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ABSTRACT

A new device, a selective digital integrator (SDI), for the acquisition of modulated
polarization spectroscopy (MPS) signals is described. Special attention is given to the accurate
measurement of very small (AC component of interest < 10° x DC component), rapidly
modulated (~50 kHz) signals at or below noise levels. Various data acquisition methods and
problems associated with the collection of modulated signals are discussed. The SDI solves
most of these problems and has the following advantages: it provides the average-time resolved
profile of a modulated signal; it eliminates errors if the modulation is not sinusoidal; it enables
separate measurements of the various phases of the signal modulation cycle; it permits
simultaneous measurement of absorption, circular dichroism (CD) and linear dichroism (LD)
spectra; it facilitates 3-D absorbance measurements; it has a wide gain-switching-free dynamic
range (10 orders of magnitude or more); it offers a constant S/N ratio mode of operation; it
eliminates the need for photomultiplier voltage feedback, and it has faster scanning speeds. The
time-resolution, selectivity, wide dynamic range, and low-overhead on-the-fly data processing
are useful for other modulated spectroscopy (MS) and non-MS experiments such as pulse
height distribution and time-resolved pulse counting measurements.

The advantages of the MPS-SDI method are tested on the first Rydberg electronic
transitions of (+)-3-methylcyclopentanone. The experimental results validate the predicted SDI
capabilities. However, they also point to two difficulties that had not been noted previously: the
presence of LD in a gaseous sample and a pressure-dependence of the relative peak heights of
the CD spectrum. Models for these anomalies are proposed. The presence of the oscillatory
LD (but not an LD background) is explained with a sample cell model based on the observed
polarization-dependent time-resolved profiles of transmitted light intensity. To obtain
expressions for these intensities, a theoretical background, which provides a new approach to

Xxvi
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the treatment of light/matter interaction, is included as an Appendix. To explain the second
anomaly, present only at high optical densities, a model based on the presence of scattered light

is introduced and verified. The mode of correction for the scattering problem is outlined.

XVil
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1. INTRODUCTION

The phrase “Modulated Polanzation Spectroscopy (MPS)” denotes the set of all
experimental techniques that use periodically alternating light polarization to probe the structure
of matter. As the name suggests, these experimental techniques form the intersection of the
Modulated Spectroscopy (MS) and Polarization Spectroscopy (PS) sets. As such, they inherit
the benefits associated with both spectroscopic approaches. In MS, modulation is imposed on a
signal in order to use a lock-in data acquisition technique to improve S/N ratios { 1, 2]. The
benefit of PS, on the other hand, is that it can provide information about light/matter
interactions that are heavily influenced by molecular structures [ 3] and are not otherwise
available. Indeed, PS has evolved into a method of choice in areas such as structural molecular
biology and biochemistry [ 4] (protein structures and folding dynamics), molecular electronic
structure { 3] (natural and field-induced chirality), and materials science [ 2, 5] (surfaces,
molecular layers, magnetic and optical processing) and, in the last decade or so, it has expanded
into the IR [ 2, 3, 6] and the soft X-ray synchrotron regions [ 7].

Unfortunately, all the problems are also inheritable. The measurement of a modulated
signal becomes more complicated as modulation becomes faster, say 50 kHz, and the duration
of the experiment becomes longer, say hours. Complications arise because of the extensive data
load that must not be allowed to impose a crippling overhead (i.e, time spent on data
processing must not be allowed to restrict the time spent on data collection). On the PS side,
the controllable production of elliptically and circularly polarized light over a broad-wavelength
range is limited to a few devices [ 7, 8], each with its own drawbacks. Once polarized, the light
may be depolarized or its polarization altered while passing through, or reflecting off various

elements in the optical path; the strength of light/matter interactions may vary as a function of
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the light polarization; and the absorptivity difference for linear polarizations can be orders of
magnitude larger than those for circular polarizations, which causes problems if the two are
mixed [ 3]. Consequently, good execution of an MPS experiment may be difficuit.

This work concems an MPS experiment, circular dichroism’ (CD), in which the
difference of absorption of left circularly polarized (LCP) and night circularly polarized (RCP)
light must be measured. When performed in the UV and VUV [ 9, 10], it is afflicted with
problems specific to both MS and PS. Circularly polarized light in this range is generated by a
photo-elastic modulator (PEM), no other broad wavelength-range altemative being available.
Unfortunately, in addition to LCP and RCP light, the PEM also produces elliptical and linear
polarizations [ 3, 8, 11] which may “pollute” the measurement of CD. The polanzation
modulation frequency is limited to ~50 kHz, the natural frequency of the CaF; crystal used in
the PEM, which is fast enough to introduce data acquisition problems. The difference of
detector output currents for the LCP and RCP components may be less than 10~ times their
average value and CD, as a result, is very noise prone. Finally, there is a light-source/detector
problem. The production of a broad range CD spectrum requires an appropriate broad range
radiation source. Dye lasers satisfy this requirement, at least partially, but are expensive and
hard to work with. Synchrotron radiation is also a limited (availability) option. In general,
widely-available laboratory lamps are the simplest solution. Unfortunately, the light levels that
such lamps produce are low compared to lasers and synchrotrons. Consequently, sensitive

detectors, such as photo-multiplier tubes (PMT) [ 12], must be used. In addition, the low light

! Magnetic circular dichroism (MCD). a magnetic ficld-induced CD. is a variant of CD. All matcrials
exhibit MCD but only chiral samples exhibit CD.
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levels require longer experimental times and/or wider monochromator slits that lead to lower

resolution.

The difficulties involved in the production of appropriate light frequencies,
polarizations, and intensities carry over into data acquisition. The extraction of small, fast-
modulation signals at or below noise level requires compromise: data acquisition (DAQ)
methods based on the lock-in ampliﬁerz, for example, may have to be tolerant of approximate
results and/or a loss of useful information. Indeed, the lock-in amplifier, which should measure
the difference of LCP and RCP absorptivities, does not do so if the signal is non-sinusoidal.
Furthermore, a lock-in amplifier requires PMT voltage feedback for optimum performance and
this, unfortunately, eliminates the ability to obtain absorption spectra. Some methods use two
PMT’s to avoid this loss [ 13]. However, absorption spectra obtained in this way are of low
quality because of the non-linear relationship between PMT input voltage and output current,
and differences of the response functions of the two detectors. Consequently, while the
absorptivities generated in this way may be “informative,” they may not be used to extract any
additional information from the CD spectrum.

Recent attempts to interpret the MPS MCD of some molecular Rydberg transitions
obtained with a lock-in amplifier DAQ system indicated [ 14]:

(1) A need for new polarization-selective MPS methods in which simultaneous and selective
intensity measurements are performed for a variety of polarizations (e.g., linearly polarized
(LP), left circularly polarized (LCP), night circularly polarized (RCP)) in a single run
during which the experimental conditions remain invariant.

(i1) The need to use a single detector in order to minimize noise.

* The lock-in amplifier is the data acquisition device most often used in CD experiments.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



To satisfy these requirements, a new MS device, the “Selective Digital Integrator
(SDI),” was developed. The term “Selective” describes a device capability to select and
measure signal strengths of specific phases in the modulation cycle, something not previously
feasible. As a result, the problems associated with non-sinusoidal signals vanish. The term
“Digital” denotes utilization of a digital representation of the input signal. The advantage of
digitization is that many problems, errors, or limitations imposed on further signal processing
are largely eliminated”. However, digitizing also has drawbacks: digitized data is merely a
representation of the input signal that is discrete in both time and amplitude. Consequently,
there are tradeoffs between the analog and digital approaches. As shown later, these tradeoffs,
lean toward the digital approach in the MS-PMT modality, which is why it was adopted here.
The PMT voltage feedback loop and the consequent inability to measure absorption spectra is
also eliminated by a digital approach. The term “Integrator” is self-explanatory: since the
signal intensity will usually oscillate around some average value, the value that is the actual
measurement goal, signal averaging is required and is achieved by on-the-fly numencal
integration of the digitized signal. This approach provides the low data-processing overhead
essential for MPS experiments of long duration.

The main goals of this work are:

(i) To review current MS and MPS DAQ methods in order to demonstrate the need for an SDI
capability;
(i1) To describe both the hardware and the software solutions that are essential to SDI

operation;

? In the analog mode. the resistances. capacitances. ctc.. may change with time and temperaturc. non-
linear effects are present. signals arc susceptible to noise. and voltage and current limits on electronic
components can cause saturation problems. etc.
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(111) To verify SDI capabilities by experiment;

(iv) To provide theoretical models that validate the experimental results.

It will be shown that there is total congruence of predicted and experimental SDI
capabilities. As a result, new types of experiment may be performed and new types of data can
be collected. However, as with any new experimental capability, these new types of data (or
even more accurate versions of older data) can pmpoint difficulties that had not been noted
previously. Two such conundrums appear in this work. One is the presence of linear dichroism
(LD) in a gaseous sample. Such an LD signal had not been observed previously, either because
it was not expected or because the experimental sensitivity was inadequate for detecting the
weak signals. The other effect is a pressure-dependence of relative peak heights of a CD
spectrum observed at the high optical densities required for a test of the high-dynamic range of
the SDI. This anomaly was not observed previously, presumably because other workers were
unable to track optical densities large enough for the effect to become significant. In any event,
since no comparable data are available, one must resort to theoretical modeling in an attempt to
explain the observations and to eliminate the possibility of instrumental error (i.e., SDI
misbehavior). This theoretical analysis is included in the text because it appears to be both
original and significant. A literature search reveals no similar treatment of polarized-
light/matter interactions: it uses Kramers-Kronig transforms [ 3, 15] to reduce the number of
theoretical parameters from eight to four.

The remainder of this text consists of four Chapters and three Appendixes. These are:

e The manner in which modulated signals are generated, with emphasis on the PEM-PMT
experimental apparatus, is discussed in Chapter 2. The operation of a PEM is described in

detail because of the SDI ability to measure “simultaneously” the absorbancies of light of
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different polarizations. Finally, the concepts of average time-resolved profiles and point-
by-point averaging are introduced.

e Information extraction from various types of modulated signals using lock-in, (gated)
photon-count, (gated) integration, and time-resolved DAQ methods are discussed in
Chapter 3, and the need for an SDI capability is demonstrated. Particular attention is paid
to the modulated signals that are generated by the experimental apparatus described in
Chapter 2.

e A formal description of the SDI is given and the available DAQ modes are discussed in
Chapter 4.

e The experimental results that illustrate performance of the SDI are elaborated in the first
part of Chapter 5. We have chosen the first Rydberg electronic transitions of the
(+)-3-methylcyclopentanone molecule for this evaluation because of their well known
optical activity and optical strength [ 10, 16]. In the second part of Chapter 5, the
theoretical background required to vindicate new experimental results is given. Two
models, one for absorption in sample cells and one for light scattering are introduced.
These latter two models are required in order to interpret the anomalies mentioned
previously.

e The denvation of the theoretical expressions for the interaction of polarized light with
matter in a special case when all molecules are oriented in the same direction and only one
transition is active is given in Appendix A. These expressions are generalized in Chapter 5
for an isotropic samples and partially-oriented thin films.

e A detailed low-level description of the SDI is provided in Appendix B.
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2. MODULATED POLARIZATION SPECTROSCOPY

When the entity of concem is the ‘“‘signal,” the elements of any measurement apparatus
can be grouped into three, functionally-separate groups (blocks): the signal source, the data
acquisition system, and the control modality. The first group contains all elements prior to, and
inclusive of detector(s). The second group consists of all instrumentation after the detector(s).
The third group is responsible for control and synchronization of the first two groups. The
focus of this Chapter is the “‘source,” the entity that generates the modulated signals. The DAQ
component, which is responsible for signal collection and information extraction. will be
discussed in subsequent chapters. Issues concerning control and synchronization are scattered
throughout the text: even though the control elements constitute a distinct and separate group,
they can only be described in conjunction with specific elements from the two preceding groups.

A description of the source block for every experimental technique in the MS category
would require a number of volumes. Consequently, we will focus on one MS representative,
the apparatus of Figure 2.1 that was used for development of the SDI. The generalized block
diagram of Figure 2.2, of which the apparatus of Figure 2.1 is a subcase, will be used to show
that the specific analysis of this Chapter, and the conclusions based upon it, apply to all MS
experiments that generate related signals.

2.1 Experimental Apparatus

The laboratory apparatus is shown in Figure 2.1. The electromagnetic (EM) radiation
is produced by a Hinteregger lamp: a discharge in a quartz capillary filled with ~1.2 Torr
hydrogen is controlled by a DC power supply that uses feedback to maintain a constant current

flow. The lamp is attached to a McPherson‘, Model 225, | m normal incidence VUV

* 530 Main Strect. Acton. MA 01720, (508) 263-7733
7
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Figure 2.1 The experimental apparatus. Double solid lines represent high vacuum boundaries. Dashed lines denote boundaries between
functional groups. The two signals processed by the DAQ group are in italics. Arrows on the lines connecting elements of the DAQ
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Figure 2.2 Block diagram of a general modulated absorption spectroscopy experiment.
Dashed lines represent the light path and solid lines represent the flow direction of
electronic information.

monochromator, equipped with a 1200 lines/mm grating which provides monochromatic light of

wavelength 160 nm and above. For experiments in the visible range, a 600 lines/mm grating is

also available.  The intensity and resolution (i.e., the wavelength spread) of the

“monochromatized light” is controlled by the size of entrance and exit slits. Both slits used in

this work of identical size.

The monochromatized light beam is bent and focused using an aluminum mirror of 25
cm focal length, the focal point being located inside the sample cell. Light reflected from the
murror is passed through a Wollaston prism in order to generate linearly polarized light
[ 11, 17]. The prism splits the incident light into horizontally and vertically polarized beams,
the spatial angle between them being wavelength dependent. Both beams then transit the PEM
which alters their polarization at a ~50 kHz frequency. The extra-ordinary beam is blocked by

a mask inserted after the PEM: a mask between the prism and the PEM is not feasible because
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of the small exit angle between the two linearly polarized beams. However, by the time the
beams transit the PEM, the separation is large enough for masking even when the wavelength
dependence of the exit angle is taken into account.

The sample cell is embedded in an 8 T superconducting magnel:5 in order to study
magnetic field-induced phenomena. The light transmitted through the sample is collected and
converted to current by the PMT. This current is then fed to the DAQ device. In the onginal
apparatus, the DAQ setup consisted of a lock-in amplifler, an analog integrator, PMT voltage
feedback electronics, a PEM voltage amplitude control, and an analog divider [ 9]. All these
elements have been replaced by the SDI and a computer, as shown in Figure 2.1. The SDI is
responsible for data collection and basic on-the-fly signal processing, whereas the computer
stores the collected data on hard disk, performs user-requested post-processing, controls the
monochromator wavelength (via a stepper motor) and the PMT voltage, and displays data and
experimental parameters in a user-friendly fashion. The PEM power supply is used in a local
mode (a knob on the chassis) or remote mode (computer via digital-to-analog converter) to
control the pressure applied to the PEM crystal. The power supply also provides the
synchronization signal used by the SDI.

Experiments in the VUV require all elements in the light path to be in vacuum. In order
to minimize the effects of vacuum breach and to permit optical realignment without having to
destroy the vacuum in the entire system, the apparatus of Figure 2.1 consists of three parts
isolated by MgF windows, each separately evacuable: the monochromator, the metal box

containing the optics and the PMT extension-sample cell assembly®.

* Oxford Instruments - Oxford Magnet Technology. Wharf Road. Eynsham. Witney. Oxon OX8 IBP.
UK. Tel: + 44 (0) 1865 880880
® The cxtension minimizes the effects of high magnetic field strength on the PMT.
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The main purpose of the apparatus is to measure the polarization dependence of the
absorption spectrum. Such measurements can be performed in two different ways. In one
approach, the polarization of light is kept constant during a single run. Once the wavelength
dependent profile for that polarization is recorded, the polarization is altered, and the scan
repeated. Any comparison of these two spectra requires the polarization dependent differences
to be larger than those caused by errant changes in the experimental conditions, such as
differences of light intensity and/or sample pressure, between the two runs.

If on the other hand, the errant changes are too large, another approach is required: the
polarization must be altered during a single run so that measurements for different polarizations
are done “simultaneously” and are similarly nfluenced. Therefore, at each wavelength, the
absorption information is collected for different light polarizations. The wavelength is then
changed and the whole process repeated. This latter type of experiment, in addition to bemng
representative of the MS group, is also a member of that specific MS subgroup which uses light
polarization modulators to perform “modulated polarization spectroscopy.” As pointed out In
the introduction, the LD and CD are good examples of molecular properties that can be studied
with MPS. The former type of experiment in which polarization of light stays constant,
however, does not belong in the MPS category and will not be discussed here.

2.2 Other Sources of Signal Modulation

References will be made often to the MPS apparatus of Figure 2.1. However, other
types of modulation will be discussed also. These general modulations and the elements that
characterize all MS experiments are shown in Figure 2.2. Modulations can be performed at
three different locations:

() Light polarization may be modulated immediately after the source. For example, the

polarization of synchrotron radiation can be modulated with parabolic mirrors or vertically

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



12

moving slit because its polarization and handedness changes as one moves across the plane
of the ring [ 15].

(it) Light intensity may be modulated either immediately after the source or between the
monochromator and the sample. For example, if a CW laser is used, choppers may be
inserted into the beam path [ 2].

(iii) Light polarization may be modulated between the monochromator and the sample. The
optics of Figure 2.1 are example of such an approach.

(iv) The sample itself may be subjected to various modulations. For example, alternating
magnetic and/or electric fields can be applied to the sample, solid samples can be rotated,
pressure can be cycled, etc.

In any case, the reflected or transmitted light eventually reaches the detector, usually a PMT or

a semiconductor diode, where the photons are converted into current [ 12]. The signal

emanating from the detector is amplified, collected and processed by the DAQ device. The

DAQ device itself is merely a component of a DAQ block which also contains computers

and/or other entities for additional signal or data processing. In addition, the DAQ block of

Figure 2.2 contains all the elements required for control of the experimental parameters (e.g.,

wavelength and PMT voltage), elements that normally are incorporated into the control group.

The DAQ block requires certain other information in order to collect and process
modulated signals. That information, referred to as the “reference signal,” is provided by the
elements of the control group that dictate modulation in the source block. These latter elements

are known as “modulation control unit(s).” A PEM power supply is a good example of such a

unit. In a general experimental arrangement, more than one reference signal might be present.

The DAQ block uses these signals to determine initiation of the full or half period modulation

(i.e., to provide synchronization). For example, a reference signal from the beam chopper can
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be a square wave of voltage v,, when light passes through the chopper slit and v.g when the
beam is blocked (i.e., the change from v,g to v, signals the start of a new period whereas the

change v, to v signals the start of the second half-period).

One can conclude, based on the Figure 2.2, that it is irrelevant how the modulated
signals have been generated because the only information needed for processing is the reference
signal(s) provided by the modulation control unit(s). For example, a lock-in amplifier triggered
by a reference signal can be used for detection of modulated signals regardless of their source.
Or, the other way around, a single experimental apparatus capable of producing different kinds
of modulated signals can be used as a representative of all MS experiments insofar as signal
production is considered. Thus, the results of an SDI evaluation based on the apparatus used in
this work, and obtained by using only reference and modulated signals, should apply to a broad
group of MS experiments.

2.3 Photoelastic Modulator

The main element that distinguishes the MPS subgroup of the MS group is the light
polarization modulator. And it is also this modulator that is the prime source of MPS
difficulties. Linearly polarized light is relatively easy to generate. However, the production of
a circularly polarized light with low attenuation and broad frequency range is very difficult.
Indeed, only a few solutions exist: a) a PEM, based on the photo-elastic effect occurring when a
sinusoidal force of resonant frequency causes controllable changes of light retardation in a
crystal [ 8]; b) a four-mirror polarizer [ 7], a very recent solution, in which reflection from each
of four mirrors, whose relative position can be altered, is used to produce circularly polarized
light; and c) selection of light of different polarizations from synchrotron radiation.
Unfortunately, none of these solutions is perfect. The PEM’s are cheap, they can be used in the

IR, VIS and VUV, but they do not produce a time-invariant polarization (for example, pure
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LCP and RCP light). Instead, the polarization oscillates at the natural crystal frequency
between LCP and RCP, with intermediates that are elliptical and linear. For the CaF, crystal
used in Figure 2.1, the natural frequency is ~50 kHz. This fast modulation complicates
collection of the PEM modulated signals. The four-mirror polarizer, on the other hand,
produces light of constant polarization, but it is exceedingly expensive and, at this time, it does
not cover the UV, VIS and IR. Finally, the use of an up/down vibratory mirror to select
synchrotron radiation with different polarizations has not been perfected, the problem being the
change of polarization during reflections in monochromator and directional mirrors.

The main goal of the MPS apparatus shown in Figure 2.1 is measurement of LD and
(M)CD, i.e., the difference of absorption of two types of polarized light. Other polarizations
generated by the polarizer are usually an unwanted but unavoidable burden. However, the use
of an SDI permits the measurement of all different polarizations in one scan and tums the PEM
drawback into an advantage. Consequently, a detailed description of the PEM is provided.

Mechanical pressure applied to a PEM crystal alters the linear polarization of the
incident light. Stretching or squeezing the crystal produces a phase change of the light
polarization component that lies along one of the major optical axes of the crystal. The light is
almost completely circularly polarized when the applied force is close to the maximum and
minimum values. In the intermediate regions, the light is left or right elliptically polarized. In
the region where polarization handedness changes sign, the light is almost completely linearly
polarized. In the apparatus of Figure 2.1, linearly polarized light is generated by a Rochon or
Wollaston prism [ 17] positioned before the PEM. To ensure that the polarization components
along x- and y-axes, as determined by the optical axes of the crystal, are equal, the coordinate
system of the PEM crystal must be rotated 45° with respect to an axis determined by the linear

polarization of the incident light. For the analysis that follows, the coordinate system is
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determined by the major axes of the crystal and it is the y-component of the polarization vector
that is considered to be retarded.

The electric field of an electromagnetic wave traveling in the z-direction and linearly

polarized at 45° can be written [ 15] as

- E . oo
E(z,t)z?(x+y)exp'(‘”' i) 2.1

where Xand y are unit vectors in the x- and y-directions, respectively, and E is the amplitude

of the electric field. After the wave passes through the crystal, its electric field vector changes

to
- E =  iter—iz
E(:,t):TH(t)e’(‘”' ) 22
2
where
(1) = % + je'o510(¥) 23

The wave retardation amplitude § is determined by the amplitude of the sinusoidal pressure
applied to the crystal, Q = 2n/T is the angular frequency of the modulation (in our case
I/T = 50 kHz) and [I(t) describes the polarization of the light exiting the crystal [ 3, 8]. I(t)
is a periodic function with period T

() = (¢t + n7) 24
n being an integer and T a positive, non-zero number. Using

Mpcp = (X +9)
M;cp =(x-1p)

25

for the RCP and LCP polarization vectors, Eq. 2.2 can be decomposed into amplitudes

corresponding to RCP and LCP light,
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E(z,ty= Egep(z,t) + Ecp(z.1) 26
where

_ E [ isancnis .
ERCP(-'J)=2—ﬁ[1-w'°sm( )]H}che'(wr )

= E 1. .. idsi = ik
ELCP(.‘.',I) = ;?[lﬂe"’m‘w)]HLCpe’( )
Since the two polarization vectors are orthogonal

- — % - — %
Mcp-Mpep =Mpep -Mpcp =0
the same must hold for the electric vectors of Eq. 2.7, where the asterisk denotes complex

conjugation and the dot a vector inner product. Thus, the corresponding light intensities are

% -
Ipcp ()= Epcp(zt)-Ercp(z,t)

238
—-% —-
Ircp (1) = Epcp(2,1)- Epcp(2.1)
which, after combination with Eq. 2.7, become
EZ
[1cp(t) = 7(1 — sin[& sin(Q))])
29

2

Ircp(t) = —5—(1 + sin[ésin(!)t)])

o1

If losses in the polarization crystal are negligible, the total light intensity exiting the PEM, Iy, is
equal to the intensity incident upon the crystal and the following holds

Io=1I1cp()+Ipcp (1) = E? 2.10
[f polarizer losses are not negligible or if they depend on the state of light polarization, a time-
dependent I, must be used. Indeed, since I, may also be wavelength dependent, the situation

can become quite complex. Thus, to simplify analysis, the wavelength dependence of all

quantities will be dropped henceforth.
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