscope can be used to monitor the sigpal fBom the PMT. But when data is

being taken, the oscilloscope is detached to avoid loading by the scope input resistance

4. Software

A Macintosh Quadra 84 equipped with a National Instruments IEEE-488 controller
is used to control the equipment and obtain data from the equipment foerfurt
processing. The monochromator and the two lock-in amplifiers amneected to the

computer via GPIB cables. The data acquisition, instrument control, igndl s
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processing are accomplished using the LabVIEW programming landpaegeéNational
Instruments. LabVIEW is a graphical programming language witmy built in
functions for instrument control and data analysis. In LabVIEW, the gnuger creates
a virtual instrument (VI) which consists of a front panel and akbtib@gram. The front
panel is the user interface, providing the input and output parametdfrsefprogram.
The block diagram contains the actual programming “code” thatausembination of
built in functions and custom functions. Because of the popularity of LalbyEome
manufacturers provide custom LabVIEW programs along with their instrtean
Consequently, the user only needs to use those custom designed progrsms as
programs to perform the basic operations of the instrument. For exathge
monochromator used in this experiment came with a set of progoanasljtisting the

wavelength, setting the slit width, and acquiring the equipment information etc.

In our LabVIEW program, we send commands to the monochromator to dugusitt
width and set the initial wavelength. We then wait for the lockmplifiers to settle
down before reading the valueg &d S. S is then calculated from/Sy. All this

information is written to a text file. The wavelength is thdmarged by some
predetermined step and all of the above is repeated. Steps in tHengdvare repeated

until the final wavelength in the desired range is reached.

The resulting text file containing the wavelengths and theaki§is then processed by

MATLAB programs to give the final results for the absorption coefficients.
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CHAPTER VI

EXPERIMENT RESULTS

1. Preliminary tests

Although the Xenon light source produces broad band spectrum radiation, the
illumination system has a low throughput at wavelengths less 3@8@&nnm. Careful
alignment of the optics must be done to optimize the throughput in theedidh. After
alignment, the output power of the monochromator at the exit slit is measured. dlhe res
is shown in Fig. 6.1. The entrance and exit slit widths are €&t0atm. The total output

power of three (out of six) input fibers is also measured and shown in Fig. 6.2.
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Fig. 6.1. Output power right after the monochromator exit slit.
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Fig. 6.2. Total output power of three input fibers.

The integrating cavity assembly, output fibers and the PMEmResed in a small dark
space made of light shielding cloth. Almost all environmental lightlocked by the
shield. When data is being taken, the room light is also turned offimimize
environmental light. The background signal is measured by closing the shuttartiof
the monochromator and reading the two lock-in amplifiers. When theeslmiitlosed,
no light from the arc lamp enters the cavities. Under these comglitihe reading from
the inner cavity is less thanu/; from the outer cavity is less thamu¥. Fluctuations of
the background signal are of the same magnitude. Compared to thks signare
measuring, which are at least 2 mV in magnitude, this backgrourmkagnored. These
background measurements were made when the room is in a congilatess. But

even when the room light is turned on, the outer cavity signal is less thaV 0@l the
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inner cavity signal is about 1 mV. The inner cavity signal isnipadue to the light
guided by the quartz tubes directly into the inner cavity. 8imiglthe tubes is important
to minimize the environmental light background and noise. Without thilisigecavity

signals easily saturate the lock-in amplifiers.

The time dependence of the signal during the equipment warmaspnwestigated in
[39, 42]. To minimize warm-up effect, all the equipment was leftlonng periods of
data acquisition; this avoided the need to wait about two hours everyoddke
equipment to warm up. Every round of data acquisition usually took aboudrdn®
days. Consequently, it was necessary to investigate the podsddhing of
contaminants from the wall of the sample cell. In previous stuthesabsorption was
found to increase if the pure water sample was left in the saogll for an extended
time, probably due to the contaminants from the cell wall. Tostiyate this effect in
our new cavity, we left the pure water sample in the samfil@r@ measured the full
cavity signal at a wavelength of 300 nm every 30 seconds for 232240 se6driils (
hours). The result is shown in Fig. 6.3 and Fig. 6.4 shows the histoghanav&rage of
the data is 1.80 and the standard deviation is 0.02. During the 64.5 houlighwesee
any significant change of the full cavity signal except statistical noise. This is
because the material chosen for the sample cell is the pptsal material. The
Heraeus Suprasil synthetic fused silica is manufacturecamefhydrolysis to extremely

high standards. The resultant material has an impurity corftentyoabout one part per
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million. Thus the contaminants coming off the sample cell walhagdigible and don’t

have an observable effect on the signal.

Average: 1.80
Standard Deviation: 0.02

2.00E+00

1.80E+00

1.60E+00

1.40E+00 -

1.20E+00

1.00E+00 \ ‘ ‘ ‘
0 50000 100000 150000 200000

Time (s)

Fig. 6.3. Signal dependence on the time that the sample is left in the cell.
(Wavelength at 300 nm)
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Fig. 6.4. Histogram of the signal measured over time.

2. Calibration

In chapter Il, we have obtained the relationship between thelsaabsorption
coefficient and the slope of the signal versus volume, equation 2.17. éeitwdtown
again here as our basic working equation

o5 _a (6.1)
v, C

where we have omitted the explicit factor 4; it is included incédéoration constant;.
It should be noted that this relationship is true not only for purerpatit also for any
liquid medium. To obtain the slope, the volume of the sample in thelsaell is varied
and the corresponding signal is measured. The slope informatio@niobtained via a
least square fit to a straight line. A typical set of datshown in Fig. 6.5. The sloge

i.e. dS/0V , for this set of data is 0.0032. The volumes are chosen from 50 mL to 550
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mL in intervals of 50 mL. We avoid choosing O mL and full cavity, becaosénearity

effects occur at these two extremes in volume [39, 42].

3.50E+00

S =0.0032V + 1.6312 -

3.00E+00 -

2.50E+00

2.00E+00 -
-

1.50E+00

1.00E+00 T T T T T T T T T
50 100 150 200 250 300 350 400 450 500 550

Volume (mL)

Fig. 6.5. A typical set of signal versus volume data. The blue line is
determined by least square fitting.

If we only make measurements on the pure water sample, we don’tenawvgh
information to determine the absorption coefficient because we don’'t €ao@, is a
calibration parameter depending on so many characteristics @AM that it can only
be accurately determined by experiment. We determine valu@satfeach wavelength
using the following calibration procedure; the absorption coefficient of pater is

determined at the same time.
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If we have a solution for which we already know the absorption icaeft asgtion We
can obtain the slope information for the solution in the same wagrgsufe water.

Specifically we have

— Bater
= L 6.2
= (6.2)
and - Asolution , 6.3
P, == (63)

wherep; is the slope for pure water apglis the slope for the solution; both have been

determined from the experimental data.

However, for a solution of a solute in a solvent (water in our casefake the total
absorption of the sample to be the superposition of the absorption valués of i

constituents. That is

Bsotution — Awater + solute- (6.4)
In our experiment, we choose Irgalan Black, a dye powder, as tite aold pure water
as solvent. We first prepare a master dye solution by dissaiogt 50 milligrams of
the Irgalan Black dye powder in 250 mL of type | pure watée Ultrasonic bath was
used to break up the dye patrticles and facilitate the dissgivougss. We then filter out
the leftover un-dissolved particles using Fisherbrand P5 filter papeérdilute the
solution to a 2 L volume. The absorption of this solution is measured using a Sprctrama
Plus® spectrophotometer. Spectramax Pitiprovides a measurement of the optical

absorbance of a sample solution in a quartz cuvette with 10 mm &tihtgngth. It has
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a wavelength range of 190-1000nm, an absorbance measuring ranQeddf, @nd an
accuracy of better than £0.005. The dimensionless optical absorbance is defined as
A=log,(l,/1), (6.5)

wherelg is the incident light intensity arlds the transmitted light intensity.

In measuring the absorbance, the light loss during passing thiioeigluvette includes
the reflection off the air quartz interfaces and the water zjuaterfaces, pure water
absorption and dye absorption. The spectrophotometer itself cannot lifferethe
losses due to these different mechanisms. To obtain only the dygptaksowe must
remove the effects of reflections and pure water absorption. Consgguentineasure
the absorbance with only pure water in the cuvette to obtain absera then again
with the dye solution in the cuvette to obtain absorb@aceBy definition, the following

relationships hold for the two absorbangéesndA,:

|, = 1 (L= RYLO Aer = | Q7 o™ Aetecion = | 1074 (6.6)

|, = (L= RYLO e = | g g o™ Autesn™oe | 1072 (6.7)
whereR is the total reflection 0SS\ efiecion €quals to-logio(1-R) and we have used
equation 6.4 for the absorbance of a solution. dlteorbance caused by only the dye
soluteAyye is then the difference between these two measaliedrbancesAgye = A —
A;. Using this procedure, we measured the dye absoebaver the wavelength range,
250 nm to 700 nm in 1 nm intervals. The partialdfahese results from 250 nm to 400
nm in 5 nm intervals is tabulated in table 6.1shbuld be noted that the absorbance and

the absorption coefficient have different meaningse absorbance measures the total
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loss of the sample regardless of its length, and thus is a donlass quantity. The
absorption coefficient measures the loss per unit length, and has afunit.
Comparing the definition of absorbance and the definition of the abmomaiefficient

used in the thesis, we obtain the relationship as

1, 1 In10 | Aye
Byasternye = 0 In |—° = o |091o|_0 = 2.303Ty (6.8)

whereL is the path length through the sampleis 10 mm for the quartz cuvette used in
Spectramax PI{&. After converting the absorbance to the absorption coefficient, we

have results shown in Fig. 6.6.
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300 +

200

100 -
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0 T T T T T T T T
250 300 350 400 450 500 550 600 650 700
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Fig. 6.6. Absorption coefficient of master Irgalan Black dye.
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Table. 6.1. Absorption coefficient of master Irgalan Black dye from 250 nm
to 400 nm in 5 nm intervals, measured with SpectramaxX®I({Ehe sample
Is contained in quartz cuvette with 10 mm path length.)

Wavelength (nm) Absorption (m'l) Wavelength (nm) Absorption (m'l)
250 532.52 330 253.01
255 486.72 335 241.63
260 452.33 340 231.84
265 416.38 345 222.77
270 381.56 350 218.51
275 343.35 355 213.60
280 308.67 360 211.99
285 288.54 365 210.29
290 277.95 370 208.35
295 273.02 375 205.24
300 271.78 380 202.00
305 274.68 385 199.05
310 276.34 390 196.63
315 275.58 395 193.59
320 271.73 400 190.85
325 264.25

This master dye solution cannot be used for calibration, becausab#weption
coefficient is too large. Since we want to measure pure \absarption coefficients on

the order of 0.01~0.1 T we prefer calibration solutions to have about the same order of
magnitude. We can do this by diluting the master dye solutiecigaly with type | pure
water, using volumetric pipettes and flasks. After diluting thetenatye solution by 800
times, we get a solution with an absorption coefficegtion composed of both solute

and solvent, i.e. dye and pure water as

_ aMasterDye

= + = + ) 6.9
a’SOlutlon Di | utio n a\NaIer adye aWatel’ ( )
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Combining equations 6.2, 6.3 and 6.9, we obtain

1
C=—ay. (6.10)

P~ B
wherep; andp, are slopes for pure water and dye solution, respectively ceedrrom
experiment data, andgye is calculated from the master dye absorption coefficient

divided by the dilution factor. The pure water absorption is then given by

- b
ater e (611)
A P~ P ady

3. Error analysis

From equations 6.10 and 6.11, it's easy to see that errafgdnandC; can only come
from the errors in quantitigs, p, andagye The error inage cOmes from the absorbance
measurement and the dilution process. The smallest absorbance vatwgauddor the
master dye solution in the wavelength range of 250 nm to 400 nm B @i8200 nm).
The accuracy of Spectramax Pfifss < +0.005. So the relative accuracy is < +0.6%.
We first diluted the master dye solution by a factor of 20,thed diluted this second
solution again by a factor of 40 to make a total dilution factor of @0@n diluting, we
have used a volumetric pipette with volume 25 mL and an accuracy of +Q.@Bdma
volumetric flask with volume 1 L and an accuracy of £0.3 mL. Theivelatccuracies
are £0.1% and +0.03% respectively. The total relative accuradpheofdiluted dye
solution is then less than +1% roughly, which is much less than tlestaimties inp;
and p.. Consequently, we will ignore the uncertainty age in the following data

analysis.
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Consider the uncertainties j| andp,. Suppose there ai pairs of measuremen(sS,,

Vi), (S, Vo), ..., (], W), to fit to the following linear function via a least square fit [44]
S=pV+c, (6.12)

wherep is the slope and is the intercept witl§ axis, see Fig. 6.5. Thgmandc are

given by
NY VS->V>'S
p= A
2 _
. >V ZSAZVZVS

(6.13)

where
A=NYVZ-(3 V). (6.14)
All the sums are on the indéxwhich ranges from 1 to N. Because of the stattgrror

in the measurement results, there are uncertaintigandc. The uncertainties are given

by
o, =0 \/W
p T~ Ys\ A
A . , (6.15)
\
JC_US z
A
where
1
O =\/EZ(S -pV,-c)*, (6.16)

with p andc given in equation 6.13.
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The uncertainties ip; andp, will propagate into the uncertainty of the water absorption

coefficientayater, @and this uncertainty can be calculated as

0, =/(0a/op,)* a2, +(3a/dp,)’ 0, . (6.17)

From equation 6.11, we have

% = —p2 ay

9 - _ 2 “dye

az (P, El) . (6.18)
== 8y

apz (pz - p1)

Similarly, the uncertainty in the calibration paraméercan also be calculated as

0, =,/(9C,/ap,)? 0% +(3C, /dp,)*a? (6.19)

where, from equation 6.10,

oc, . 1 a,
0 (p,-p)> ™
agl 2 'il . (6.20)
t=- > Qe
apz (pz - pl)
4. Results

Fig. 6.7 shows the ICAM sign@ as the function of the volum¢é of the pure water
sample at different wavelengths. The linear least square fiite straight line in each
plot. The slope of the fitted line and its standard deviation is showeiplot for each
wavelength. Fig. 6.8 shows the ICAM sigr&abs the function of the voluni of the

dye solution at the same set of wavelengths. The dye solutiintisd from the master

dye solution by a factor of 800 using precise volumetric pipettes and volumetks.fl
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The resulting optical absorption coefficients and the correspondirggtaimties of pure
water at wavelengths from 250 nm to 400 nm, in 5 nm intervalgiaea in table 6.2.

The results were averaged over three measurements.

Table 6.2. The optical absorption coefficients of pure water at wavelengths
from 250 nm to 400 nm, in 5 nm intervals. (Average of three measurements)

Absorption Standard
Wavelength Coefficient Deviation Percentage
(nm) (m™) (m™) (%)
250 0.1036 0.0057 5
255 0.0957 0.0035 4
260 0.1023 0.0030 3
265 0.0950 0.0024 3
270 0.0913 0.0022 2
275 0.0848 0.0025 3
280 0.0747 0.0015 2
285 0.0704 0.0013 2
290 0.0621 0.0027 4
295 0.0595 0.0021 3
300 0.0552 0.0014 3
305 0.0576 0.0017 3
310 0.0516 0.0015 3
315 0.0488 0.0014 3
320 0.0448 0.0012 3
325 0.0373 0.0014 4
330 0.0329 0.0012 4
335 0.02790 0.00086 3
340 0.02223 0.00075 3
345 0.01834 0.00061 3
350 0.01650 0.00072 4
355 0.01517 0.00072 5
360 0.01408 0.00072 5
365 0.01208 0.00060 5
370 0.01144 0.00073 6
375 0.01161 0.00068 6
380 0.00928 0.00097 10
385 0.00836 0.00045 5
390 0.00713 0.00053 7
395 0.00659 0.00059 9
400 0.00655 0.00059 9
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Fig. 6.9 shows the absorption coefficients at wavelengths from 250 400 nm from
the present work, together with Pope & Fry's data from 380 nm to 60Q28mn
Quickenden & Irvin’'s data from 200 nm to 320 nm [17], Litjens, Quickenden &
Freeman’s data [19] from 300 nm to 600 nm and Lu & Fry’s data from 30® 00

nm [39].

Absorption Coefficient of Pure Water

1 )x + Present Work
= Pope & Fry
A Quickenden & Irvin
A ——Lu&Fry
01 A . x Litiens, Quickenden & Freeman

0.01

Absorption Coefficient (m”-1)

0001 T T I T I I T
200 250 300 350 400 450 500 550 600

Wavelength (nm)

Fig. 6.9. The optical absorption coefficients of pure water, including the data
from present work, Pope & Fry’s data, Quickenden & Irvin’s data, Litjens,
Quickenden & Freeman’s data and Lu & Fry’s data.
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At wavelengths between 380 nm and 400 nm, our present work shows geechagr
with the data of Pope and Fry. It should be noted that these tw@eimdient

measurements used two different reflective materials for itibegrating cavity:

Spectralon and fumed silica. In addition, a new pure water systeningtalled, most
optical elements have been changed for UV compatibility, reewd signal detection
system was implemented. The agreement between these two eneastsr has proved
the robustness of the ICAM concept and its usefulness in meashbangbsorption

coefficient of a liquid medium with small absorption.

At wavelengths between 300 nm and 400 nm, our new data is slightly thgimeLu &
Fry’'s data from earlier measurements. Since their datalangs uncertainty at this

region, the two measurements agree well.

At wavelengths between 250 nm and 320 nm, our data is higher than Quick&nde
Irvin’s data. They attributed their low absorption coefficientheir exceptional high
water purity that was prepared in their lab. But their lateasuement, Litjens,
Quickenden & Freeman’s data, on the pure water prepared inyekaetsame way,
showed more similarity to our data at wavelengths between 300 ndD@nan than to
their earlier measurements. Taking uncertainty into accoungnkitjQuickenden and

Freeman’s data agrees well with our data in this region.
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Our measurements have a higher uncertainty at wavelengths be&@d@enm and 400
nm. Basically, the sensitivity of the ICAM design used in thasknis not high enough
for the low absorption in this region. The sensitivity of the ICAMIetermined by the
total effective path length, which in turn is determined by tvatofs: the physical size
of the cavity and the reflectivity of the cavity wall. The eetivity of the ICAM wall,

made of fumed silica in our current design, depends mainly on thadisic of the wall.
Our current ICAM has an inner cavity wall thickness of 5 mm.c8aln used in our
current ICAM also limits the sensitivity in the UV region besa of its relatively lower
reflectivity in this region. We have designed a new version of@Aé/ that is larger in

size, having a thicker inner cavity wall and made entirely df pigrity silica. Fig. 6.10
shows the new design. The sample cell, part A, has a 1.pdcicg about 3 times the
current ICAM’s capacity of 0.6 L. Parts A, B, C, D, E, F and & raade of Suprasil
synthetic fused silica from Heraeus, which has the lowest alsoiptthe visible and
near UV among all commercial optical materials. The gmeea is filled with fumed
silica. The thickness of the inner cavity wall is about 10 mm,etwhe thickness of the
current ICAM. Thus, the new ICAM is expected to be much more tsgnshan the

current one. The uncertainty is expected to be much lower anedlon rwhere pure

water has the lowest absorption can be re-explored.
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Il mm

Fig. 6.10. The new ICAM design. It has a larger size, a thicker inner cavity wa
and is made of all silica except the outmost wall, whose material is/argle
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CHAPTER VII

CONCLUSIONS

We have constructed a new ICAM with the highly reflective diffosserial, fumed
silica, to measure the absorption coefficient of ultra pure watewavelengths from
250 nm to 400 nm in 5 nm intervals. This new material has a muchr hejleetivity in

UV than the Spectralon which is used in the previous ICAM. It disesn’t have
problems of deterioration under exposure to UV radiation (as does&peltThe new
reflective material can also be used in many other applicatibese high reflectivity is
desired, e.g. the flash lamp coupling cavity in lasers and thgratitgg cavity for
photometric uses. The only disadvantage of fumed silica is theuttijfof fabricating it

into the desired shape.

The ICAM was modified to measure the absorption coefficiequoé water in the UV
region. All optical elements were optimized for UV operation. dpécal collection
system was optimized to favor the UV part of the light sourceew light transfer
system was implemented to significantly decrease background swig®t the ICAM
had a better sensitivity in the UV region where the light intexssare low. The results
of the present research agree well with previous results. The mebsisdf the ICAM
concept and its usefulness in measuring small absorption coeffiiaritquid medium
has been proved. A next generation ICAM design has been proposeda lehger size,

a thicker inner cavity wall and is made entirely of high purligas The sensitivity of
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this new ICAM is expected to be much higher. The part of the reppecivhere pure

water has its lowest absorption will be re-explored.
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