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ABSTRACT

In a preliminary report acoustooptic devices (AODs) were exposed to flash x-ray, linearly
accelerated electrons, and gamma-ray irradiations to determine their sensitivity to radiation and
applicability to space and enhanced radiation environments. This final report is a continuation
and finalization of those initial studies and details the findings of a comprehensive investigation
of radiation induced effects in Lead Molybdate (PbMo0O,), Gallium Phosphide (GaP), Indium
Phosphide (InP), Tellurium Dioxide (TeO,), and Lithium Niobate (LiNbO,) acoustooptic Bragg
cell deflectors and modulators. Gamma-ray, X-ray, electrons, proton and neutron irradiations
were conducted to bound, delineate and differentiate radiation induced changes to operational
AO Bragg Cells. The majority of the irradiations were performed in situ, wherein the Bragg
cells were fully operational during the radiation exposures. Using this approach, instantaneous
changes to Bragg cell parameters such as spatial intensities, deflection angles, bandwidth,
material absorption, diffraction efficiency and polarization states were determined. A majority of
the radiation induced effects observed were determined to evolve from the heating associated
with the interaction of radiation with matter, thus resulting in observable thermooptic effects.
The effects of heating in AO Bragg crystals were investigated and confirmed using three
independent approaches: traditional broad area source irradiations, ion microbeam irradiations,
and irradiation by a CO, laser. It was concluded that AO Bragg deflectors and modulators are
quite insensitive to the long term-low dose radiation environments that would be encountered in
the natural space environment. However, under pulsed high dose (or high fluence) irradiations,
Bragg cell transient responses could result in disruption of normal operations. Providing that

adequate thermal control is implemented, Bragg cells appear very mature for space applications.
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EXECUTIVE SUMMARY

The responses of Lead Molybdate (PbMoO,), Gallium Phosphide (GaP), Indium Phosphide
(InP), Tellurium Dioxide (TeO,), and Lithium Niobate (LiNbO;) acoustooptic modulators and
deflectors exposed to various radiation species are reported. In an earlier preliminary report
acoustooptic devices (AODs) were exposed to flash x-ray, linearly accelerated electrons, and
gamma-ray irradiations to determine their sensitivity to radiation and applicability to space and

enhanced radiation environments.

This report is a continuation and finalization of those studies and details the findings of a
comprehensive investigation of radiation induced effects in acoustooptic Bragg cell deflectors
and modulators composed of PbMoO,, TeO,, LiINbO,, GaP and InP crystals. Gamma-ray, X-ray,
electrons, proton and neutron irradiations were conducted to bound, delineate and differentiate
radiation induced changes to operational AO Bragg Cells. The majority of the irradiations were
performed in situ, wherein the Bragg cells were fully operational during the radiation exposures.
Using this approach, instantaneous changes to Bragg cell parameters such as spatial intensities,
deflection angles, bandwidth, material absorption, diffraction efficiency and polarization states
were determined. Post irradiation recovery of the radiation induced changes were also
temporally measured, and several perspicuous models for explaining and predicting the

degradation mechanisms and recovery kinetics were published in the open literature.

The contents of this report span the period of performance from 15 August 1991 through 15
August 1997, with emphasis placed on data not reported in the preliminary report. The materials
and data in this report are intended to establish a foundation for understanding and predicting the
physical processes by which electron, proton, gamma-ray, x-ray and neutron radiation interact

with acoustooptic materials and devices.

The basis and justification for the investigation and the focus for the overall program direction

was a direct outgrowth of the Photonic Systems Survivability Workshop conducted by



Headquarters Defense Nuclear Agency (HQ DNA / RAES), Washington, DC, in 1991. The

conclusions reached at the workshop were that five of eight Transitioning of Optical Processing
Systems (TOPS) application areas relied on AO technology and the remaining areas relied on
other spatial light modulator technology. While studies of the radiation resistance of optical
fibers-a subset of photonics technology-had undergone highly coordinated intensive
investigations, this was not true of many related photonic technology areas. One of four areas
identified as immediately requiring investigation of radiation induced effects studies were
AOMs. This technology area was determined to have experienced extremely limited radiation-
induced response research, even though it was a highly mature technology with a dominant role
in advanced and state-of-the-art signal processing techniques. These findings led to the

investigations reported herein.

The Photonics Research Group (PRG) of the Phillips Laboratory (PL) undertook the
investigation of quantifying for the first time, real-time transient and steady state radiation-
induced responses of key AOD parameters. Preliminary results were reported to the community
on the radiation-induced alteration of Bragg cell AOD characteristics including: diffraction
efficiency, deflection angle, spatial intensity distributions, bandwidth responses, and

polarization.

Several experimental approaches previously used for measuring radiation-induced effects in
integrated optic and optical fiber component technologies were applied to this study which
involved observing changes to the refractive index dependent processes. Thus, a portion of the
unique transient measurement techniques developed previously were used to study the radiation-

induced transient effects in bulk AO modulator devices.

To guide other investigators that may wish to repeat these first measurements, this report
delineates many lessons learned in properly choosing and applying the measurement
instrumentation and data analysis techniques devised to support this study. Many of the
measurement techniques employed during the early stages of this study were found to be

inadequate as the researchers’ understanding of the radiation-induced response mechanisms

vi




progressed. Therefore, some of the early techniques used for detecting and measuring radiation-
induced responses (such as x-ray induced responses in PbMoO,) were not used in later studies

but have been documented for completeness.

A majority of the radiation induced effects observed were determined to evolve from the heating
associated with the interaction of radiation with matter, thus resulting in observable thermooptic
effects. In particular, irradiation of AO Bragg cells by 15 MeV protons and electrons caused
thermal (refractive index) gradients within the AO cell crystal lattice, which altered the cell
diffraction efficiency, spatial intensity distribution, deflection angle, and polarization. Other
heating effects affected the cell transducer operation and bandwidth response. The effects of
heating in AO Bragg crystals were investigated and confirmed using three independent
approaches: traditional broad area source irradiations, ion microbeam irradiations, and irradiation

by a CO, laser.

It was concluded that AO Bragg deflectors and modulators are quite insensitive to the long term-
low dose radiation environments that would be encountered in the natural space environment.
However, under pulsed high dose (or high fluence) irradiations, Bragg cell transient responses

could result in disruption of normal operations.

Finally, it was concluded, that providing that adequate thermal control is provided, Bragg cells

appear very mature for space applications.
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1.0 INTRODUCTION

The responses of Lead Molybdate (PbMoO,), Gallium Phosphide (GaP), Indium Phosphide
(InP), Tellurium Dioxide (TeO,), and Lithium Niobate (LiNbO,) acoustooptic (AO) modulators
and deflectors exposed to various radiation species are reported. In an earlier preliminary report
acoustooptic devices (AODs) were exposed to flash x-ray, liﬁearly accelerated electrons, and
gamma-ray irradiations to determine their sensitivity to radiation and applicability to space and

enhanced radiation environments.! This report is a continuation and finalization of those studies.

Radiation-induced responses observed in the course of this study included: attenuation of and
shifts in the spatial intensities of AODs operated near or at the Bragg angle, changes to
polarization states and the degree of polarization, changes to the diffraction efficiency and
changes in the operational bandwidth. The experimental data indicate that x-ray, electron, proton
and neutron irradiation degrade the performance of AODs. The electron- and proton-induced
displacements of spatial intensities are believed to be largely due to radiation-induced
temperature gradients within the AO crystal and by temperature-induced changes in the AO
transducers. These non-radiation-induced heating effects can alter the sound velocity or
transducer efficiency in the AO devices. Radiation-induced refractive index gradients
precipitating transient changes to diffraction efficiencies and spatial intensities have also been
observed. Other short-lived electron- and proton-induced optical signal attenuations and
decreases to AO diffraction efficiencies were determined to be primarily due to the formation of
transient color centers, alteration of the crystal refractive index and of phase grating index
amplitudes. Both conventional broad area source irradiations and precisely localizing irradiation
using a new ion microbeam methodology to investigate and differentiate the effects of radiation

on AO modulators and deflectors are presented in this report.

The contents of this report spans the period of performance from 15 August 1991 through 15
August 1997, with emphasis placed on data not reported in the preliminary report. The materials

and data in this report are intended to establish a foundation for understanding and predicting the



physical processes by which electron, proton, gamma-ray, X-ray and neutron radiation interact

with acoustooptic materials and devices.

First observed radiation-induced phenomena including material absorption, spatial intensity

displacements, depolarization of spatial intensities, changes to device bandwidths and diffraction

efficiency are reported.

The final results of a theoretical and experimental investigation for differentiating the responses
of acoustooptic modulators (AOMs) and deflectors operating under dynamic conditions while
exposed to nuclear environments are contained herein. The bulk of the material presented is
concerned with experimentation conducted to differentiate the responses of AODs exposed to
various radiation sources including electrons, x-ray, gamma-ray, protons, and neutrons. X-ray
induced responses were previously presented in the preliminary report and are mentioned only

briefly within this report.

The basis and justification for the investigation and the focus for the overall program direction
was a direct outgrowth of the Photonic Systems Survivability Workshop conducted by
Headquarters Defense Nuclear Agency (HQ DNA / RAES), Washington, DC, in 1991 2 The
workshop participants concluded that the importance of photonics in commercial and military
markets was dramatically increasing, particularly in the application area of optical processing
technology. While near-term military applications such as the Transitioning of Optical
Processing Systems (TOPS) program of the Advanced Research Project Agency (ARPA), in
Washington, DC, were providing demonstrations of prototype optical processing units in military
systems, very little if any radiation testing of photonic materials or devices (sources, modulators,
detectors and passive elements) key to these applications had been conducted. The conclusions
reached at the workshop were that five of eight TOPS application areas relied on AO technology,
while the remaining areas relied on spatial light modulators.> From an extensive survey of
literature and documentation of photonic programs conducted by various research and
development organizations, it was determined that "...the state of radiation effects research on

optical materials and components appears quite primitive when compared to the mass of




information compiled on electronic materials and devices," and "One field appears to be a major
gap in our knowledge of radiation effects on optical processing systems -- optical modulators.
What little information is available appears to concentrate on total dose effects and not transient

effects."? These findings led to the investigations reported herein.

While studies of the radiation resistance of optical fibers - a subset of photonics technology - had
undergone highly coordinated intensive investigations, this was not true of many related photonic
technology areas. Four areas identified as immediately requiring radiation effects studies were:
GaAs laser diodes, Si charge-coupled detectors (CCDs) (and related detector technologies), two-
dimensional (2D) spatial light modulators, and AOMs. This latter technology area was
determined to have experienced extremely limited radiation-induced response research, even
though it was a highly mature technology with a dominant role in advanced and state-of-the-art

signal processing techniques.

As a result of these findings, the Photonics Research Group (PRG) of the Phillips Laboratory
(PL) undertook the detailed investigation of quantifying for the first time, real-time transient and
steady-state radiation-induced response measurements of key AOD parameters. Preliminary
results were reported to the community>* on the radiation-induced alteration of Bragg cell AOD

characteristics including diffraction efficiency, Bragg angle, and spatial intensity distributions.

The investigations centered on five AOD materials: PbMoO4, TeO,, GaP, InP, and LiNbO;. The
rationale for studying these materials was based on current, reported radiation responses of
materials used in Ast, potential use in optical processing or optical correlators, and to provide
a database on AO materials and devices whose radiation sensitivity was largely unknown or

nonexistent.*’

For example, recent radiation response studies of photonic components comprised of LiNbO, and
Lithium Tantalate (LiTaO,) indicated that optical directional coupler waveguides composed of

these two non-centrosymmetric materials were prone to radiation-induced photorefractive-like



effects. As first reported by Taylor et al.’ crosstalk (asynchronous coupling) effects persisting
for many tens of minutes, as well as transient attenuation and polarization changes, could be
induced by single and multiple, pulsed electron irradiations. These coupled-wave devices were
primarily thin film structures. AODs composed of identical or similar materials were of bulk
material technology, thereby raising concerns about different response mechanisms. Related
studies of polarization-maintaining optical fibers that were comprised of neither thin film nor
bulk materials but composite materials, also displayed widely varying radiation-induced transient
changes in transmission and polarization properties when subjected to proton irradiations." .
Since many photonic technologies with vastly differing material properties or crystal geometries
displayed sensitivity to radiation, it was not unreasonable to expect that refractive index changes
caused by ionization-induced color centers or other radiation effects such as heating could alter

the AO coupling, polarization, and transmission properties of the AODs.

The experimental approach used for measuring radiation-induced effects in integrated optic and
optical fiber component technologies was applied to the acoustooptical coupling interactions
inherent in Bragg cell modulators and deflectors which again involved observing changes to the
refractive index dependent processes. Thus, a portion of the unique transient measurement
techniques™' developed previously were used to study the radiation-induced transient effects in

bulk AO modulator devices.

Finally, to guide other investigators that may wish to repeat these first measurements, this report
delineates many lessons learned in properly choosing and applying the measurement
instrumentation and data analysis techniques devised to support this study. Many of the
measurement techniques employed during the early stages of this study were found to be
inadequate as the researchers’ understanding of the radiation-induced response mechanisms
progressed. Therefore, some of the early techniques used for detecting and measuring radiation-
induced responses (such as x-ray induced responses in PbMoO,) were not used in later studies

but have been documented for completeness.




Physical models are presented within this report which hypothesize the manner by which AO
materials respond to ionizing radiation environments. Finally, a hypothesis is advanced to
explain the observed deviation of Bragg cell spatial intensities due largely to radiation-induced
thermal gradients in and near the acoustooptical interaction regions. This hypothesis was first
independently substantiated for PbMoO, by simulating the radiation-induced thermal gradients,
creating similar gradients through direct laser heating of the PbMoO, AOD. The hypothesis was

again confirmed using ion microbeam investigations.
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2.0 ACOUSTOOPTIC INTERACTIONS

2.1 ISOTROPIC DIFFRACTION

The phenomenon of sound waves interacting with light has been the subject of much
investigation over the past 72 years'>*' following Brillouin’s observation of light rays scattering
from thermal fluctuations in liquid and solid media.”” These observations were confirmed and
advanced by Debye and Sears and others in 1932.7*"* Shortly thereafter, the exhaustive
treatments by Raman and Nath to generalize the AO interactions using wave equations for
arbitrary cell parameters moved the applications of acoustooptics forward, with many elaborate
studies and experimental data being reported.”> More recently, observations of the interaction of
high frequency sound waves with infrared optical beams have been reported.”*! Thus, the
interest in AO technologies has covefed in excess of seven decades, resulting in many useful

applications.

With this historical introduction, a truncated explanation of the AO interaction process is
presented, focusing on those areas relevant to the radiation effects measurements performed. In
the paragraphs that follow, a general derivation for the interaction of light and sound in liquids,
gases, and solids is presented. Special emphasis is placed on crystalline materials since the focus

of this investigation dealt with AODs composed of isotropic and anisotropic crystalline media.

When an ultrasonic wave of frequency ftraverses an optically transparent medium, a strain is
produced in the medium, altering the medium’s refractive index in accordance with the applied
modulating waveform. If the strain applied is periodic (i.e., sinusoidal) a periodic grating is
formed from which scattering, reflection, or diffraction is possible with the interaction strength
depending on the grating amplitude, its quality, and the interaction angle between the sound
waves and optical beam. The grating arises from the acoustically induced periodic spatial

density variations produced within the medium.



Diffraction from acoustic gratings in an isotropic crystal has been extensively treated.'*** The

refractive index of the medium may be expressed by the sinusoidal relationship
n(x,t)=n+An sin (ff - Kx) 1))

Here, the refractive index (n) of the medium is changed (An)-due to the acoustic strain introduced

along the propagation direction (x) in time (t) for the case of a progressive (traveling) acoustic

wave of frequency f- The wave number of the planar traveling wave is given by K=2n /

A, where A is the acoustic wavelength. The instantaneous strain s(x,t) can be expressed as a

function of position and time by the analogous expression
s(x,t) = S, sin(ft - Kx) )
where S, is maximum the strain amplitude at sin(ff - Kx) = 1.

The strain-induced refractive index change produced by the acoustic perturbation can also be

expressed by relating the photoelastic constant, p, to the index change
An = —"zﬁn3so 3)

where pis the photoelastic constant characteristic of the medium for the particular mode of AO
interaction. The negative value in Equation (3) indicates that positive strain® or dilation results
in a reduction of thé refractive index. Thus, the photoelastic constant couples the acoustically
induced strain to the refractive index of the medium. The acoustic intensity (I) that generates the

strain in the crystal medium is given® by the expression
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Where p is the density of the crystal medium and V is the acoustic velocity. By combining
Equations (3) and (4), it is possible to determine the index of refraction change in an isotropic

crystal as

2 6 Yo
An=(%p n 1]2 )

On the right-hand side of Equation (5), material parameters determining the quality or strength of
the AO interaction can be isolated. The figure of merit (M) for isotropic diffraction due solely to

material parameters is given by the expression

6.2
M="ﬂ )
pV

Thus the change of refractive index for a fixed acoustic intensity strongly depends on a high
intrinsic index, low acoustic velocity and density, and a high photoelastic coefficient. These
aspects are more fully described in subsections 2.2 and 2.3 and an expression for the diffraction

efficiency is determined from Equation 5.

2.2 BRAGG ANGLE DIFFRACTION

Subsection 2.1 discussed the special case of isotropic diffraction with reference to the geometry
involved in an AO interaction. Figure 2-1 is a general representation of an AO interaction
occurring in Bragg-angle AODs. The special case of Raman-Nath scattering"’ or diffraction is
not covered in this report since only Bragg-angle AODs were investigated. Unlike the multiple
diffraction orders resulting from Raman-Nath diffraction, ideal Bragg diffraction results in the
diffraction of only one side (diffracted) order, allowing simplified diagnostic measurements.

However, several of the Bragg cells studied were observed to have more than one side order.



This condition has been reported by Willard'" to be incipient or anomalous Bragg scattering,

which can be prompted by poor cell design or other M-factors as well as optical beam effects

(i.e., focusing).
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Figure 2-1. Acoustooptic Bragg Deflector. Diffraction of a single side order (Ig)
occurs when the input light (Ip) is incident on the AO crystal at the Bragg angle
(6g). The spacing of the acoustically induced diffraction grating (shaded areas) is
indicated by A4 and is defined by A4 = f/V, where f and V are the acoustic
frequency and acoustic velocity in the crystal, respectively.

As shown in Figure 2-1, an incident optical beam (1,) enters the Bragg cell at the Bragg angle Oy

(within the medium). The primed notation for Oy indicates the refractive index adjustment of the

Bragg angle when measured in air. Thus, the special condition when the beam 1, is diffracted

through an angle 20, (within the medium) with respect to I, is known as the Bragg condition.

The Bragg angle measured in the acoustic medium is expressed as

Op = sin™! (—2%;1—) )
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Where A, is the optical wavelength in free space and A, / n is the wavelength in the medium. The

Bragg angle condition arises when constructive interference is possible. This occurs when the
diffraction grating spacing allows a phase shift of 27 between successive reflections so that the
diffracted intensities interfere constructively. Both I’y and I, are observed to be bent away from
the normal (dotted line) in Figure 2-1, since the refractive index of air is less than the AO

medium refractive index. I’;is also reduced in amplitude, and under ideal conditions the

intensity difference is transferred via the diffraction process to I;. A straightforward expression

for the diffraction efficiency under these conditions is given as

n=—49 ®

The diffracted beam is also shifted in frequency by the modulation frequency applied.

A quantum approach for describing the frequency shift is shown in Figure 2-2. Here, a photon

with energy A®, and momentum %K, interacts with a phonon of acoustic frequency 7A€, and
momentum #K,. Conservation of energy and momentum requires that a photon be generated at

frequency fiw, with a momentum #k,. These conditions are represented by

ho,=ho,*hQ, ®

and

hks =hKi + hK. (10)

The plus or minus sign in Equation 9 is determined by the direction of the incident optical beam.
For example, Figure 2-2 shows the incident optical beam traveling against the direction of the

acoustic wave. Therefore, the resulting diffracted beam (K,) is Doppler up-shifted in frequency

11



and is expressed in Equation 9, where 0= ®; + Q.. The constant £ = h/2n, where h represents

Planck’s constant.

nk,=hK; +hK, ho,=hothQ,

Figure 2-2. Conservation of momentum for Bragg angle diffraction, showing the
Doppler up-shift in frequency of the diffracted beam k,.

An expression for the condition of Bragg angle diffraction can be obtained by manipulating

Equation 10. Figure 2-2 shows the magnitudes of |K;| and |k, | in the momentum triangle as
approximately equivalent. This arises because the optical frequency (@) is much greater than the
acoustic frequency (®; = 10" Hz and 10° Hz < @, < 10° Hz) and, therefore, IK.| = |k,land ©, =

0.

i

Under these approximate conditions, the momentum diagram of Figure 2-2 forms an isosceles

triangle wherein the relationship between the incident and diffracted beams is given as

12
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Since |K; | = |kd | and ©, = O, the incident beam angle Oy is just @5 = 20,/ 2 in the crystal
medium. Substituting the wave number magnitudes |K,|=2nn/ A and |k | =2mn/A,, an

alternate form for the Bragg angle in the medium (©j) in terms of the acoustic and optical

wavelengths, is obtained as
sin@, = 71% (12)

The Bragg angle (©’) measured in air (n, = 1.000293) and shown in Figure 1 is obtained from

Snell’s law where
n, sin®y =n sinB®y (13)
or,

sin@} = £sin® (n>n,) (14)

The angle of separation between I, and I’y .(measured in air), as shown in Figure 1, is twice the

Bragg angle

20, =3 s 3p as)

a

2n . —1[/10\

and for small Bragg diffraction angles, Equation 15 may be approximated as
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a

or, in terms of the applied modulation frequency and Bragg cell sound velocity, the angle of

separation in air is expressed as

N
\.ﬁ

0

nV

a

a7

20, =

2.3 _ANISOTROPIC DIFFRACTION

Several anisotropic AO material devices were studied for their responses to radiation. In the
isotropic treatment previously presented, the assumption was made that the refractive index (n) in
any direction of the AO material was independent of direction (n, =n,=n,). However, in
naturally occurring birefringent materials, or in crystalline materials that are stressed, the indices
can differ. This gives rise to anisotropic diffraction since the magnitude of the momentum

vectors of Figure 2-2 no longer are equivalent, nor are their diffraction angles. Under the

condition lkd | |K1. |, an anisotropic momentum representation as shown in Figure 2-3 is
required. If the index of refraction of the |K, | direction is taken as n, while that of the K, |

direction is n,, the relationship of the diffraction angles of | K, land | ky |can be represented by the

Dixon equations'® as

: _ 4 V: (2 2
sin®,; = 7 V|:f+ (ni - nd) (18)

and
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Here, the difference in the refractive index terms (n? - n?) is a measure of the birefringence of
7 the AO material. For the case of n, = n, or zero birefringence, Equations 18 and 19 reduce to the

form of Equation 15.

—|_27n. - 27n,
k|22 Y )2

Figure 2-3. Vector diagram representing anisotropic Bragg diffraction. Here, the
birefringence of the AO material causes the momentum of light to vary for

. different light polarization states as determined by the n, (ordinary) and n,
(extraordinary) indices of refraction.
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It is also useful to introduce the undiffracted and diffracted intensities at this point. As discussed

by Damon et al.,”® the diffraction efficiency resulting from Bragg angle operation of the AOD is

given by
P, 2 C
77 ”3PL] @0)
=T, "2 || pr? |\, c0s0, -

Where P, = LHI is the power in an acoustic column of intensity (I), width (L), and height (H). ’

Here, ), is the wavelength of light in air while I, is defined as the positive first-order (l,,) spatial

intensity and I, is the input intensity (undiffracted main beam).

These basic relationships of Bragg angle and diffraction efficiency were used throughout the
study for determining the effects of radiation on AODs operating at the Bragg angle. Other

measurements such as the polarization and bandwidth properties of AODs were also studied.
The discussion of these AOD properties and the results of the radiation studies performed to

measure changes to the polarization and bandwidth are examined in later sections.

2.4 ALIGNMENT PROCEDURES-OPTIMIZATION OF BRAGG CELL OPERATION

This section is provided to explain protocols involved for the tuning of the AODs. Prior to any
radiation exposure, the AO cell was optimized to operate at the Bragg angle, 6;, and the radio
frequency (RF) power was adjusted so that the output light intensity in I, the first-order

diffracted beam, was maximized (Figure 2-4).
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RF Transducer

Irradiation
Direction

Figure 2-4. Typical AOD irradiation exposure orientation and alignment
geometry. :

The Bragg angle adjustment was accomplished by directing a collimated laser beam of the proper
wavelength, polarization state, and diameter into the center of the AO cell. The AO cell was then
rotated slowly about 6,, as shown in Figure 2-5, aligning the reflected beam approximately
colinear with the source beam. This was accomplished by mounting the AO cell on a motor-
driven micrometer rotation stage and rotating the cell accordingly. However, care was taken to
insure that the laser beam was slightly misaligned about 6, to prevent reflections of energy back
into the laser cavity. This also aided in observing the location of the reflected beam from the
AOD first surface on the laser head housing. At this orientation, the input laser beam was
observed to be approximately normal to the AO cell input surface and a starting position (or zero

angle reference) for further rotational alignment was ascertained.
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Figure 2-5. Typical Bragg angle adjustment and alignment geometry for AOD
experiment configurations.

The RF drive power was then applied to the AO cell at its center frequency and was monitored
using an in-line power meter. The device was typically driven at 70 percent of the recommended
maximum pbwer in order to align the AO cell and the light beam. An image screen was placed 1
to 2 m from the output side of the AOD, and Raman-Nath diffraction was observed, i.e.,
multiple—brde_r diffraction. The AO cell was next rotated slowly about 6, until only the zero and
first-order diffracted beams remained on the image screen. The Bragg angle in air was
determined by measuring the horizontal distance between the laser head output and the AOD
input surface and the vertical distance between the laser source beam and the reflected beam on

the exit port of the laser head housing.

The Bragg angle 'y in air was then computed using simple trigonometry and compared to the

specified value in the device data sheet using the relationship,

O = tan_l(“&j @1)

Z
where:
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0y = Bragg angle in air

z, = horizontal distance between laser head output and AOD input
Vi = vertical distance between the output beam and reflected beam at the laser
head exit port.

A second measurement was also conducted to verify the Bragg angle. This was accomplished by

measuring the angle between the main and first order beam, referred to as the deflection angle

(20'p), where

20, = tan” (&j (22)
Z
Here,
20 = separation angle between the main and first order diffracted beams
Z, = horizontal distance between the AO cell output and image screen
Y, = vertical distance on the image screen between main and first-order
diffracted beam

Next, a large area optical power meter was placed into the I; beam path and actively monitored.
Fine adjustments to 6, were made to maximize the first-order diffracted intensity. Final position
adjustments were accomplished by translating the AO cell along the x and y axes while
monitoring the optical power to maximize the intensity in the diffracted beam. This procedure is
designed to probe for the maximum acoustic wave velocity within the AO cell. The RF drive
power was then adjusted to 100 percent of the recommended level. Diffraction efficiency of the
AOD was next calculated by measuring the diffracted intensities and comparing the resulting
diffraction efficiencies to the specified value in the device data sheet. The diffraction efficiency
at the Bragg angle is given by Equation 8. Under these procedures, the AO cell was considered

optimized for further characterization and studies.
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3.0 RADIATION INDUCED CHANGES TO POLARIZED AO CELLS

3.1 METHODOLOGY FOR MEASURING RADIATION INDUCED
DEPOLARIZATION IN PHOTONIC DEVICES

A methodology for measuring radiation induced changes to polarized light in photonic devices
such as spatial light modulators, integrated optic structures, optical fibers and vertical cavity
surface emitting laser diodes and other photonic and optical components evolved from the
investigations described in this report. Recently, publications* have appeared describing the
methodology and are also discussed within this report. Emerging space-based systems may
depend on using polarization sensitive components for high-speed signal processing, synthetic
aperture and phased array radar. The response of polarization dependent components and
systems in space and other radiation environments was largely unknown and provided the
motivation for the investigations described in these sections. Experimental protocols and
analytic techniques developed to measure proton and electron induced depolarization in
acoustooptic modulators and deflectors are presented. By using a photoelastic modulator system
in conjunction with Mueller matrix analysis and Stokes vector calculus, it is shown in the
paragraphs to follow that exact solutions for determining the optical analogs of radiation induced

effects in photonic components can be determined.

Recently, in-house development of an innovative methodology for accurately measuring
radiation induced polarization effects in a variety of photonic materials and components was
reported by the Air Force Phillips Laboratory.* The development of the methodology from
experimental protocols has progressed to the stage where most photonic devices can be irradiated
while changes to the polarized light passing through these devices can be measured in-situ.

Thus, a time resolved history of radiation induced changes to polarization states, light intensity

and light scattering can be measured under actual operational conditions.
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By analyzing the data using Mueller-matrix* and Stokes vector calculus,"’ a mathematical
determination of the exact nature of how radiation affects light prdpagating in an AO Bragg cell
is possible. Thus, an optical analog or transfer function representing the nature of the radiation-
induced changes to polarization states can be obtained from the experimental data. The
cornerstone of the methodology is the application of a photoelastic modulator (PEM)-analyzer
system to detect, analyze and quantify polarization changes. In the next sections, a brief
description of the PEM system’s operational function is briefly discussed to illustrate the

uniqueness and inherent measurement accuracy of the methodology.

3.2 MEASURING DEPOLARIZATION USING PHOTOELASTIC MODULATORS

Laser-heating induced depolarization of optical signals propagating in a photonic device was first
reported in 1996.* Measurement of this phenomena was accomplished by analyzing the changes
to polarized light diffracted from an acoustooptic Bragg cell crystal. The diffracted light was
passed through a photoelastic modulator system (PEMS) which allowed real-time measurements
of polarization changes caused by laser induced heating of an AO Bragg cell lead molybdate
crystal. This approach is also appropriate for measuring radiation-induced changes to polarized

light as will be shown in the next sections.

Figure 3-1 depicts a typical experimental arrangement successfully used to measure the response
of an acoustooptic device exposed to various radiation sources. As shown in Figure 3-1, the
PEMS may be comprised of one or more photoelastic crystals, which serve as optical wave
retarders. Optical retardation is accomplished by using transducers to mechanically stress the
crystals causing an induced birefringence (photoelasticity) in the PEMS crystals. By sinusoidally
applying stress, each crystal is amplitude modulated, which, in turn, modulates polarized light
passing through the crystal. The varying birefringence, then, causes time varying retardations in

the polarization states of the polarized light under study. The PEMS is used to lock onto the
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different frequencies ( f, = 42 kHz, f, = 47 kHz ) of the optical signals to detect, differentiate and

measure the relative polarization-intensities. The reader is referred to previous publications for a

detailed discussion of the PEMS operation.**

A4 plate PEMs

AO \ PEM crystal
LH -~ cell ' #1and#2 BS

A =632.8 nm
Detectors

LH = Left Handed Circular Polarization

Data Acgquisition
Signal Conditioning,
Amplifier, and DSA

RH = Right Handed Circular Polarization
BS = Beam Splitter

PEM crystal #1 modulated at f = 42 kHz
PEM crystal #2 modulated at f= 47 kHz

Transducer

\

\

| Figure 3-1. Experimental arrangement for measuring polarization states and

| depolarization. Left handed circular polarization enters the AO cell and is rotated
‘ to right-handed circular polarization. A photoelastic modulator system detects,
|

differentiates and measures changes to the polarization states and irradiance of the
diffracted beam (I,).

i In general, this measurement method can be used in any radiation environment, which allows

shielding of the PEMS and input optics from the radiation environment. In Figure 3-1, either an

1 electron or proton beam can be directed at the frequency ( f) driven transducer, or at the crystal
volume where an optical beam and acoustic waves interact. Under Bragg angle conditions, I,
undergoes diffraction by the acoustic wavefronts, and two optical beams emerge: the intensity

N reduced main beam (I,’) and the diffracted beam, I, The beams separated by the deflection angle
20;. By analyzing the polarization states of I, prior to irradiation, during irradiation, and
following irradiation, the radiation induced polarization changes can be ascertained and modeled

to predict system responses.
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In the arrangement shown in Figure 3-1, two photoelastic crystal modulators are aligned at offset
angles of 45° with respect to their optical axes. This alignment allows simultaneous
measurement of the magnitudes of the modulated polarized light intensities prior to, during and
following irradiation. In this manner, the intensity modulated components of the diffracted beam
(1) are detected and can be compared to the initial polarization states of the input beam (I,) or to
the initial conditions of output beams (I,’, I;) prior to radiation exposure. The bandwidth of the
individual PEMS components, the lock- in amplifier and the sampling rate of the digitizing
signal analyzers (DSAs) limit the speed with which the measurements can be performed. For
example, the 100 kHz bandwidth of the lock-in amplifiers potentially allow a2 maximum time
resolution of ~10 us. However, the sampling rates of the DSAs were limited to 1.25 Hz or a time
resolution of 0.4 s. A slow sampling rate was used in the acquisition of data in order to observe
the polarization responses over long periods of time ( ~200 s) determined by the proton or

electron dose rates.

3.3 MEASUREMENT OF RADIATION INDUCED CHANGES TO POLARIZATION
STATES AND DEGREE OF POLARIZATION

The first observed proton and electron induced responses in thin film and bulk spatial light
modulator components (i.e., liquid crystal light valves and acoustooptic deflectors and
modulators) subjected to electron and proton radiation were investigated during this study and
reported.*™** For the most part, the radiation induced responses were reported as transient,

although permanent attenuation has also been reported in a liquid crystal light valve.*!

Transient changes to the polarization states in Gallium Phosphide (GaP) and Tellurium Dioxide

(TeO,) acoustooptic devices operated in their acoustic shear wave modes and exposed to average
proton energies E p+ = 63.0 and 39.9 MeV, respectively. Certain of these results are repeated

from previous publications and expanded in the paragraphs that follow.***
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3.4 EXPERIMENTAL ARRANGEMENT-PROTON IRRADIATION OF AO BRAGG

" CELLS

Shown in Figure 3-2 is a typical experimental arrangement*

used to determine the radiation-
induced effects in a TeO, AO device operated at the Bragg angle (®g). The same arrangement
was used for conducting the GaP AO studies. The isochronous cyclotron of the Crocker Nuclear
Laboratory, University of California (Davis, CA), provided the source of protons. For the data

reported in this paper, proton fluxes of ¢ = 1.885 x 1010 protonsecm2es'! and 1.897 x 1010

protonsecm2.s-! were provided for proton energies of E p+=63.0 MeV and E pt=39.9 MeV,

respectively.
DC2
Polarization Detector
Beam
Splitter
Diffracted
’ H.e at Beam Id
o Sink \
Laser Power
Reference
Quarter Detector
Neutral Wave I
Plate 0 Beam Io’
Data
A Aquisiti
9\5 e y quisition
.-~ Acousto Proton
Optic Z  Irradiation

- Crystal
HeNe Laser _.-~ i

-
-

Figure 3-2. Typical arrangement for studying proton induced polarization effects
in diffracted beam of acoustooptic devices.

The optical beam from a HeNe laser operating at Ay = 0.6328 pum (free space wavelength) was
incident on the GaP and TeO, crystals at the Bragg angle (®g =4.83° and ®g =2.06°,
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respectively) as shown in Figure 3-2. The spot size of the laser beam was ~ 1 mm, and the
proton beam diameter was 2.3 cm. While the majority of the protons were determined to be
confined to the GaP and TeO, crystals, some overlap of the proton beam onto to other portions of
the AO device occurred. Under these conditions the entirety of the AO device was considered to
be irradiated by the protons, including the piezoelectric transducer with associated electronics
and the heat sink material in contact with the crystal. The remainder of the experiment

arrangement was well shielded from the proton irradiation.

The GaP AO modulator was operated at a modulation frequency of /= 1.125 GHz and the TeO,
AO modulator was operated at a modulation frequency of = 70.0 MHz, resulting in the Bragg
diffraction of the incident (I,) optical beam through the deflection angle of 2@g. As shown in

Figure 3-2, the deflection angle (in air) of the diffracted beam (Ig) from the emerging incident

beam (I,) is given by the relationship:

o sinTl| 2o
20'; = sin (Vn f} 23)

a

Where V represents the velocity of sound in the AO crystal and n, = 1. Diffraction of light
occurs when the incident optical beam interacts with the phase grating arising from pressure-
induced changes to the refractive index in the acoustic medium. Changes to the phase grating,
sound velocity, or other Bragg cell parameters can affect the diffracted light. In this paper, we

examine the effects of polarization changes brought about by proton irradiations.

As may be observed in Figure 3-2, four optical detectors were used to monitor the laser output
power, main beam (I,’), and the polarized components of I4. The latter were quantified using a
photoelastic modulation (PEM) detection technique*? (hereafter referred to as the polarimeter).
Prior to the proton irradiations, linearly polarized light was introduced into the polarimeter and
the polarimeter was calibrated to determine the horizontal/vertical linear, right/left circular, and

+/- 45 degree linear components of polarized light. Next the AO modulator under assessment
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was set in-line and RF voltage was applied. The states of polarization (exiting the crystal) were
examined prior to, during, and after the proton irradiations. Changes to the intensity of Iy’ were
also observed during the irradiation and were used to measure the time dependent proton induced
attenuation. A thermistor was placed on the crystal face of both GaP and TeO, near the exit
points of I4 and I, in order to measure the proton induced heating. In this manner, temperature
changes coincident with the changes to the polarization of Iy and the attenuation of Iy’ could be
studied under irradiation. The operation of the polarimeter and the method for determining the

Stokes parameters from the polarimeter-measured responses are given in detail elsewhere.42-4547

3.5 EXPERIMENTAL RESULTS - PROTON INDUCED CHANGES TO THE
POLARIZATION STATES

In general, the polarization states of light interacting with the acoustic waves in GaP and TeO,
AO crystals were observed to transiently change from their average baseline values at the onset
of the radiation event and continued to change throughout the irradiation period. Proton induced
transient changes were observed in all polarized components of the diffracted (Iq) and main (I,")
beams. The cell temperature was also observed to increase during the radiation exposures. The
AO GaP cell responses discussed in section 4.1 serve to qualitatively illustrate the observation of
long term (t > 400 s) changes to the polarization states during high proton energy (1-3- p+=63.0
MeV) and dose (Dp+ = 2 kGy(Si)) exposures. The GaP response data are contrasted with the
shorter recovery times observed in a TeO; deflector exposed to a higher dose Dp+ = 5 kGy(Si)

but at a lower proton energy, E p+ =39.9 MeV. The recovery times of the GaP and TeO;

devices are also compared to the heating each device crystal experienced during irradiation.
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3.5.1 GaP Bragg Cell Responses

As may be observed in Figure 3-3, at the onset of proton irradiation, the +45 © and horizontal

linearly polarized components represented by Vi and Vy respectively, oscillate below the

baseline signal during the irradiation time interval and follow an oscillatory increase in voltage at v
the cessation of the proton irradiation above or near the baseline. The circularly polarized

component (V) was observed to oscillate above and below the voltage baseline during the

proton exposure, followed by a period of oscillation after the end of the proton irradiation. These

oscillations are not believed due to the modulated interference effects caused by multiple

reflections occurring at the optical surfaces of a polarimeter, which have been extensively

discussed by Oakberg.#® Since the polarimeter was operated at 42 kHz, 47 kHz and at harmonics

of these frequencies, the periods of oscillation observed in Figures 3-3 and 3-4 lie far below

those that could arise from any polarimeter modulated signals.

It was determined through calibration, that an increase in detector voltage as shown in Figure 3-3
was indicative of an increase in polarized light intensity (and polarization), while a decrease in
voltage resulted from a decrease in the intensity of polarized light (and polarization). At the end
of the proton irradiation, the altered polarized signals were observed to begin to revert back to
their respective baseline values. However, as may be observed in Figure 3-4, the recovery times

of the three polarized signals were neither equivalent nor complete at t =470 s.
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Figure 3-3. Proton induced changes to the diffracted beam polarization states of a
GaP Bragg cell. Irradiation conditions: E p+ =63.0 MeV, flux = ¢ = 1.885x1010
protonsecm-2.s-1, fluence = @ = 1.484x10!2 protonsecm-2, irradiation time =
78.71 s (indicated by the vertical dashed lines).

The proton induced heating of the GaP crystal measured by a thermistor is shown in Figure 3-4.
As may be observed, the peak crystal heating occurs during the irradiation period with the

recovery approximately tracking the recovery of the polarization states from their peak changes.
(Note: For higher dose exposures and data (not shown here) the polarization states were restored

to their preirradiation baselines, while the cell temperature remained elevated).
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Figure 3-4. Temperature response of a GaP AO Bragg cell under proton
irradiation. Irradiation conditions: E p+=63.0 MeV, flux = ¢ = 1.885x1010
protonsecm-2.s-1, fluence = @ = 1.484x1012 protons.cm-2, irradiation time =
78.71 s (indicated by the vertical dashed lines).

The ionization produced by protons interacting with the Bragg cell crystal was calculated using
the TRIM computer code.55 The energy of the protons as well as the energy imparted to the
crystal material can be determined from the extent of ionization. Figure 3-5 shows the
ionization, proton energy, and proton energy loss in the crystal as a function of depth into the
crystal and AO heat sink along the x-axis (see Figure 3-2). The depth of the GaP crystal material
extends from 0 to 4.76 mm and an aluminum heat sink some 12.5 mm thick is mounted directly
behind the crystal. The abrupt change in the ionization at the GaP and aluminum interface is

visible at x ~ 4.8 mm. In the proton exposure of GaP, a fluence (@) of 1.484x1012 protons.cm-2

were incident on a thickness (x) of 0.476 cm. The average dose ( D p+) in Gray (Gy) may be

calculated as,

Dp+ = 1.602x10“°—QQpX—T—L) 24)
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Here, T, is the initial proton energy and Tey is the exiting proton energy (MeV) with respect to
the GaP thickness (x in cm) and density of p = 4.13 gecm-3. The average dose in the GaP crystal
was calculated as D p+ = 1861.5 Gy. The use of equation 24 for the calculation of D p+ assumes
that the stopping power through the crystal does not change significantly over the crystal depth.3
Figure 3-5 shows the dose experienced as a function of depth along the x-axis (mm) for the 63.0

MeV protons incident on the AO Bragg cell.
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Figure 3-5. Ionization and proton energy in a GaP AO Bragg cell and aluminum
heat sink under proton irradiation. The GaP crystal depth extends from 0 to 4.76
mm and the heat sink depth from 4.76 to 17.26 mm. The average dose in the GaP
crystal is D p+ = 1861.5 Gy. Irradiation conditions: E pr=63.0MeV, flux = ¢ =
1.885x1010 protonsecm-2es-1, fluence = @ = 1.484x1012 protonsecm-2.

The average dose in the GaP crystal calculated from the numerical method was D p+=1859.3

Gy which compares very well with the average dose calculated from equation 24. The majority
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of the proton energy is deposited in the aluminum heat sink rather than in the GaP crystal. From
Figure 3-6 it is apparent that the aluminum heat sink does receive a significant dose from the
protons, D p+ = 3.3 kGy, which constitutes ~ 75% of the incident proton energy. In this instance,
the heat sink may act as a heat source raising the temperature above the value experienced from
direct proton heating of the GaP crystal. It is believed that this indirect heating contributes to

temperature gradients in the GaP crystal, which distort the acoustic wave fronts.!.3-311
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Figure 3-6. Dose in a GaP AO Bragg cell and aluminum heat sink under proton
irradiation calculated by numerically solving equation 25. The GaP crystal depth
extends from 0 to 4.76 mm and the heat sink depth from 4.76 to 17.26 mm. The
average dose in the GaP crystal is D p+ = 1859.3 Gy.

3.5.2 TeO, Bragg Cell Responses
The right circular (V¢), horizontal linear (Vy), and + 45 degree linear (Vr) components of the

polarized diffracted light propagating in the TeO, Bragg cell are represented in Figure 3-7. Left

circular polarized light (I3) was incident on the Bragg cell, which, due to the anisotropy of TeO,,
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was optically rotated to right circular polarization. The right circular component of the diffracted
polarized light (I4) dominates the polarization content of the optical beam exiting the cell.

During the proton exposure, the greatest change in polarization was observed to occur in the right
circular polarization component. As shown in Figure 3-7, the extent of right circular polarization
component decreases, while the +45 degree linear and horizontal linear polarizations are seen to
increase in magnitude. Following the cessation of the proton irradiation (t = 138.2 s), the

polarization components are nearly restored to their pre-irradiated baseline values although the
approximate recovery times vary from 15 s < t < 55 s. Vg does not recover within the time

interval shown.
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Figure 3-7. Proton induced changes to the diffracted beam polarization states of a

TeO, Bragg cell. Irradiation conditions: E p+=39.9 MeV, ¢ = 1.897x1010

protonsecm-2es-1, D = 2.622x10!2 protons.cm-2, irradiation time = 138.2 s
(indicated by time interval between vertical dashed lines).
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Shown in Figure 3-8 is the temperature response of the proton irradiated TeO, crystal. As may
be observed, the cell temperature increases by AT ~ 0.8 ° C during the irradiation and does not
recover back to the pre-irradiation baseline within the time span of the measurement window (At
=190 s). The bulk heating and temperature gradients induced by the radiation process contribute

Iz

to the depolarization and are discussed in the next section.
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Figure 3-8. Temperature response of a TeO, Bragg cell under proton irradiation.
Irradiation conditions: E p+=39.9 MeV, ¢ = 1.897x1010 protonsecm-2es-1,® =
2.622x10!2 protonse.cm-2, irradiation time = 138.2 s (indicated by time interval
between vertical dashed lines).

Figure 3-9 shows the extent of ionization the protons produce as they interact with the TeO,
crystal volume as predicted by the Transport of Ion in Matter (TRIM) computer code.” Shown 4
are the proton energy and proton energy loss in the crystal as a function of depth along the axis

of proton bombardment (x-axis is normal to the crystal face and perpendicular to the laser beam).
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Figure 3-9. Ionization in a TeO, AO Bragg cell under proton irradiation. The
TeO, crystal extends from 0 to 8.25 mm. The average 39.9 MeV proton range in
the crystal is 4.38 mm. The average dose in the crystal from x = 0 to the
maximum proton range is D p+ = 6388.79 Gy. The average dose in the entire
crystal is D p+ = 3391.87 Gy. Irradiation conditions: E p+ =39.9 MeV, ¢ =
1.897x1010 protonsecm-2es-1, D = 2.622x10!2 protonsecm-2, irradiation time =
138.2 s (indicated by time interval between vertical dashed lines).

The protons expend all of their energy in approximately the first half of the TeO, crystal. Since
the protons never exit the material (Tex = 0) equation 24 which was used to determine the

average dose in GaP can be modified to

Dp+ = 1.602x10_10% (Gy) (25)
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For @ = 2.622x1012 protonsecm-2, To = 39.9 MeV, x = 0.438 cm (average range of 39.9 MeV

protons in TéOz), and p = 5.99 gramscm-3 the average dose calculated is D p+=6388.79 Gy.

The average dose bver the entire crystal depth is D p+=3391.87 Gy. The average dose from the

numerical method is 6390.25 and 3408.13 Gy in the entire crystal and the thickness associated

with the average proton range (0 < x < 4.38 mm) in the TeO, material respectively, as shown in "

Figure 3-10 (comparing within 1% of the equation 24 results). As may be observed in Figure

3-10, the majority of the proton energy is -deposited in the center of the crystal.
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Figure 3-10. Dose in a TeO, AO Bragg cell under proton irradiation calculated by

numerically solving equation 25. The TeO, crystal depth extends from 0 to 8.25

mm. The average dose in the crystal from the x = 0 to x =4.38 mm is D=

6390.25 Gy. The average dose in the entire crystal is D p+ = 3408.13 Gy.

Irradiation conditions: E pr =39.9 MeV, ¢ = 1.897x10!0 protonsecm-2es-1, P = 4
2.622x10!2 protonsecm-2, irradiation time = 138.2 s.
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3.6 ANALYSIS-TRANSIENT DEPOLARIZATION OF OPTICAL SIGNALS

As an example of the polarization effects arising from the proton exposures, a brief analysis of
the TeO, deflector responses shown in Figure 3-7 is presented. An example of electron induced
depolarization will be presented in a later section. Here, the time dependent voltages Vy, V¢,
and V, correspond to the horizontal linear, right circular, and +45 degree linear polarization
states. The voltages associated with these polarization states may be normalized and readily cast

into Stokes*’ parameters given by the ratios:

S] = VH/ SH (26)
Sy = V§/Sg 27
S3 =V/Sc (28)

Here, Sy, Sf, and Sc are the Stokes calibration factors for the polarimeter system, while Sy, Sy,
and S; represent the normalized Stokes parameters for the polarized components of the light

propagating in the AO device. In general, the Stokes representation for determining polarization

states is given as:
Sp? = Sy2 + 82+ 852 29)

Whére S1, Sp and Sj represent the linear vertical/horizontal, linear +/- 45 and right/léft handed circular
polarization states, respectively. For the equality to hold in equation 29 the beam of light under study is
100% polarized. Thus, the parameter Sy is related to the total polarized and unpolarized intensities of
the optical beam under study. Both the polarized and unpolarized (S,) components of the diffracted

light exiting the TeO, Bragg cell prior to the proton irradiation may be represented in Stokes form as:

s, [04208
s, | 00730

5=15 7| 00042 (30)
S,| 03995

37



Where S is the Stokes column for the light exiting the Bragg cell. An example of the
instantaneous change of polarization states and unpolarized light during the irradiation event

(e.g., t = 134 s) may be represented by the expression:

S 04209 04208

go A _ 0.0824 _M 0.0730 1)
S, 0.0223 0.0042
S 0.3850 0.3995

Here, M represents the Mueller matrix used in determining the changes to the polarized and
unpolarized light at any instant in time. §' is the Stokes column vector representation of the
polarized and unpolarized light following the proton irradiation at a unique time (e.g., data
shown in equation 31 is for t = 134.0 s, see Table 3-1). M is a 4 by 4 matrix which can be used

to determine the influence of the proton irradiation of the Bragg cell.

Table 3-1. Tabular data for the Stokes column vector and degree of polarization
for proton irradiated TeO,.

Time(s S, S, S, S, P

0.0 0.073 0.004 0.399 0.421 0.961
2.0 0.076 0.007 0.392 0.420 0.955
4.0 0.073 0.008 0.399 0.420 0.955
8.0 0.076 0.012 0.392 0.421 0.948
10.0 0.079 0.013 0.385 0.421 0.950
20.0 0.079 0.016 0.392 0.421 0.947
40.0 0.082 0.019 0.385 0.421 0.944
60.0 0.079 0.020 0.378 0.421 0.935
80.0 0.079 0.020 0.385 0.421 0.937
100.0 0.082 0.022 0.385 0.421 0.938
120.0 0.079 0.022 0.385 0.421 0.938
134.0 0.082 0.022 0.385 0.421 0.937
140.0 0.079 0.020 0.385 0.421 0.944
160.0 0.076 0.010 0.392 0.421 0.944
180.0 0.079 0.007 0.392 0.421 0.954

Figure 3-11 shows the S, S, and S3 Stokes parameters associated with the diffracted beam

before, during, and after the irradiation event. Examination of §'and S in Figure 3-11, reveals
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that the proton irradiation altered the diffracted beam polarization states. For example, the
polarization content of the diffracted beam prior to proton irradiation (S) consisted of a mixture
of polarization states and unpolarized light. In equation 30, S represents light of highly circular
(right handed) polarization. There are also smaller components of horizontal linear polarized
light (S = 0.0730) and light linearly polarized at +45° (S, = 0.0042). During and for a period of
time following the proton irradiation all polarized components were observed to change, while

the irradiance (Sg) appeared nearly invariant (Sq’ = Sp).
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Figure 3-11. Stokes parameter values for a TeO, Bragg deflector under proton
irradiation. The vertical solid lines show the on (t=0 s) and off (t=138.2 s) times
of the proton beam and the horizontal dotted lines show the pre- irradiation values
for the Sy, Sy, and S3 parameters. The diffracted beam (I4) circular polarization
changes dominate and are shown as S3 (read along the right y - axis).
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The effect of the proton irradiations on S may be observed in the matrix representations of
equation 8. Here, So’ = So, S1' > Sy, 82"> Sy, S3’ < 83. This indicates that under proton
irradiation, the diffracted beam became less right circularly polarized while increasing in both
horizontal and +45° linear polarization states. In essence, the effect of the radiation was to alter
the near circular polarized light to that of elliptically polarized light. Solutions to M were
identified by assuming that the overall effect of the radiation on S is analogous to a linear
retarder with retardation & and with a fast axis at angle ®. The fast axis of the hypothetical linear
retarder is oriented with respect to the propagation axis of the diffracted beam (I4). Equation 8 is
satisfied within the accuracy of the experiment when a Mueller matrix for an ideal linear retarder

with a retardation & = 0.055 radians and a fast axis angle ® = 164.0° are used to determine M.

While the Stokes formalism allows the analysis of the polarized light, the polarimeter system
shown in Figure 3-2 does not allow unpolarized light to be modulated. Therefore, only changes
to the polarized components of the light are discussed in this paper. The expression for

determining the degree of polarization is given by:

’$+$+$
P = —_—
S (32)

where P is the degree of polarization, and Sy represents the irradiance of polarized and
unpolarized light. For completely polarized light, P =1 (or expressed in percentage as 100%).
For the TeO, data in Figure 3-7, So = 0.4208 with a standard deviation of o = 0.0003 for the
entire experiment (t = 206 s). The degree of polarization as a function of time prior to, during,
and following the proton irradiation is plotted in Figure 3-12 and tabular data at select times
shown in Table 3-1. The averagé degree of polarization prior to proton irradiation (t < 0) was
P = 0.9647 with a standard deviation of & = 0.0027. This indicates that the light passing
through the TeO, Bragg cell prior to the radiation event was 96.47% polarized. Depolarization
was observed during the entire radiation event and for a short period following the cessation of

proton irradiation. For example, in Figure 3-12, the degree of polarization is observed to
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decrease to P=0.9369 at t = 134.0 s. Depolarization was also observed to range from 40 s to

120 s following the cessation of proton exposures. None of these effects were permanent.
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Figure 3-12. Degree of polarization (P) for a TeO, AO Bragg deflector exposed
to proton radiation. The horizontal dotted line shows the degree of polarization
prior to proton irradiation (for all t < 0) was P =0.9647 (standard deviation of ¢ =
0.0027).

3.7 _DISCUSSION OF PROTON IRRADIATION OF AO BRAGG CELL RESULTS

It is important to a discuss the responses expected by decreasing the magnitude of circularly

polarized light in a TeO, Bragg cell optimized to operate with circularly polarized light. TeO, is

a noncentrosymmetric, o