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ABSTRACT

PHOTODIODE LIGHT DETECTOR CALIBRATION AND

OPTICAL SYSTEM ALIGNMENT METHODS

Juan Jaasiel Rodriguez Ornelas

Department of Physics

Bachelor of Science

A presentation of research into experiment design of a measurement method

for thicknesses of optical thin-films. A brief description of the requirements of

measurements from the electromagnetic theory used to measure the optics; an-

gle and light intensity. An explanation of the overall design of the experiment,

including a mathematical treatment on the spatial positioning techniques for

experiment components as well the method for the measurement of light inten-

sities using photodetectors. The method of calibration for the photodetectors

is presented; this includes an explanation from solid-state principles to the

predicted and actual measurements of incident light intensities. Lastly, a de-

tailed explanation of the alignment method used to align the optical system

and calculate the error for angular measurements.
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Chapter 1

Motivation

Thin-film applications in optics are wide and varied. Their optical properties make

them useful for many filtering methods. Their properties, however, are strongly

dependent on thickness of the thin film. The thickness is required to be on the order

of the wavelength of the light. Measuring such thin thicknesses with light requires at

least decent alignment accuracies.

Designing for and achieving resepectable optical alignment works out to be reason-

ably involved. The mathematics for alignment are somewhat abstracted and involved,

and the methods can be quite tedious, sometimes taking up entire weeks to set up an

experiment. Also, the problem solving techniques employed involve a bit of spatial

intuitiveness and analysis. Understanding how spatial transformations in reality are

represented in a mathematical form worked out to be a key element in this work.

There was a need in the department to increase involvement in optics, as only

some basic equipment needed to run optics experiments was available. Learning

and understanding how to use industry standard optics equipment prepares students

interested in anything related to optics. As a result of our endeavour, we were able

to greatly increase the optics capabilities of our optics laboratory through the design

1



2 Chapter 1 Motivation

of a reasonably sophisticated experiment and purchase of the equipment needed to

realize the experiment.



Chapter 2

Electromagnetic Basics of Experiment

The need for the design of this particular optical setup came about because of another

student’s need to measure the thickness of optical thin-films. There are many methods

for measuring thin-film thickness, so deciding on a method came to down to equipment

availability. After various considerations, it was decided to try an optical technique

that could enlarge the optics lab substantially but not at a great expense as optics

designs can quickly become expensive. Two methods were considered: Ellipsometry

and a modification on Reflectometry. Ellipsometry uses shifts in polarizations after

polarized light has struck material and statistical analysis of other possible parameters

of the material. This was decided against since it would involve more expensive

mechanized equipment to find polarizations. The modified Reflectometric method

was selected instead because it required simpler and inexpensive equipment as well

as a smaller time frame to complete.

The electromagnetic and optical theoretical grounding for the technique reflecto-

metric is given in Phillip Scott’s senior thesis [1]. Mention of it here will be limited

to the concepts used to design the experiment. The theory calls for two kinds of mea-

surements: optical intensities I of monochromatic beams of light related to an angle

3



4 Chapter 2 Electromagnetic Basics of Experiment

of incidence on an optical surface. A laser source was used to make monochromatic

beams of light. The optical surface is the thin-film and the substrate that holds it.

The substrate was simply a glass slide, either circular or rectangular, on which metal

had been deposited. We set the thin-film slide at a particular angle, and measure

the intensities of initial (I0), absorbed (Ia), reflected (Ir), and transmitted (It) light.

Using those measurements, the ratios of light intensities at a particular angle, we can

find transmission (T ), reflection (R), and absorption (A) coefficients of the thin film

at a particular angle ψ:

T (ψ) =
It(ψ)

I0
(2.1)

R(ψ) =
Ir(ψ)

I0
(2.2)

A(ψ) =
Ia(ψ)

I0
(2.3)

Finally, by curve fighting using to curves predicted by the EM using possible

values of thickness, material composition, and index of refraction, a thickness can be

calculated.



Chapter 3

Experiment Design

The modified reflectometry experiment design is based on the two measurements we

are required to make: angle of a rotating slide and light intensities from an incoming

beam. Position and orientation measurements for smaller objects work out to be

difficult and tedious. Furthermore, there are many simultaneous measurements that

have to be made everytime a slide is run through the measurement process; this makes

continuous adjustment of equipment for every measurement impractical. This is the

purpose of an optics bench and high precision opto-mechanics.

There are several important factors to consider when designing the experiment:

1. Beam Polarization. The electromagnetic theory used requires a polarization

either perpendicular or parallel to the plane of incidence with the thin film.

2. Intensity Measurement. The type of intensity measurements to make and

how to make them.

3. Beam Strength. Different detectors have different saturation intensities where

they can no longer detect differences or get damaged. We have to make sure

that the beam strength is reduced to a workable intensity.

5
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4. Substrate properties and dimensions. The type and dimensions of the

substrate restricts our use of electromagnetic theory; further, its size must be

the correcto size to use in our optical equipment.

5. Alignment. Every component in the system must be aligned to a specific

tolerance to make our system work.

Most issues are easily solved. The exceptions are intensity measurement and align-

ment; they merit their own chapters ( Ch. 4 Detector Setup and Calibration and Ch.

5 Optical Alignment),

The summary of the experiment is as follows: a polarized beam is first split by

a beam splitting cube (from now on referred to as the BS Cube1 ), then, one of the

resulting beams is split again by the actual thin film slide while the other terminates.

The path of the beam thus has three intended termination points (See Figure 3.1),

and we take three measurements for the respective angle:

1. Reference

2. Transmitted

3. Reflected

We make the assumption that although all of the detectors absorb and reflect an

unkown level of incident light at beam termination points they do so equally. That

is, for a given intensity I0 striking a photodiode, the intensity is reduced by a scale

factor characteristic to the detector. This reduction is simply the product of the scale

factor Td, known as a transmission coefficient, with 0 < Td < 1. The intensity at the

face of a photodiode should read:
1
with no intentional play on the American-English colloquialism coarsely implying an attempt

at misconstruing truth
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Figure 3.1 Basic outline of experiment method

Concept outline of the experiment. The three detectors are presented: 1. Reference,

2. Transmitted, 3. Reflected.

It = IoTd (3.1)

where It denotes the new intensity. Because we are using ratios of intensities, we

have:

It
I �t

=
I0Td

I
�
0Td

=
I0
I �
o

(3.2)

thus we can neglect reflected and absorbed light intensity. Td can be related to any

number of things, like reflectivity of a piece of carbon with respect to incident light,

the window on a photodiode, or the temperature of the environment of a detector. In

our system, we will be using photodiodes, which have a reflective glass window and

a silicon-wafer. But because of 3.2 we can neglect back-reflections in our intensity

measurements. These can become non-linear, but our experiment is not complicated

enought to cause that.

One reason we take a reference measurement is to find the absorbtion. In an ideal
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situation with absolute measurements, ideal photo-sensors, and a perfect 50/50 BS

Cube, we would expect that the reflected, absorbed and transmitted intensities would

add up to the reference intensity:

I1 = I2 + I3 + Ia (3.3)

or

Ia = I1 − I2 − I3 (3.4)

Equation 2.3 then becomes

A(ψ) =
I0 − Ir(ψ)− It(ψ)

I0
(3.5)

This is actually quite difficult to do, as in practice a BS Cube has a tolerance in

its intensity dividing abilities, photodiodes are subject to different types of noise, and

our known intensity from the laser is not certain due to an imperfect beam profile

and power variations because of temperature. Details of the absorption measurement

are given in the detector chapter.

Measurement of Ir, It, and Ia are then repeated for different angles of the slide

rotation axis. There are two different rotation axes that we need to set up: the slide

rotation axis as well as the reflected detector rotation axis. They cannot be fixed

to each other as the reflected detector needs to rotate at twice the rate of the slide

rotation.

In reality, with the equipment we have available, it is also impractical to align two

component rotation axes. In this design the slide rotation axis is made the primary

axis, and we align all optics to that axis. To account for the possible misalignment

in the detector 3 axis, we simply put the detector on a fine adjustment mount and

adjust every time we take a new set of intensity measurements at a particular angle.
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Though this seems tedious, it was the most expedient method with our equipment

and it also gave us a better error, as will be explained later.

I2 denote spatial degrees of freedom using the convention that the direction of

beam propagation is the z-axis for a given optic. For optics with multiple simulta-

neous instances of beam propagation we use the first instance of beam propagation

as the primary z-axis, with all remaining instances referred to as needed. We denote

the coordinate system of an object n as Sn with it’s origin as On. In order to explain

spatial relations and operations both symbolically and mathematically I use a coor-

dinate convention as prescribed by Mortenson [2]. Translational degrees of freedom

for a coordinate system Sn use cartesian coordinates (xn, yn, zn) and rotations about

each axis are represented as (ψn, θn, φn) respectively.

Positive rotations are defined using a right hand rule with the thumb pointing

along the direction of the positive axis. Figure 3.2 explains this coordinate system on

a circular optical component interfacing a laser beam. The xyz axes are represented

by the orange, magenta, and green arrow heads. Rotational degrees of freedom are

denoted with a circle about the axis. Translational degrees of freedom axes have a

shaft colored the same color as their axis. Polarizations parallel to an axis are denoted

by the color of the axis. In this case the beam polarization is parallel to the y-axis, so

it is magenta. Unpolarized light is represented by various intersecting polarizations,

and relative intensities are denoted by the size polarizations, though not accurate to

scale.

A translation of a point pn is given by:
2
Please note that I do switch between “I” and “we” throughout the thesis. This is because part of

the experiment decisions and actions were made solely by me, and others were decided upon with my

fellow students Phillip Scott and Kushal Bhattarai. “I” denotes something I decided or did myself,

and “we” denotes decisions or actions taken as a team.
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Figure 3.2 Coordinate System Sn

Spatial degrees of freedom for a coordinate system Sn . The z-axis is always chosen

to be along the direction of beam propagation.

pn
� =pn+tn=





xn

yn

zn




+





tx

ty

tz




(3.6)

I assume that units in all coordinate systems are the same; therefore, as seen from

a coordinate system Sk, the point pn is translated as:

(p�
n)k=(pn)k+(tn)k = (pn)k+tn (3.7)

with (pn)krepresenting a point in Sn seen in Sk relative to Ok.

Rotations about given axis in Sn is represented mathematically by the the rotation

matrices:
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Rψn =





1 0 0

0 cos(ψn) − sin(ψn)

0 sin(ψn) cos(ψn)




(3.8)

Rθn =





cos(θn) 0 sin(θn)

0 1 0

− sin(θn) 0 cos(θn)




(3.9)

Rφn =





cos(φn) − sin(φn) 0

sin(φn) cos(φn) 0

0 0 1




(3.10)

Successive rotations are given by matrix products of these matrices:

Rn=RψnRθnRφnR
�
ψn
R�

φn
· · · (3.11)

with primes denoting a different angle about the same axis. We note that theses

matrices are orthonormal and in general do not commute:

[Rαn,Rβn ] �= 0 (3.12)

where α and β denote rotations about different primary coordinate axes of Sn.

Rotation of a point pn about an arbritary point pcn is given by moving the point

back to the origin using a translation −pcn, rotating at the origin by Rn, and then

shifting back to the original position by pcn:

pn
� =Rn(pn − pcn)+pcn (3.13)

Lastly, if we are working with sets of vectors, like the primary unit vectors for a

coordinate system, we can still do operations on them except vectors and translations
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are placed inside of a matrix in the form:

Pn =




p1n , p2n , p3n , · · ·




(3.14)

I refer to these periodically to explain movements in the rotation of optical com-

ponents.

The actual implementation of the experiment is in itself complex, as various parts

had to be purchased and some manufactured as we discovered new issues. All optics

needed at least 2 rotational degrees of freedom in order to align the entire system.

The polarization issue was easily solved by simply inserting a polarizer at the face of

the laser, with the polarizer transmitting the beam with a polarization perpendicular

to the table. This resulted that the polarization was parallel to the plane of incidence

of the slide if we aligned the rotation axis parallel to the table; this is an important

decision. As more and more issues appeared, it became more apparent that it was

smarter to align the optical system to the table rather than to align all other com-

ponents to beam orientation. Also, alignment of the polarizer was mechanical and

had an tolerance, which does present an issue to the electromagnetic theory we use.

In order to proceed forward, we had to neglect this alignment uncertainty and move

forward with the theory earlier presented assuming true a polarization with respect

to the thin-film slide. In order to adress laser intensity issues, we simply reduced it

with a neutral density filter that removed an amount such that our photodetectors

were not saturated. To simplify alignment procedures later on, we placed two kine-

matic mirror mounts in between our laser and the beam splitter. Lastly, Phillip Scott

chose a measurement method such that a typical microscope slide would suffice as a

substrate. The final procedure experiment setup is presented in Figures 3.3 and 3.3.
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Figure 3.3 Final Experimental Setup Layout

You will notice that the turntables positioning the slide as well as the reflected

detector are placed so that their rotation axis is parallel to the table. This is because

of the way in which the turntables connect to the optics bench as well as due to

the mechanical nature of the reflected detector armature. Connections to the table

are via bolts that connect mounting posts to the table as well as to opto-mechanical

components. The turntables have two locations through which bolts can enter, one

is along the axis of rotation and the other is perpendicular to this axis. Because we

adjust the angle of the slide and reflected detector numerous times during a given

experiment run, the turntables constantly get quite a bit of torsion because of the

braking mechanism in them designed to help with fine adjustment. Attaching the

turntables to a post along the rotation axis of the turntable eventually causes them

to become loose, and alignment can be lost during mid experiment. Further, the

armature of detector 3 is quite large. In order to achieve a system such that the

rotation axis is perpendicular to the table, we would have to devise some sort of

structure such that the armature is not in the way of the supports of either one of the

turntables while rotating. This is more involved, requires more mounting equipment,

and introduces more complexity to the system and therefore more ways to misalign
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Figure 3.4 Final Experimental Setup
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Figure 3.5 Detector Kinematic Mount Details

the system through use or some loose bolt.

The mounting of most of the parts was remarkably simple as prescribed by the

manufacturer. However four parts had to be constructed out of equipment not origi-

nally intended for the use which we gave them or we had to modify some the original

manufacturer parts: the detector holders, the slide holder, the armature assembly,

and the beam splitter assembly. These took up a great deal of the design effort, as

a primary goal was to create designs that allowed us to introduced assemblies into

our optical system during or after alignment without involving too much construction

and still giving us a good amount of adjustment.

The detector mounts were the most simple modification, but they were very im-

portant as detector sensibility drops as a function of angle. Within a range this fall-off

is negligible (see Detector chapter below), so fine angular adjustment of the detectors

was required. We purchased regular 1” diameter kinematic mounts, attached our de-

tector on thin 1” aluminum discs and put them in the mounts; this allowed for fine

angular adjustment. (Figure 3.5)

The operation of kinematic mounts is worth mentioning. These mounts use two

screws and a pivot (usually a ball bearing) set on a fixed plate that is held to some

stable location (like an optics bench); these screws and pivot push up against a plate
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which is constanly held up against these three points of contact by a spring. Turning

the screws causes the plate to change position. These shifts at first glance may seem

to be rotations about some coordinate system Skm fixed to the non-moving body of

the kinematic mount and thus related only by translation to some coordinate system

St of the table:

Okm = Ot + tkm (3.15)

Upon closer mathematical inspection, however, this is not completely true. Event

though the base origin is given by this relation, a point translated through adjustment

of the screws does not rotate about a primary axis of the coordinate system Skm of

the kinematic mount. Mathematically the location of the plate is determined by three

points created by the points of contact. By setting the origin Okm on the pivot (which

never moves itself with respect to the fixed table) the normalized vector npkm normal

to the plane of the plate can be found by taking the cross product of the vectors p1km

and p2km pointing toward the two screws from Okm:

npkm =
p1km × p2km��p1km × p2km

�� (3.16)

Using npkm and either one of the other vectors, I define the orthogonal coordinate

system of the plate Splate in Skm

(Splate)km =




npkm ,

pnkm

|pnkm |
,

npkm×pnkm

|npkm×pnkm |




(3.17)

(3.18)

Ideally, if the rotation of the plane were happening about only one of the primary

axes αkm the normal vector becomes would transform as follows:
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n�
pkm

= Rαkm
npkm = Rαkm

(p1km × p2km)��p1km × p2km

�� (3.19)

for the normal vector. The rotation of Splate would go as:

(Splate)
�
km = Rαkm

(Splate)km = Rαkm




npkm ,

pnkm

|pnkm |
,

npkm×pnkm

|npkm×pnkm |




(3.20)

with n being only 1 or 2. However, what is actually happening when with adjustemnt

of a screw is a translation tkm of the point of contact on that screw. For a translation3

of two screws:

n�
pkm

=
p�

1km × p�
2km��p�

1km × p�
2km

�� (3.21)

=
(p1km + t1km)× (p2km + t2km)��p�

1km × p�
2km

��

=
(p1km

× p2km) + (p1km × t2km) + (p2km × t1km) + (t1km × t2km)��p�
1km × p�

2km

��

Splate will therefore actually be modified as4:
3
Note that even thought the vector pointing at the screw has changed in length, the translation

can still represent the coordinate unit vectors by normalizing, allowing us to relate translations to

rotations.

4
Notice that (p1km

× p2km) = npkm in Eqn. 3.21
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(Splate)
�
km =




npkm+(p1km

×t2km )+ (p2km
×t1km )+(t1km×t2km )

|p�
1km

×p�
2km |

,
p�

nkm

|p�
nkm |

,
n�

pkm×p�
nkm

|n�
pkm×p�

nkm |





(3.22)

The point now is to see whether this transfomation will yield the same result as

Eqn. 3.20. Translations will transform the coordinate systems as rotations5 about

one primay axis as Eqn. 3.20 if they obey the following requirements:

1. Two of the vectors must be transformed and the other (the i-th vector) must

be left alone.

2. The i-th component of the two modified vectors is left alone.

This is obvious from eqns. 3.8-3.10; rotation matrices representing rotations about

primary axes contain one column vector and row vector that has two zeros and a 1.

To prove that this cannot be with a kinematic mount after two rotations, I will use

the second requirement. Also, I will assume that before any transformations Splate

and Skm are the same (Figure 3.6):

Skm = (Splate)km = Splate =




npkm ,

p1km

|p1km |
, p2km

|p2km |




(3.23)

The main question I am trying to address is the way in which the normal vector

on the plate transforms due to translations. Notice that to address the second re-

quirement for rotations we must look at the effect that the last three terms in Eqn.
5
After a normalization, of course.
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3.22 have on npkm . I can simply replace these terms by a total displacement ∆npkm

on npkm
6:

n�
pkm

= npkm +∆npkm (3.24)

where:

∆npkm = (p1km × t2km) + (p2km × t1km) + (t1km × t2km) (3.25)

Now, the second requirement for rotations about primary axes in Skm tells us

that there are only two possible ways that ∆npkm can modify npkm . From Figure 3.6,

notice that the transformation must be along one of two planes created by any pair of

primary coordinate axes in Skm that are not perpendicular to npkm .This will always

fulfill the requirements needed on the first translation of one of the screws. However,

upon any adjustment of the second screw this can never be the case, as seen in the

figure. Therefore the rotation affects more than one degree of freedom on Skm.

The resulting equivalent transformation is given by:

n�
pkm

= Rkmnpkm = Rp1kmRp2kmnpkm (3.26)

Another important thing to note is that these mathematics are not done on the

coordinate system of the table grid St. Representing any rotations Rαkm
about the

primary axes in St would require at least two rotations if Skm �= St. We can see this

from Figure 3.7. If the case is that these rotations are represented by one rotation in

St, then Skm = St. If this is the case, we might as well align the entire optical system

to the kinematic mount.
6
I neglect the normalizations from here on for notation simplicity. Bear in mind that it is always

implied.
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Figure 3.6 Transformation of coordinate axes on a kinematic mount.

Transformation of normal npkm after two adjustments of screws. Adjustment is made

from left to right. Bottom most support is the fixed pivot. Transformed plate is

shown in red. Normal to transformed plate is shown in blue. Transformed coordinate

system of the plate is represented with two red arrows and the normal blue arrow at

every intermediate step. Previous plate coordinates system for each is shown in gray.

Coordinate system of table is shown in typical coordinate system representation.
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Figure 3.7 Representation of transformation Rkm in St (or (Rkm)t)

The resulting vector transformed by Rkm is shown in black. Coordinate system of

table is shown in typical coordinate system representation.

Beyond this lies the fact that in reality a laser beam usually will actually not strike

a kinematically mounted optic directly over the pivot which is the only point on the

optic that does not move. Therefore, the point along which the beam strikes on the

surface will change as the screws are adjusted. This is not as critical an issue as the

one involving rotations as we can design against it by positioning our beam close to

the center of the optic upon a coarse alignment. The previous issue, however, shows

up later in the alignment process whenever a kinematic mount is involved.

The slide holder assembly has a special requisite: it needs to position the slide in

such a way that the point at which the slide rotates is constantly were the laser beam

is hitting 7. Also it needs to let us easily move the slides in and out of the way. We

ended up tapping an existing turntable plate at it’s center, and we stuck the entire

turntable on a linear stage that moved perpendicular to the laser beam. (Figure 3.8)
7
Within an error of course
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Figure 3.8 Slide Holder

The armature assembly worked out to be the most involved design, though it is

relatively the simplest. We went through several phases and eventually decided on

using simple right angle holders and attaching a few mounting posts as parallel as

possible to the rotation axis of the turntable to which it was attached. On one of

these posts we attached a detector mount assembly facing the rotation axis. (Figure

3.9)

The beam splitter assembly is the most complex. We first place two linear stages

with their translation direction perpendicular to each other but parallel to the plane

of the table. Then we attach mounting posts to a kinematic base plate with angle

holders. Lastly, we place a turntable on top of the position plate and the beam

splittling cube on the top of the assembly. This method gives us 5 degrees of freedom,

with the caveat that some of the rotational degrees are not aligned directly with the

coordinate axis of the beam splitter cube. Still, it was sufficient to give us the control

needed for alignment purposes. (Figure 3.10)

As mentioned earlier, all other parts were installed as specified by the manufac-
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Figure 3.9 Armature Assembly

Figure 3.10 Beam Splitter Assembly
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turer. The resulting experimental setup can be seen in figure 3.11. The resulting path

of the beam from the exit face of the laser head was 1.2954[m]± .0032[m] to the beam

splitter, 1.9812[m]± .0032[m] to the transmitted detector (denoted as LBm) (2), and

1.6764[m] ± .0032[m] to the reference detector (1) .

We were mostly satisfied with the design, the exception being the lack of angular

fine adjustment for the thin-film slide assembly. Upon working with the actual design

we discovered that the mounting equipment such as posts are not necessarily truly

normal to the table. We had assumed that the manufacturer opto-mechanics were

machined to a degree such that we could not distinguish it in our error calculation,

so we decided to align the laser system to the table. This worked out to be not

true. Later we found that the actual turntable assembly had to be adjusted by small

angular increments in order to achieve a satisfactory alignment with the system. So,

a kinematic base similar to but significantly larger than the kinematic base we used

in the beam splitter assembly would be required. Further, such a base would raise

the pivot height of the turntable that holds the slide in place. Thus the entire system

would have to be raised to this new height, requiring more parts; we could not actually

implement this in the time available.

Lastly, we did design and align the system to hold two different lasers at two

wavelenghts (405 [nm] and 632 [nm]). However, midway thru the experiment I noticed

there were problems in our measurements with blue wavelengths. I found in this

case that intensities oscillated with respect to angular adjustments of the slide. The

method predicts a smooth decaying relationship between the transmitted beam and

an increase in the angle of incidence until the Brewster angle. We then decided to

only do measurements in the 632 [nm] wavelength. It is worth noting that I noticed

this with the circular slides and not the rectangular slides. The difference between

the two is material compostion. The circular slides are mineral glass discs used for
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Figure 3.11 Full Experiment

wrist-watch windows. The rectangular slides are actaul microscope slides. I think

that the surface quality of the circular slides may have had something to do with this

discrepancy.

The red laser is a JDSU HeNe laser rated that is polarized at a power PLo =

10 [mW ] ±3% or ±.3 [mW ] and the wavelength of the laser is given at 632.8 [nm] [10].
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Chapter 4

Photodetector Setup and Calibration

Detectors can be made out of various materials and mechanisms; but, because of their

uniformity, low price, efficiency, and uncomplicated operation, we use semiconductor

photo-detectors. The main criteria we used to select our photodetectors was active

surface area and wavelength dependent response. The photodetectors had to be at

least larger than the operating beam profile (even though it is not the complete profile

but it is satisfactory), and it had to be capable of giving us good response on the

blue and the red wavelengths. Conditions involving temperature dependence were

addressed using many long term measurements to characterize the photodiodes. We

characterized their response to the changing temperature changes in our optics lab as

well as changing conditions of the beam as the laser reached a thermal equilibrium.

We found that the measurements were within our certainty as temperature varied.

After some measurements of the beam profile using our red laser, we decided upon

Hamamatsu Photodiode model S2386-45K (Figure 4.1) . These photodiodes have an

active area of 17.9 mm2 with dimentsions of 3.9 mm x 4.6 mm. This adequatley held

our beam spot through our beam path length. The K in the series number means

that it uses a flat borosilicate glass window. The Hamamatsu Opto-semiconductor

27
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Figure 4.1 Hamamatsu S2386-45K Photodiode Schematics

manual [3] also presents a photodiode equivalent circuit to represent what happens

inside of their photodiodes. The theoretical solid state description of the photodiode

will only be slightly alluded to here, but an explanation of the photodiode equivalent

circuit is needed to understand the calibration method.

A photodiode is a special kind of diode designed to take advantage of the fact that

in certain semiconductor diodes the energy band structure results predominantly in

an electric current instead of thermal excitations in the crystalline lattice of the diode

whenever light photons strike the junction. Typical diodes are made by varying

impurities (“doping”) in the semiconductor materials making up diode. The diode

can be designed to provide the satisfactory band structure to the energy/wavelength

range of photons that are to be converted to electric current by selecting the correct

impurity concentrations. For visible light photons, silicone semiconductors are usually
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used, with the n side being doped with Arsenic atoms (to provide extra electrons)

and the p side being doped by Boron atoms (to provide vacancies for electrons to

occupy). These impurites provide conditions such that it is energetically easier to

create a current. That is, an extra Arsenic atom per a certain amount of silicon

atoms will provide one extra electron that can be easily pushed to move in the n

semiconductor. In the p side the Boron atom creates vacancy per number of silicon

atoms which it is easy for an electron to move into; these vacancies behave as like a

positive charge and are called “holes.” The interface where these two semiconductors

interface is called the “junction.” [5, 6]

Typically, the pn junction is described as an abrupt change in material where the

two doped semiconductors interface. Very soon after the two interface, there comes

an equilibrium point at which, near the junction, there is a greatly reduced number

of free charge carriers. This is called the “depletion layer” or “space charge region.”

At this equilibrium point there is also an excess number of postive holes in the n

side and an excess of electrons in the p side; these are called the excess minority

charge carriers. Lastly, there is a potential energy barrier created for electrons in the

n side and holes in the p side. This potential barrier can be increased or decreased

by placing applying a voltage to the photodiode. By placing a voltage on the diode

such that the the p side is positive with respect to the n side (“forward biasing”) we

decrease the potential barrier and many carriers flow across the junction easily. To

increase the potential barrier we reverse the polarity (“reverse biasing”) of the applied

voltage. This results in a much smaller amount of photodiode current [4–6]. This

current is described by the equation:

I = Is

�
exp

�
e Vd

kBT

�
− 1

�
(4.1)

where the current Is is called reverse saturation current, Vd is the applied voltage,
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Figure 4.2 I-V curve for a Photodiode (OSI Optoelectronics) [4]

Note that in this figure, IP is used instead of IL. They are equivalent in this paper.

kB (1.380 × 10−23
�
J
K

�
) is Boltzmann’s constant, T is the temperature of the diode

in Kelvins, and e [C] is the electron charge. There is a key part of the current

relation, known as the breakdown voltage, missing. The current relation shows that

a reverse bias will lead to a maximum reverse current −Is. In reality however, there

comes a point where the reverse bias will actually cause reverse current to increase in

magnitude tremendously. The overall current curve is called the diode I-V (current

v. voltage) curve, as seen in figure 4.2.

Lastly, light striking the junction results in the shifting of this curve downard by

IL1 . This shifting is proportional to a constant Sλ (or Rλ), called spectral respon-

sivity, relating power of the incident light at a particular wavelength multiplied by

the power of incident light PL applied to the photocurrent generated by the photodi-

ode [3, 4]:

IL = SλPL (4.2)

The photodiode equivalent circuit shows us a current source providing a current
1
Different sources use different notation for the photocurrent. Some use IL and others use IP .

We will use Hamamatsu’s convention in this paper, which is IL
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IL representing the conversion of light intensity into electric current. This current

source is in parallel with a perfect diode, a variable capacitor with capacitance Cj,

and a resistor Rsh called the “shunt resistance”. These are all in series with a resistor

Rs called the “series resitance”. These all represent a part of the photodiode presented

by the solid state theory. The perfect diode represents the diode structure created

by the I − V curve far to the right of the breakdown voltage. The variable capacitor

represents the capacitance created by the depletion layer in the pn junction; it turns

out that this capacitance can be varied by applied voltage [5]. We won’t worry much

about it in the present work. Lastly, the shunt current I � is the amount of current

that gets diverted to the shunt resistor. Ideally, this will be very small because the

resistance will be at least in the mega Ohms range. In our case, at our tempertaures,

it is in the Giga ohm’s range, and it is therefore negligible.

The shunt resistance represents the slope of the I − V measured near the origin.

We really don’t consider it in our application as it is brought about by using the

diode in a particular mode which we don’t use. It is used to calculate noise when

there is a reverse bias on the diode. The series resistance represents the resistance

measured because of current passing through the semiconductor material as well as

the contacts for the diode; it is usually a few ohms (3).

The voltage Vd, called the “Diode Voltage” is the voltage that is applied when

forward or reverse biasing. In our situation we did not bias the diode, so we can

simply set it to 0. The current on the diode would come form the I − V curve at the

corresponding Vd. V0 is the measured voltage at the two pin outs of the photodiode.

If any resistance is added to the photodiode circuit, it is represented by RL, the load

resistance.

Properties of the our photodiodes are important to note are presented in figure
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4.3; these are the characteristics presented by Hamamatsu 2. In terms of relative

sensitivity with respect to angular variation of incident light from normal (RSγ), our

particular sub-series (K) is very stable within a few degrees from normal and, so long

as we keep the detector normal to within a few degrees, we can be assured that the

sensitivity of the detector will only vary unnoticeably with variations in angle. All

detectors, however, should be kept to within the same alignment error from zero.

This will assure that all responses to variations are the same from one detector to

another. The spectral response in the range in the visible range we are working with

is also suitable for our purposes. The listing for spectral response for the lasers we

use is S632nm = .43 [A/W ]3 and about S405nm = .17 [A/W ] [7]. In practice, our

lasers easily saturated the photodiodes because of their strong power ratings, even

after splitting the beam and placing the thin-film in the optical path. Notice also

the significantly low sensitivity to temperature variations for the photocurrent at the

wavelengths the lasers operate in: red is completely negligible, and blue is around

a tenth of a percentage for every degree celsius. This characteristic is only for the

photo sensitivity characteristic of the photodiode, and does not completely explain

other characteristics affected by temperature.

The method we devised for implementing the photodiodes was to simply measure

the voltages from the photodiodes, known as photo-voltaic mode. We connected them

to a DAQ and measured their voltage through LabView. The Hamamatsu manual

prescribes the following equation to calculate the output voltage VOC , when operating

in photovoltaic mode, called the open circuit voltage:

VOC =
kBT

e
ln

�
IL − I �

IS
+ 1

�
(4.3)

This voltage is measured when there is no load on the detector.
2
Though they don’t guarantee them

3Sλ is a conversion factor for the power of the light (Watts) to photocurrent (amps).
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Figure 4.3 S2386 Series Photodiode Characteristics [7]
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This was originally the mode we thought we were operating in. However, upon

using neutral density filters to reduce light, we measured that the response of the

diodes was actually linear to a reduction in light current, not the logarithmic response

as predicted here. We had not noticed that the impedance at the DAQ was actually

rather low; the manufacturer places it at 144 [kΩ] [8], around the resistance that

Hamamatsu suggests for the load resistance RL. This implies that the resistance of

the load RL is not sufficient to restrict current the output current IO from being zero.

In this case, Hamamatsu prescribes this equation:

IO = IL − ID − I � = IL − Is

�
exp

�
e Vd

kBT

�
− 1

�
− I � (4.4)

Is, known as the “reverse saturation current”, is actually an intrinsic property of

the photodiode. Neamen derives the reverse saturation current density in terms of

the excess minority carrier concentrations, e, the the electron and hole diffusion co-

efficients, and the lifetime of excess minority charge carriers [6]. These values are

particular to the doping properties of the particular diode model in question, and I

was not able to acquire these values4. However, Stokes puts the typical value of Is at

about 10 [µA] [5]. Neaman also mentions that this value will increase with tempera-

ture increase at about a factor of four for every 10 degrees C. Running the experiment

completely takes between 15 and 30 minutes so we measured the temperature in time

intervals between 1 and 10 minutes. Table 4.1 shows measurements of temperature

around the optics bench in the optics room over two days. We can see that tem-

perature variations over an hours time will be within a tenth of a degree Celsius;

we can neglect changes in Is. Furthermore, we also note that the term modifying Is

from applied voltage Vd and temperature goes to zero because Vd = 0. Therefore, we

can completely neglect the Is current. However, there is one important characteristic
4
I assume because they are a trade secret
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that should be considered for future research: the I−V curve shows that reverse bias

results in the current measured being almost perfectly linear with respect to applied

current. This implies that shifting the current by IL would remain quite linear. At

Vd = 0, the curve is somewhat linear, but not to a high degree.

Using the previous assumptions we can calculate I0. Using the assumption that

I �is negligible and that Vd = 0, we find that IO = IL. The neutral density filter in

front of the lase beam cuts down the laser power to 1% ± .1%, the polarizer cuts it

down to 32% ± 4%, and the beam splitter cuts it down to 50% ± 5%. Thus we get

transmission coefficients of Tnd = .01± .001, Tp = .32± .04, and TBS = .50± .05.

To calculate the power at the semiconductor interface, I make the assumption

that the surface area of the beam profile will change little from one face of an optic

to the other as it travels through because the optics are thin (See Figure 4.4). Using

arbitrary thin linear optics, we calculate the intensity I0 at the incident interface and

at the exit interface I �0 for the first optic with a transmission coefficient T0 and an

incident beam area A0:

I0 =
P0

A0
(4.5)

I �0 = I0T0 =
P0

A0
T0 =

P �
0

A�
0

(4.6)

where P0 is the incident power. Assuming a thin optic and a small divergent angle,

we can say that the area of the beam spot at the exit interface is approximately the

same as that at the interface (A0 � A�
0). This gives the transmitted power as:

P �
0 = P0T0 (4.7)

At the next optic, the new intensities will be given by:
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Table 4.1 Temperature of area around optics bench

June 15th 2012 June 16th 2012

Time T [Celsius] Time T [Celsius]

12:05 23.7 11:11 22.8

12:13 23.5 11:35 22.9

12:20 23.5 11:45 23

12:28 23.6 11:57 23.1

12:35 23.6 12:29 23.2

12:39 23.6 12:30 23.2

12:43 23.6 12:37 23.3

12:43 23.6 12:51 23.3

12:54 23.6 12:58 23.3

1:09 23.6 1:09 23.4

1:10 23.6 1:12 23.4

1:29 23.6 1:16 23.4

1:39 23.6 1:23 23.4

1:47 23.6

4:55 23.2

4:56 23.3
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Figure 4.4 Transmission Diagrams

(a) (b)

I1 =
P0

A1
T0 (4.8)

I �1 =
P �
1

A�
1

= I1T1 =
P0

A1
T0T1 (4.9)

and using the area assumption the transmitted power is:

P �
1 = P0T0T1 (4.10)

In general, for thin optics, the final transmitted power at an interface after going

through n+ 1 optical components will be given by:

Pn =
n�

0

P0Tn (4.11)

I can therefore find the power at the photodiode face using regular transmission

coefficients without worrying about area changes and simply let them reduce the

power itself:

PL = Tp Tnd TBS PL0 = .32 · .1 · .50 · 10 [mW ] = 16 [µW ] (4.12)

Using the general relation for error calculations
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(∆v)2 =
�

i

(∆xi)
2

�
∂v

∂xi

�2

(4.13)

the error works out to be:

∆P 2
L =(.04)2(.04)2 (.01 · .50 · 10)2 + (.001)2 (.32 · .50 · 10)2 +

(.05)2 (.32 · .01 · 10)2 + (.3)2(.32 · .01 · .50)2

∆PL = ±3.06 [µW ] (4.14)

Using the spectral resposivity at 632 [nm]S632nm we find IL and ∆IL:

IL = S632nmPL = .43

�
A

W

�
× 1.6× 10−5 [W ] = 6.88[µA] (4.15)

∆IL = S632nm∆PL = .43

�
A

W

�
× 3.06× 10−6 [W ] = 1.32[µA] (4.16)

and finally, using RL we find the voltage measured by the DAQ:

Vo = ILRL = 6.88[µA]× 144 [kΩ] = 0.991[V ] (4.17)

∆Vo = ∆ILRL = 1.32[µA]× 144 [kΩ] = 0.190[V ] (4.18)

very close to what we measure on our photodiodes (See Eqn. 4.31)

There is one last thing worth mentioning about the properties of the diodes pre-

scribed by Hamamatsu. There are power bounds on the linearity of the photodiode

overall response. The lower bound is governed by noise, which is far below power.

The upper bound for linearity is governed by the reverse bias voltage, the contact

voltage VBi (usually between .2 [V ] and .3 [V ]), Rs, Sλ, and RL:
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Psat =
VBi + VR

(Rs +RL)× Sλ
(4.19)

Using our prescribed values, we find that Psat = .377× 10−6 [W ], below the power

output we have right now. However, the Hamamatsu manual also mentions that this

bound is also the saturiation bound, which we avoided through experimentation by

making sure that the range of intensities that our lasers were operating at did not

cause the diode to flat line at some high voltage.

There are two factors to calculate the noise: the Johnson noise and the Shot noise.

The Johnson noise iJ comes from the approximation of a resistor at the shunt, which

then has a thermal noise. This noise is calculated using [3, 4]:

iJ =

�
4kBT∆f

Rsh
(4.20)

Where ∆f is the bandwidth of noise in [Hz]. The photodiodes measure light in

the 300 [nm] to 1200 [nm] frequency, so we find the frequency bandwidth using:

f =
c

λ
(4.21)

∆f = c

����
1

λ1
−

1

λ2

���� (4.22)

where c is the speed of light 2.998×108
�
m
s

�
. This gives us a broadband frequency

∆fpd for the operation of the phodiode of 750 [T ·Hz].

The shot noise has two different components, dark current iSD and photocurrent

iSL. The dark current, however, only occurs when there is a reverse bias on the

photodiode. iSL is calculated as (3):

iSL =
�
2eIL∆f (4.23)
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The total noise is found by:

iTot =
�

i2J + i2SL (4.24)

In the case where we take measurements in a dark room, we should find that the

total noise should only come from the Johnson noise. At the temperatures we were

working at, the total drak room noise current idr comes out to be:

idr =

�
4 (1.380× 10−23) 293 (200× 1012)

11× 109
= 17.2 [nA] (4.25)

Using our impedance of 144[kΩ], we get that the dark room voltage should be

somewhere around 2.5 [mV ]. This measurement goes quite well with our measure-

ments taken for the dark room.

To find the overall noise current iex when an experiment is in progress with the

red laser I make the assumption that iSL comes mostly from the laser, and ∆f is

therefore restricted to the broadband frequency of the red laser light. As stated

earlier, ∆λHeNe = .1 [nm].

I find the broadband frequency:

∂f

∂λ
= −

c

λ2
(4.26)

The broadband frequency at 632 [nm] for the HeNe laser is then:

∆fHeNe = ±∆λ
∂f

∂λ
= ±.1 [nm]

2.998× 108
�
m
s

�

(632.8 [nm])2
= 75.1 [G ·Hz] (4.27)

Using this broadband frequency, I callculate the noise during an experiment:

iex =
�

i2dr + 2 e 14.7 [µA] 7.51× 1010[Hz] = 59.5 [µA] (4.28)
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Table 4.2 Dark Room Noise Voltage Measurements

Detector V ∆V

Reference 0.002 .009

Reflected 0.002 .003

Transmitted 0.009 .004

which yields a predicted voltage noise of .08 [V ].

To experimentally find the noise signal, we simply collected voltages in the dark.

We let the detectors run for several hours on various occasions. From this we calcu-

lated the average voltages and variations for each of the detectors as seen in Table

4.2. We can see from this that the predicted is well within the noise measured.

The method we used to calibrate our detectors is intricately connected with the

experiment in itself: instead of using absolute measurements for the intensity of the

light, we decided instead to use relative measurements to our advantage. The theory

suggested by Phil Scott in his research paper requires ratios of intensities. The idea

we decided upon was to make our initial intensity as a function of the reference

intensity. This would avoid many of the problems previously presented; for example;

due to thermal properties of the laser, intensity is not constant through time. It does

eventually settle, but even after the laser has settled, the fluctuations in measured

voltage is still greater than our noise signal; so, we could not simply pick one intensity

over an experiment run. Also, the manufacturer guarantee of a power uncertainty

of 3% was not convincing. Further, propagating the error from the laser all the way

down thru the photodiode circuit yields the results earlier shown, and there are too

many pieces of information about the photodiode we are uncertain of. This all made

a functional relation of the reflected/transmitted intensity detectors to the reference

detector intensity much more preferable
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It was observed from measurements that random spikes were being introduced into

the measurements. We concluded that either it is because the photodiodes are actually

electrically connected to their casing, or that the junction capacitance is breaking

down and arcing. We were unable to remove the spikes, however. Fortunately, we

found that they were spaced far enough that we could neglect them if we collected

enough points. Consequently, even though some of the plots might seem very busy

in reality most of the points are quite well correlated. On average, for different

measurements, we collected over a hundred thousand points.

In order to get as accurate a fit as possible between the different laser intensities

(Ir vs. I0 and It vs. I0) , we measured the laser settling values about 15 times varying

between 20 minutes to 3 hrs. The length of measurements and average values can be

seen on table 3. We measured a little over 1.35 million sets of voltages and time (that

is Vref vs. Vreflected vs. Vt vs. t), over 21 hours at different times of the day under

different temperatures. The linear fit is in the form:

Vt(Vref ) = mVref + b (4.29)

From the outset we predicted that this relation between the two intensities would

be a linear function because, first, the photodiodes respond linearly to changes and,

second, the beam splitter splits intensities quite uniformly across a narrow enough

bandwidth. Because we are using a monochromatic light source with a wavelength

at 632.8 [nm] and an uncertainty of .1 [nm], we can see from the characteristic trans-

mission curves for our beam splitter that the transmission for an S-State polarization

relative to the beam splitter face is very nearly flat.

From Table 4.3 we can see how this relative intensity method bests an absolute

intensity method. Using a weighted average based on the amount of time a detector

ran, I find the averages of measured values X tot
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Figure 4.5 Typical Laser Intensity [Volts] vs. Time [Seconds] Measurement

Figure 4.6 Transmission curve for Edmund Optics Non-Polarizing Beam
Splitter Cube A47-009 [9]
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Figure 4.7 Reflected/Transmitted Vs. Reference Intensity

(a) Reflected Vs. Transmitted [V] before curve fit

(b) Reflected Vs. Transmitted [V] after curve fit
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Table 4.3 Transmitted v. Reflected Statistics

t [min] no. Points V ref ∆Vref V t ∆Vt m b [V ] r2

90 103260 -0.93288 0.11401 -0.95921 0.11641 1.014843 -0.012484 0.9878

170 165640 -0.89815 0.050553 -0.89852 0.05234 0.9942712 -0.005512 0.92223

150 153980 -0.91614 0.067082 -0.91851 0.065774 0.962387 -0.036836 0.96338

121 128950 -0.9099 0.065274 -0.91254 0.062417 0.9359 -0.060967 0.95794

205 197480 -0.91603 0.064475 -0.93116 0.063564 0.973811 -0.039118 0.9757

152 154540 -0.91013 0.061607 -0.92428 0.061153 0.968933 -0.042422 0.95281

44 53220 -0.90579 0.10672 -0.93004 0.10744 0.997902 -0.026152 0.98256

62 74195 -0.91656 0.096772 -0.94443 0.09701 0.995761 -0.031751 0.98678

51 61328 -0.91618 0.090952 -0.93962 0.09005 0.980046 -0.041726 0.97976

35 42971 -0.90583 0.088244 -0.93136 0.08611 0.963347 -0.058724 0.97461

50 61837 -0.90701 0.091192 -0.92483 0.089129 0.96725 -0.047524 0.97938

34 42062 -0.90353 0.10422 -0.93199 0.10431 0.994262 -0.033651 0.98684

37 46072 -0.90602 0.099277 -0.92975 0.09763 0.972893 -0.048281 0.97877

34 38931 -0.89861 0.11386 -0.92346 0.11196 0.968384 -0.053262 0.96989

21 26266 -0.87334 0.12235 -0.90292 0.12266 0.998363 -0.03101 0.99171
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X tot =

�
i X iti�
i ti

(4.30)

which yields

V tot ±∆V tot =






V ref tot −0.910 [V ] ± .077 [V ]

V t tot −0.922 [V ] ± .077 [V ]

(4.31)

This is substantially better than the absolute calculation. The absolute calculation

yielded a percentage error of about 19%. Our result a bit below that at 11%. Further,

this should be a smaller uncertainty if only voltages measured after the laser has

settled are considered. The lower measured voltage is probably because I did not take

into account power lost at photodiode interface because of reflection and absorption

by the photodiode window or because of the current gone to the shunt.

I then curve fit each of thoese measurements, and last we found the mean of

all of our measurements. From this we find a average linear curve fit function with

r2 = .973 ± .018 after evaluating

Vt = 0.979Vref − .038 [V ] (4.32)

The uncertainty of the slope and intercept are ±.020 and ±.016 [V ] respectively.

Lastly, I considered the issue of temperature influences in the photodiode . Even

though the previous methods were at different times of the day and at different tem-

peratures, another issue was differences of temperature among the diodes themselves.

The solution was to put one diode at a different temperature from thermal equilib-

rium with the room, measuring the laser settling, and curve fitting the result. If the

curve fit resulted inside of the uncertainties, then we were certain the photodiodes

were minimally affected by the diode. I set up a temperature difference by heating

up the transmitted photodetector to about 5 degrees above room temperature. This
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temperature difference was not stable, but I measured it’s lowest to be about 2 degrees

Celsius. The resulting curve fit was:

Vt thermal = 0.983Vref − 0.018 [V ] (4.33)

with r2 = 0.95951; the fit is just inside the bounds. We are assured that temperature

will not be an issue in the measurements.
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Chapter 5

Optical Alignment

The alignment issues we had to address when working with our system were achieving

a good precision, going from alignment to experiment mode without disturbing the

alignment, and maintaining that alignment during experimentation effectively. Max-

imum precision was achieved by using the optics bench as a reference, with the idea

that nothing we manufactured in house could be to a higher precision than what the

manufacturer could. Maintaining precision was achieved by using reference markers

on stable lab surfaces and aligning to them when we noticed a deviation in the sys-

tem. We also placed one optical component in a safe position such that it was out of

our way and could be used as a guide for aligning all other optics to the system. Our

assumption was that if that optical component was not in alignment it was because

the system had become misaligned, so we only adjusted other optical components.

Going from alignment to experiment required alignment of the introduced experiment

mechanism to the system, while accounting for it’s movement.

The alignment method relies on the basis of back reflections of a beam modeled as

a group of parallel rays slightly deviating from each other by an angle. This models

characteristics of a typical gaussian beam profile. Once we can no longer distinguish

49
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between a back reflection from a reflective optic and the originating beam area itself,

we know that the terminating beam spot is within some angle of the original beam

spot (Figure 5.1). Using simple trigonometry, we use this to find our angular error.

The implementation we use required first aligning the beam parallel to the table

using the pivot point height of the substrate slide turntable as the reference height.

Then, using mouting posts aligned to the table, partially silvered mirrors, and a beam

splitter cube we created a cross from the beam. The process was then to adjust all

of the optics until the cross-beam dots landed on targets placed on the table and at

the same time all back reflections landed at the exit face of the last. Once we have

aligned the system we have ideally created two perpendicular planes oriented with

the optical line running through the beam path that intersects the slide (See figure

5.2). This will give us an aligned beam path with a small uncertainty. One of the

planes should run parallel with the table positioning holes as much as possible. The

reason for this is to simplify working with opto-mechanical equipment. This plane

should also be perpendicular to the table. The other plane will then run parallel to

the table plane.

By doing this, we create a way to calculate our angular uncertainty. Because of

uncertainties in the beam thickness, angular beam orientation, and the pivot height

we will not actually create flat two-dimensional planes. Instead, we will in reality

create a kind of shaft out of four planes. This error shaft is what we will use to

calculate the angular error. It is the crux of the experiment alignment. (Figure 5.3)

To calculate our angular error from the error shaft, we use the following assump-

tions:

1. The paraxial approximation for a gaussian monochromatic beam predicts that

the diverging angle sufficiently far from the waist of the laser beam remains

constant.
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Figure 5.1 Example of back reflections on laser face

(a) misaligned back reflections

(b) Aligned back reflections
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Figure 5.2 Aligned axis system

Figure 5.3 The Error Shaft
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2. The waist of the gaussian beam will occur near the exit of the laser.

3. The lengthwise profile of the beam has only one waist. Therefore the magnitude

of the angle of beam divergence or convergence can never exceed the linear

approximation.

4. If the angle of this waist were steeper than the largest possible angle from one

end of the shaft to the other, the beam diameter would be larger than the shaft

itself, which is not the case, since we use the beam diameter to make the shaft.

Using these assumptions, we infer that the steepest angle the beam could travel from

one end of the shaft to the other is if it were to travel from one corner to the opposite

corner. Using trigonometry we find that the length of this path is

l =
�

z2 + δx2 + δy2 (5.1)

The length of the diagonal at the end of the shaft is

d =
�
δx2 + δy2 (5.2)

And so the maximum angle is given by

δφ = tan−1(d/l) (5.3)

The origin of the table Ot will be vertically placed at the height hp of the substrate

slide pivot from the table, and along a vertex of a grid created by the screw holes

of the table. The locations are not clearly marked in reality, but we design the

system so that somewhere inside of the beam path there this ideal coordinate system

exists. Eventually, Ot will be somewhere inside of the BS cube where the beam is

split; preferably near the center of the table. The plane xzt will be parallel to the

table. +zt runs parallel to the grid of the table in such a fashion that it follows the
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Figure 5.4 The error shaft revisited

Figure 5.5 Table Origin

beam B2 which strikes and is transmitted through the thin-film. The position +xt

will run along the first beam B1 split towards the reference detector. This leaves yt

perpendicular to the plane of the table and defines the coordinate system of the optics

table St on the table. (See Figure 5.5)

There are two steps used in the creation of the shaft. We first begin by confining

the beam inside of the error planes σxzt parallel to the plane of the table. Beam

confinement to the error planes perpendicular to the table and parallel to the axis

of beam propagation, σyzt, is achieved through the use of the BS Cube. Because

it is manufactured to a high tolerance, using it to confine the beam inside σxyt
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Figure 5.6 Error planes

automatically confines it to σyzt. In the end we confine the beam to a complete set

of 3 orthogonal error plane-pairs denoted as σ (xixj)t (i �= j) using this method. (See

figure 5.6)

To establish the height, we use a pointed rod (Figure 5.7) inserted into the slide

holder assembly; this results in a height as close to the pivot of the slide as possible.

Upon full rotation of the turntable we found that the point created a maximum of

4 [mm] in variation. This works out to be acceptable as the exit aperture from the

laser is less than 6.5 [mm], which is the main limiting factor for the alignment. In the

end we will actually use the exit aperture of the laser to define our the spacing of σ
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Figure 5.7 Scribing target posts with pointed aluminum rod

planes; this sets δx = δy = 6.5 [mm].

To set the heights for the beam to strike, we scribe posts (Figure 5.7)with a cross

hair at hp from their base attachment using the pointed rod. In order to make the

center of the cross hair very visible, we first tape black telescope lining paper on the

post. The scribe went deep enough to cut through the paper and expose the shiny

stainless steel under the paper. This made it so the beam reflected back strongly

whenever it struck some part of the cross hair, with the strongest reflection being the

at center of the cross hair. Mounting the the targets to the table, however, required

them to be to aligned to the grid created by the table. We therfore marked the

posts with a line runing parallel to their central axis. Using this and other mounting

components, we aligned the posts to the table. The targets were within the gridlines

of the table to within .5mm, much smaller than the width of the targets themselves.

We next placed one target p2 on the end of the table opposite the last mirror in

front of the laser, a bit behind the location of the transmitted detector, and place the

pointed-rod assembly in front of this last mirror to create the main beam axis. Using

the two heights we adjust the two mirrors and the laser beam holders until the center
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Figure 5.8 Beam striking pointed rod

(a) Beam on pointed aluminum rod

(b) Symmetric diffraction of beam spot from point on to paper and far away

of the beam spot srikes the point on the rod (Figure 5.8a) and the opposite target.

To assure that the center of the beam is over the point of the rod, we place a paper

in front of the box and we make sure that the diffraction pattern is symmetric to a

visible degree near and far away on a wall (Figure 5.8b). Lastly, in order to increase

our accuracy, we place a partially-silvered optic in front of the the target the reflected

dot here should return and disappear inside of the laser aperture. If this is the case,

the length z used in the error calculation becomes twice the distance from the exit

face of the laser to the target at the transmitted detector:

z = 2 · LBM (5.4)

This further decreases the certainty.
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Figure 5.9 Machined aluminum block

With B2 now confined between σxzt, we can go ahead and confine B1 and B3

inside of σxyt. To do this we mount two other scribed posts along xyt with one of

their targets p2 at the reference photodiode and the other on the other side of the

beam splitter. These should both have height marks as well, though we realized this

after we began alignment; only one had a height mark. The other only had a line

running along the post’s length parallet to zt. However, the machined aluminum

block still had the height mark, and so we simply used that along with this remaing

post to deal with height. (See Figure 5.9)

To begin this second phase, we insert the BS cube in the path of the beam. We

do it first such that it’s base is as close to horizontal and so that the beam is as close

to it’s center as possible. This is a coarse alignment; still, it gets the initial alignment

close enough that fine adjustments can be made over a smaller range. We define an

origin OBS on the splitting surface of the BS Cube where B1 strikes. OBS need not

be at the center of the cube, but the principal axes of SBS are normal the faces of the

cube. (See figure 5.10)

Next, we place a partially-silvered optic in front of p1. A partially silvered-mirror

can be placed in front of p3, but it must a very transmissive optic, as by that point

back reflections have been split 3 times to at most 12.5% of the original 50% split

beam, or 6.25% of the original beam. Because the partially silvered mirrors we used
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Figure 5.10 BS Cube coordinate system

were more absorptive and transmissive than reflective, this percentage is probably

much smaller. Using a third partially silvered mirror would indeed increase the back

reflections. However, it would require a more calculated design in the use of all

partially-silvered surfaces. Those resources were unavailable.

We confine B1 and B3 inside of σxyt by matching three sets of reflections: the first

is on the face of the laser, and the other two are on p1 and p2. This process is the most

involved as the there are two possible fine adjustments from each kinematic mount

holding a partially-silvered mirror reflecting back onto the system, five adjustments

from the beam-holder assembly, and another two from each kinematic mirror in front

of the laser for a total of 13 fine adjustments. One might wonder why that would be

the case since in confining B1 inside of σxzt, we had already forced one of the angular

degrees of freedom away from the optics on the kinematic mirror mounts and the BS

cube should only have to be aligned with respect to angle, why 5 more adjustments.

There are two explanations for this: first, as mentioned earlier in the second section,

kinematic mounts will affect more than one rotational degree of freedom with respect

to St; second, the way in which the BS assembly is created does not guarantee that

the aligning the BS cube yields (OBS)t = Ot, much less (SBS)t = St . Therefore, we
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need to be able to translate the cube along the grid with out rotating it, and so we

add the linear translation adjustment. This relation, however, describes what we are

trying to achieve with the BS cube and to a few small transformations:

(SBS)t = δRt (St + δT) ≈ (δRtSt) + δT (5.5)

where St and SBS is a matrix of vectors that describe the coordinate systems. For

an arbitrary coordinate system Sk, Sk is simply the array of unit vectors representing

the coordinate system in its own reference frame) :

Sk =





1 0 0

0 1 0

0 0 1




(5.6)

For the beams, the same operation is performed on matrices containing the direc-

tions of different beam propagations after leaving the beam splitter (We asssume the

vecors for Bt to be normalized):

Bt =




B2, B1 × B2, B





t

=




−B3, B1 × (−B3), B1





t

= δRt (St + δT) ≈ (δRtSt) + δT (5.7)

The relations say that (SBS)t and the vectors representing the beams are equal to

St to small transformations of (and a sign change on B3) in St. Eqn. 5.5 tells us that

we are to confine the principal planes xyBS ,xzBS , and yzBS of SBS inside of their

respective error planes in St. Eqn. 5.7 represents the attempt at making St visible

through the beams. What the procedure does is to constrain the system:
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(B = δR (SBS + δT) ≈ (δRSBS) + δT)k (5.8)

where k represents an arbitrary euclidean coordinate system. Eqn. 5.8 is the ad-

vantage of using the BS cube along with the laser beams: it requires that the first

thing we do is make the beams line up with SBS; which really means xBS and zBS lie

somewhere inside of those beams. The alignment is complete by making St lie inside

the beams within small transformations. By small transformations we mean one of

two things: for a beam striking a target, we mean that the small transformations

keep the beam inside of an area about that target. For a back reflections, we mean

a point to which we can no longer distinguish a beam spot moving inside of another

beam spot.

In order to simplify the alignment process, a rough alignment is first done using

mechanical elements on the table. By using threaded studs as markers, as well as other

height indicators, we coarsely align the BS Cube and some of the back reflections over

these elements. Then we align all optics until all back reflections become unresolvable

into one dot at their respective surface. As mentioned earlier, the most important

back reflection to align first is the reflection off the first surface of the BS cube; this

reflection strikes back at the face of the laser and it is the dimmest of all initial back

reflections on the laser face (Figure 5.1a). We align to this first because it will align

the BS Cube normal to the laser beam and eqn. 5.8 will be met; other reflections

later aligned to the laser are now also aligned to the BS Cube and the beams form

their own orthogonal grid. Therefore, if the reflections along the xyt plane are not

striking their respective targets, then we can be sure that it is either the BS cube

that is translationally not positioned correctly or that the beam itself is not angularly

true to the table grid; that is, it is not confined within the error planes. At that point

there are four conditions to consider before adjusting anything: three happen along
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the xzt, and one happens on the xyt plane.

The three conditions that occur along the xzt plane are:

1. B1 and B3 are confined to one side of xyt but do not strike any of the

targets p1 or p2 (Figure 5.11a). In this case, xyBS is all on one side of xyt but

outside of σxyt. This condition is easily solved by a translational adjustment

of the BS cube along xzt until the beams strike the targets. Usually, this will

require no angular adjustments of the optics.

2. B1 and B3 are not confined to any section of xyt (Figure 5.11b). We

can see this by noticing that the beams along the xyBS plane are miss the

targets on opposite sides of the xy plane. Therefore xyBS is intersecting xyt;

the laser beam must be intersecting the table grid at an angle. For this case,

we first adjust the kinematic mirrors steering the laser beam, then the BS Cube

angular adjustment about yBS(thus rotating the xzBS plane) until it is again

aligned with the laser beam, and lastly we realign the partial mirrors and regain

an orthogonal system OBS.

3. B1 and B3 strike only one target p1 or p2 (Figure 5.11c). This condition

implies a combination of conditions {1} and {2}, and is the most common. To

correct this we first try to change {3} to condition {2} by translating the BS

cube along xyt. Once we have done that, we try to attain condition {1} rotating

the cube.

Condition {3} suggests the method by which we can confine xyBS to the error planes

parallel to xyt. By successive application of {3}, we eventually arrive at a point

where we can no longer see condition {1} or {2} and thus not {3} out side of our

error bound.
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Figure 5.11 BS Cube Alignment Conditions

(a) xzt alignment condition 1

(b) xzt alignment condition 2

(c) xzt alignment condition 3
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The condition that occurs on the xyBS plane is that the B1 and B3 miss the

correct heights on xyt targets but on opposite sides of xzt. It is in essence the same

as condition {2} in which the xyBS plane intersects σxyt, except the case is now that

the xzBS plane intersects σxzt. This means that the zt and zBS are aligned, but SBS

is off from St by a rotation about zBS. Ideally, this should only occur at first because

of initial positioning of the BS cube, as the beam had already been confined between

the σxzt in the first stage of alignment. Thus, one fine rotation of the BS cube about

zt should have solved the problem. However, as mentioned earlier, adjustments to

the optics are made using kinematic mounts which do not leave degrees of freedom

unaltered. Therefore analogous adjustments to condition {1} are made again; this is

called condition {1’}. Once this is done, the beam is again confined inside the σxzt .

Lastly, after this has been done, we must make sure that BM and B2 are confined in

between the σxzt. This is the final adjustment, and should be a very fine adjustment.

The reason for this is that all of the other alignments should have kept it stable. If it

does happen that a major adjustment hast to be made, then this adjustment is once

again done, and the BS Cube alignment steps repeated.

This is general algorithm for alignment of the optical system:

1. Confine BM in between the σxzt.

2. Insert BS cube and normalize it to BM

3. Rough align system to table grid using mechanical markers on table while.

4. Finely adjust BS Cube

(a) Adjust xyBS plane to be inside of the σxyt.

(b) Adjust xzBS plane to be inside of the σxzt.

5. Adjust main beam to confine inside of the σxzt.
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6. Repeat steps 3 and 4 until beam is confined inside of error planes.

Upon doing we have confined the beam inside of the error shaft. To reduce the

complexity of our calculations, we maximize δx and δy at 6.5 [mm] (since we measured

closer to around 6.4 [mm]), and we reduce z to 1.97 [m]. Therefore, our angular

uncertainty for the beam comes out to be:

l =
�

z2 + δx2 + δy2 =
�
1.972 + 2 · (.0065)2 [m] = 1.97 [mm] (5.9)

d =
�
δx2 + δy2 =

√
2 · 6.5 [mm] = 9.19 [mm] (5.10)

δφ = tan−1(d/l) = .005 [rad] = .267 [deg] (5.11)

At this point we remove all optical components except the kinematic mirrors

reflecting the laser beam and the BS Cube assembly; this will cause the beams to hit

on fixed points on the lab walls. Ideally, the BS Cube assembly should be fixed and

untouched as of this step. If for any reason the system were to become misaligned,

the BS Cube is positioned in such a way that we can simply align back all other optics

back to it and the marks on the wall.

Next, we insert and align the photodiode assemblies and the slide holder assembly

into the system. Photodiode alignment involves adjusting the back reflection off its

silicon wafer and losing it inside the hole on the laser face. This is simple except in

the case of the photodiode positioned on the armature assembly. This is done after

the slide-holder assembly has been aligned to the system as the experiment is taking

place.

The ease of aligning the slide holder assembly is really the reason for which we

aligned the enire optical system to the table. Had we not done it in that fashion,
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we would have had to align the slide holder assembly to the optical system; this

would have been quite expensive. In terms of translational motion, parts are not

expensive. However, in terms of angular movement, 2 degrees of freedom is expensive

due to the size of the assembly. Further, it would have created a more complicated

slide holder assembly, and by eperience we had learned that complicated assemblies

become misaligned through repeated use. By aligning smaller, less complex optical

assemblies to the table, we reduced work required later on to realign the system

because of repeated use. Now we simply align the slide holder assembly to the optical

system by slight adjustments, since it is already mostly within the alignment of the

table.

The coordinate system Ss of the slide remains fixed at the point were B2 strikes the

slide and does not rotate with the slide. Ideally it should be fixed to the coordinate

system of the turntable Stu by a translation along xtu. The alignment of the slide

holder only involves two degrees of freedom: rotations about xs and ys axis of the

slide. The xs axis is simple, as we must simply make sure that when the turntable is

set to a mark of 0 degrees, the slide is normal to the incident beam. We simply adjust

the post holder that holds the slide holder until its back reflections disappear into

the system. The ys axis rotation, however, is much more complicated. We must be

assured here that a complete 180 degree rotation in the plane of the turntable results

in the back reflection of the slide being realigned with the system.

In order to obtain xs|| xt, we start with the slide aligned at ψs = 0. Next is to

rotate about xs 180 degrees, and check whether the back reflection was lost into the

system. If this is the case, xs|| xt, and a reflected beam will remain inside of the σyzt.

If not, then there are three possible conditions for misalignment of the slide after

rotation:

1. xs is not parallel to xt. In this case, we simply rotate the turntable about ytt
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until the back reflection disappears into the system.

2. xs||xt axis but neither is parallel to xtu. We then adjust the slide holder

slightly until the back reflection again disappears into the system. (Because of

simplicity, we simply put pieces of paper under the post base of the slide holder

to give minor angular tweaks.)

3. None of the x axes are parallel to each other. This is the most common

condition and, like BS cube condition {3}, a combination of the other two

conditions. We recognize it after correcting either one of the previous conditions

and then rotating the slide 180 degrees back to 0 degrees to find that at 0 we

are now out of alignment. To correct this, we slightly adjust the previously

fixed condition to a point where we know that the slide will be off just slightly

at 180 degrees, though not as much as before. Then, we compensate by fixing

the other condition; and then we rotate 180 degrees again.

After several iterations of condition {3} we usually find that the we lose the back

reflections, and thus the beam reflected off the slide holder is confined within the yz

error planes.

It is important to mention that even though the slide is aligned within δφ, angular

markings on the turntable are to within .5 [deg].We find the actual error using:

δγslide =
�
δφ2 + δψ2

s =
√
.2672 + .52 [deg] = .57 [deg] (5.12)

which shows that we are not that far above the error created by the turntable.

Lastly, the alignment of the photodiode in the armature is done in situ as the

experiment is taking place. Originally, we had planned for a mechanical alignment

of the two assemblies with turntables. By mechanically connecting both rotating

plates of the turntable using manufactured parts the rotation axes of the turntables
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should be aligned to each other beyond our ability to measure. Unfortunately, not

all tolerances in the different parts are the same, and often one part will have varying

tolerances in different places; this made mechanical alignment difficult and sometimes

damaging to the optomechanics. Various methods for aligning the turntables were

considered, but because of lack of time and additional parts, we instead decided on

in situ alignment.

To accomplish in situ alignment, we decided that the slide would make −ψs rota-

tions (Figure 5.12a). This results in the beam initially bounced off the slide hitting

the table. The armature turntable would have to turn positively about it’s rotation

axis. The importance here is that the silicon wafer on the armature photodiode would

reflect the beam off away from the table. The back reflection from the the transmit-

ted photodiode would strike the slide on the back side and also reflect away from the

table. This second back reflection we know is aligned to the optical system; so, if

we aligned the back reflection from the two back reflections, then we know that the

armature photodiode is aligned to the system to an angle determined by the distance

traveled by the two back reflections (Figure 5.12b).

The question of how good the alignment of the photodiodes is to the system works

out to be more about reproducibility than high certainty. First, we know that our

series diodes use a somewhat flat Borosilicate glass face; this series shows little dif-

ference in photodiode directivity when the angle γ (see figure 5.13) of the laser to

the normal of the silicon wafer in the photodiode is less than a few degress from zero

(see figure 4.1). The system is well within one degree of alignment from zero and,

therefore, so are the photodiodes. Second, because we are using relative measure-

ments, what matters more to us is that the photodiode always be in the same angular

alignment. If the alignment were more than a few degrees from zero, small variations

in angle from measurement to measurement would make our relatve measurements
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Figure 5.12 Reflected Photodiode alignment

(a) Armature assembly position during alignment

(b) Reflected photodiode back reflection alignment process on wall
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Figure 5.13 Photodiode Coordinate Reference

quite a bit shaky as ∂RS
∂γ would be significantly larger than zero. However, because the

angular alignment of the transmitted back reflection remains constant and close to

zero throughout the experiment, realigning the armature photodiode back to within

a few degrees of perfectly normal incidence guarantees ∂RS
∂γ � 0. Therefore, detector

spectral responsitivity should remain constant, and the linear relations found earlier

in chapter 4 hold true.
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Future Research

There is much work left to be done. In fact, looking back over the last year of research

work, we can see that each of the topics should form the basis of a particular project.

The main things to study are Opto-Mechanics use, Photodetector and Laser Opera-

tion, and Alignment methods. Understanding how to use a ray tracer greatly reduces

the amount of mathematical work needed to calculate errors as well as testing an idea

for much more complex experiments. Getting students to understand better how to

work with industry grade optical equipment is key to reducing the amount of time

needed in a particular research project learning to use the optics banch. Photode-

tector understanding is key to developing more involved and physically interesting

physics experiments. I feel this is the most important thing that we need to research

in terms of optics. If we can better understand our detectors and how to apply them,

then we can begin to attempt much more involved experiements.

Alignment underlies all of optical experimentation, and papers covering it in the

literature is limited. Although the alignment method presented here is sufficient, there

are other techniques for manipulating beam characteristics that would prove useful

for any experiment, i.e. spatial filtering. We know that courses in alignment are

71
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available, though are rather expensive. Accepted practices have to be incorporated

into our alignment methodology if we expect to have students interested optics to be

competitavely prepared to work in industrial and graduate level settings.
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alignment issues, 49

alignment, general algorithm, 64

alignment, matrix representation, 60

armature assembly, 22

B

back-reflection (intensity measurement), 7

beam model, 49

beam propagation (direction), 9

beam splitter assembly, 22

beam splitting cube, 6

Brewster angle, 24

BS Cube, 6

BS Cube Coordinate system, 58

C

coarse beam alignment, 58

coordinate system (reference), 9

criteria, photodetector, 27

curve fit, relating intensities, 46

D

dark current, 39

degrees of freedom (graphical representa-

tion), 9

degrees of freedom (spatial), 9

depletion layer, 29

diode current v. voltage curve, 30

Diode Voltage, 31

E

electron, 29

Ellipsometry, 3

error plane-pairs, notation, 55

error planes, 54

error shaft, 50

excess minority charge carriers, 29

F

forward bias, 29

frequency bandwidth, 39

G

gaussian beam, 49
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H

HeNe laser, 25

hole, 29

I

impurities, semiconductor, 28

J

Johnson noise, 39

junction, 29

L

laser intensity (issues), 12

laser intensity, time variations, 41

laser intensity, typical over time, 43

limiting factor, alignment, 55

linear fit, 42

load resistance, 31

load resistance, DAQ impedance, 34

M

measurement spikes, random, 42

N

n side, 29

O

open circuit voltage, 32

operations (spatial), 9

optics table, coordinate system descrip-

tion, 54

P

p side, 29

paraxial approximation, 50

part (mounting), 15

photocurrent, 30

photocurrent, predicted, 38

photodiode alignment, 65, 67, 68

photodiode alignment, responsivity justi-

fication, 68

photodiode equivalent circuit, 28

photodiode equivalent circuit description,

30

photodiode linearity, power bounds, 38

Photodiode, properties, 31

photodiode, solid-state description, 28

photon, 28

photovoltaic, 32

polarization (graphical representation), 9

polarizer (alignment), 12

power, of light at an interface, 35

R

reflection coefficient, 4

reflectometric, 3
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relative sensitivity, 32

reverse bias, 29

reverse bias, photodiode linearity, 35

reverse saturation current, 34

rotations (mathematical definition), 9

S

semiconductor, 28

series resitance, 31

Shot noise, 39

shunt current, 31

shunt resistance, 31

slide holder assembly, 21

spectral response, for S2386-45k, 32

spectral responsivity, 30

T

temperature dependence, photodiode, 27,

46

translation, of a point, 9

transmission coefficient, 4

transmission curve, BS Cube, 43

turntable (positioning), 13

V

voltage noise, actual, 41

voltage noise, predicted, 41

voltage, predicted, 38
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