A

l',.l
E ] '
D AFAL-TR-8-17 ‘ ! v
S SCANNER DEVELOFMENT
(o~}
< ,
'\(.
’:fi“ i
S T HARRIS CORPORATION
> ELECTRONIC SYSTEMS DIVISION
: MELBOURNE, FL YRIDA 32901
I.
]
~— ALY 1978
o
. o
L .
— TECHNICAL REPORT AFAL-TR-78-117
. ' |
i .
e =
| g FINAL REPORT FOR PERIOD MAY 1977 — MAY 1978
"}' APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED
i .
AIR FORCE AVIONICS LABORATORY o
ARt FORCE WRIGHT AERONAUTICAL LARCRATORIES Do
AIR FORCE SYSTEMS COMMAND L
WRIGHT PATTERSON AIR FORGE BASE, OHIO 45433 .
T w . ) . « ,' :5::7;:) ‘,‘.‘“ oo h"""
. ' .-._‘.-».7,0 4 5
Sy
‘g 04 09 U7°
- Lo PR Ll—‘.;; i . . - - B

JRRE N P




i
]
4
!
|
!
!

craw

o

ROTICE

Nhan Governme:.t dravinge, specifications, or other data ars used for any pur-
pose other than in connection with a dofinitoly relatod Government procuremsnt
operation, the United States Government theroby iIncurs no responsibility nor any
obligation whatscever; and the fact that the government muy have formulated,
fuznished, or in uny way luppliod the sald drawings, specifications, or other
data, is not to be regardad by implication or otherwise as in any manner licon-
sing the holder o. any other psrson or corporation, or conveying any rights or
parmission to manufacture, use, 'r sell any patented inventicn tlat may in zay
wvay be rolated thereto.

ihis report has been reviewed by the Information Qffice (0I) and iIs releasabie
to the National Techniocal Informaticn Service (NTIS). At NTIS, it will be avail-
able to ths general public, including foreign nations.

This technical report has beei: reviewed and is approved for publication.

- .
» - -y

KENNETH R. HUTCHINSON, Cnief

Project Engineer ) Electro-Cptics Techniques and
Electro-Optics Techriiques and i Appliications Group
Applications Group Electro-Optica Technology Branch

i d W J P {gpu

RONALD F, PAULSON, Acting Chief
Electro~Optice Technology Branch
Electronic Technology Division

*If wour address has changed, if you wish to be removed from our mailing list,
or if the addresses it uo langer omployed by your organisation ploase notify
M \N-FAFD, Qi 45433 to »lp us maintain a current mailing list".

Copies of this report should not be returned unloss return iz regquired by me-
curity considerucions, mtuatul obligations, or motice on a specific document.

eio

H*-p

a0y '355;
sige

it 18




T

& _ sECum $IFICATION OF THIS RAGK (When Daia hnrered;

¥ R READ INSTRUCTIONS

ry w LLLL 76OVT ACEGSSION NOJ 3. RECIPIENT'S CATALOG NUMBEN | k

AFALHTR-78-117 L

9. CONTRACT OR GRANT NUMBER(Y)

o,

10. FROORAM ELEME YPRO) CY TASK .
AREA & WORK UNI| . F

Project 20013 Tllk 200 102;

" Hn'ril ('orpontion Government Communicatio
System Division - P,O., Box 37
L oea N s 1—

1. CONTROLLING OFFICE NAME AND ADDRESLS

12. REPORY DATE
AF Avionice Laboratory (AFA L/DHO) ;
Air Force Wright Aeronautical Laboratori 15A3°“
“11“"""7"“"—'?5—“-“5?'—'7."'"“’77‘ Fanitntling OF T8, SLCURITY GLASS, faf shi =
v u?)néxﬁém IC'I‘NR;acO. ADDNESS(H ditfarent irom Cnnttalling Oflice) . 7] ] .}n . j\s“./
- 3555 Maguire Blvd, Unclasaified - PO"
r’ 4 P.O, Box 20025 Lrs‘a‘ ozcussmcnlon ‘n.o-wuomomo B
T | Orlando, Florida 32814 B
% : ‘ |76 DISTRIBUTION STATEMENT faf this Report) e : e B
as 202p97 ]G Jmezd= ] |
o
S
é : Approved for public release; ' distribution ualimited 3
E ] 17, DISTRIGUTION STATEMENT (of the abatene! enteset! in Rlock 2u, limmnm from Repart) %
.
.
E r. T SUPPLEMENTARY NOTES 3
, &
3 i
- ¥
‘ - 3 4
F:\ r' W"W"J‘V'Tm ':7'7».'“:7-.:.3.*?.‘ varae .',}i.-"»TT-'.?- easary dmd tdentily h; lﬁ:;m:mhru - i
T Laser Scanner, Acousto-Optic Beam Deflector (AOBD), 3
v § Acoustic Traveling Wave Lens (ATWL) 3

L
ELINT Spectrum Analysis
10 STRACT tCuntinue an reverxe site (1 necansary and ideuttly hy aloeh number)

This report describes the development of a high speed laser scanner for 3
spectrum analysis in ELINT applications. A design of an ATWL laser k.
scanner was made with 200KHz line rate, 1000 spots per line and 1000
line format, and a recording bandwidth of 100MHs at 3dB points, An elec-
tronic drive circuit was designed and fabricated that achieved a 100% duty
line scan with 2% dead time fram frame to frame. An analysis was made
to determine the optimmum drive to the ATWL,

75O T Rt
S 3gaoa |

——
DD | :2:“,, 1473  eocition oF t Nov as s oniaLETE




FOREWORD
This report was prepared.- by the Elec}_r_g_ﬂ(_)ptj_g_s_nggg_g_r:tment of HARRIS

Government Communications System Division, Me1[wurne. Florida. This effort was

s‘pa'ﬁfsdred by the Air Force 'Av10n1(;s Laboratory, Contract F33615-77-C-1032, with D.

annery the Adr Force Project :Eh'g?ih!e’eb. _The work was accomplished in the period:
- “May 1977-through May 1978, Principal investigator at Harris GCSD was M. O. .‘ »
| Gre&r. The mejor contributors to the effort were T. R. Badér, K. R. Porter, B. R.
¥ Reddersen, M. L. Shah, T. M. Wolfe, and D. N. Wied. ‘

111

4




TABLE OF CONTENTS 4

Section Title
| 1 INTRODUCTION +evereneernnernsorensnnnsensersssmnsersereneesnes
o 11 SCANNER SYSTEM DESIGN tuuvernrerrenssonesansorasssnnesnsscnnsss
b | [I1 DEVICE DEVELOPMENT wvvevveervrevrurssunesineoinessveniinnniines 62 |
IV LASER SCAWNER SYSTEM ‘ Loms
v CCONCLUSIONS «evvvevereevsranensnsernseennssensnsesnsennennns 1207 0 5
o RECOMMENDATIONS +.evvvvveessevnrerssasuneacsssnenseenissaniens 123 ]
APPENDIX A TRANSDUCER INPULSE RESPONSE v ovuvvvereesesassssrensnrnnnannnss 127 o[
» APPENDIX B ELECTRONIC DESIGN +vereuenenernsnonsnnssessnssessoneneeeensnss 130
APPENDIX C PROM TEST tovvnuraseecnoounsanionnsnssonionsssssnrascssnnas

w + 170
(d
[

cens 146
REFERENCES 0.5..!!."!'.0.0.'.l..!l'...l.llllll.ll.ll...ll!‘...OOID!.CQ.O! 149




'SECTION 1
INTRODUCTION
The primary purpose of the work performed on this contract was to

determine the feasibility of using a special high-speed acousto-optic laser
scanner as a data recording component (recording onto a device similar to an Itek
- -PROM:1;2,3) of ‘an ELINT-system. The laser scanning system.under consideration
uses;auaraggQfoect. acogsto-optic beam deflector (AOBD) working in series with an
acoustic téaveling-wavo lens (ATWL) device to produce an extremely fast, high
precision laser scanner that uses no moving parts (in the fast scan direction).
The program was divided into three tasks:

1. A study and analysis task

2. A device development task

3. A breadboard task _

The study and analysis task was performed to determine the best
approach for the slow (Y) scen direction, to select a design approach for a 200
MHz modulator, and to determine the ontimum drive for efficient lens generation in

the ATL.

As a part of the davice development task an AOBD with 100 resolvable
spots, 98 percent duty factor scan, and a 200 kHz scan rate was developed where
the major emphasis was on a new approach for the drive electronics fof the ATWL
device. The major development effort on the ATWL was to provide a means for
efficient lens generation, and to remove the heat generated by the traveling lens
to prevent the cell from breaking due to thermal stresses. In order to show
feasibility of using an AOBD/ATML scanner to meet the 200 kHz scan requirement, a
breadboard syétcm was constructed thnt_uddrossod the following specifications:

Format and size: Raster scan to produce a 2.5 cm square
field of recorded wide-bandwidth
signals (maximum)




\
' Fast Axis Resolution 1000 spots per scanned line (spot width

(X-Axis): defined at 4 dB points) _

Slow Axis Resolution 1000 1ines per frame ;

(Y-Ax1is): ‘ ?

Geometric Fidelity: Each spot center located to. within 0.1 ‘i LQ

9 spot diameter of its ideal location ' . f%%
;3 Recording Bandwidth: 100 MHz recorded signal at 6.dB paints; WV; Viﬁ
g 200 MHz electrical-optical analog - ..~ ﬁ~?%
3 | bandw1idth - « "3
%7 Recording Duty Cycle: 98 percent {minimum); maximum of 2 A ”%
J percent lost recording time due to all fi
combined effects including line and f

’ frame retrace times B
Modulation Dynamic Range: 45 dB in Tight 1ntahs1ty at the ' A
recording surface

This report 1s divided into three major sections. Section 11

T T S R AT

describes the laser scanner system design; Sect.ion III presents the results from

; the device development task; Section Iv describes the breadboard and the f
l experimental results. In Section v we provide conclusions and recommendations
-
- for future work.
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SECTION II
SCANNER SYSTEM DESIGN

In this section a design for a laser scanner system is given; an ;

ERe e SIS P R S

overview of the complete system is presented first. The subsequent subsections
provide more detailed description of the major componenis. The major components
“ " to be described are the acousto-optic modulator, the AOBD/ATWL fast scan approach,
E; : a lgns”desigﬁ for tracking of the ATWL scan by the AOBD scan, and “a design
' trade-off of a slow Y-scan approach. &
2.1 System Concept

A block diagram of a laser scanner system, consistent with the

requirements summarized {n Section I, is shown in Figure 2.1-1. The system

:

. "LAtR AOM Byl iy S = neconoina
i PLANE 3
j .
! E
é’: | ]
: AOM K-8GAN N-8CAN o | A
| omvIn oRIVER oRvER oAIvER i
:

3
E k-
! werim | §
SYNG AND h
CONTROLS
Wk 4
. Figure 2.1-1. Block Diagram of X-Y Laser Scanner Subsystem.

consists of a wide bandwidth acousto-optic modulator (AOM) to modulate the

intensity of the 1ight during each scan. The fast scan X-axis subsystem consists

of 2 Yow resolution acousto-optic beam deflector (AOBD) followed by a resolution

enhancement element - an acoustic traveling wave lens. The slow scan Y-axis

. b ¢

1 element of the system could be a high resolution AOBD, or a multifaceted rotating
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mirror spinner. A trade-off analysis of the Y-scan approaches fs given in Section

2.6 The optical system also includes passive elements such as lenses, aperture

stops, mirrors, optical filters and mounting fixtures. The electronics to drive

various active elements consist of drivers, synchronization, and control signal

generation circuitry.
The basic idea involved in increasing the resolution capability of an

ROBD beam scanning system is to cascade two different types of acousto-optic.
devices.4 A technique which can be used to obtain a highlreso1ut1on scanner,
utilizing a relatively simple low resolution input beam dgerctor, is the acoustic
traveling wave lens (ATWL). This method consists of a conventional AOBD 1nbut
séanner, with the scanfied spot passing through & second acoustic cell where a
traveling strain wave produces a finer focus of the scanned spot.

| Figure 2.1-2 provides a more detailed view of the specific AOBD/ATWL

line scan recorder system concept. The signal information is imposed on the

optical beam by an AOM. From the AOM, the modulated 1ight beam {s projected

through beam forming optics where it {s appropriately shaped to match the

rectangular aperture of the AOBD.
From the AOBD, the 1ight beam {s projected through the scanner optical

system to the aperture of the ATWL. Hence, as the appropriate drive signal is fed

into the AOBD, the output beam from the AOBD is scanned across the ATWL cell. In

order for this technique to work properly, it is essential that the scan velocity

of the beam from the AOBD be precisely matched to the acoustic propagation
Therefore, careful adjustment of the optics between the
As the beam passes through the

velocity in the ATWL.
AOBD and the ATWL is required to achieve tracking.
ATWL, it 1s focused to a smaller spot depending upon the power of the acoustic

As the acoustic lens travels through the optical material, the final spot
A rotating

lens.
traces out a single line which is imaged onto the recording medium.
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spinning mirror (or other Y-scan approach) is used to scan the line across the
i recording medium to form a raster format.
A master clock in the control electronics is used to maintain
synchronization between all of the system elements and with the information-bearing
signal. The frequency of the clock is maintained at a very stable value by using

: a crystal-controlled oscillator.
?i - The basic operation of the ATWL, shown in Figure 2.1-3, is to pass the

| . ——“:j:'_‘i‘.‘“ﬁ e

AE INPUT JU U\f ATWL

l 2.0INECTION

X-DIRECTION

; —
\| -

% Figure 2.1-3. Acoustic Travelling Wave Lens

‘E~ AOBD output beam through the positive compressive region of the traveling acoustic
strain wave, which acts as a converging lens due to the approximately quadratic
refractive index profile. An elastic strain wave of wavelength A propagates in the

X-direction. A 11ight beam propagates parallel to the acoustic wavefronts in the
N




Z-direction. The width of the incident 1ight beam is 3, and the beam is
focused to a spot size & . by the refractive index variation assoctated with the
strain wave. The scan rate of the input spot from the AOBD and the acoustic
propagation velocity in the ATWL, v, must be carefully matched to ensure proper
tracking of the travelling acoustic lens.

The acoustic traveling wave lens is generated by an acoustic pressure
wave that is launched along the axis of the acoustic cell by a piezoelectric
transducer. The central portion of a positive half rycle of this pressure wave
produces a one-dimensional refractive index profile which affects an incident
light beam in much the same manner as a cylindrical lens. Hence, the net effect
is the production of a small cylindrical lens that travels along the axis of the
ATWL cell at a velocity equal to the aconstic velocity in the acousto-optic
material. As the 1ight beam passes through this region of the ATWL cell, it is
focused to a size 8 at the image plane as depicted in Figure 2.1-3, Recall
that the beam waist upon entering the ATWL cells is 8,, Thus, a gain parameter

G {s defined by the equation
G 8/5 (2.1-1)

G ains as high as 40 have been achieved in existing ATWL's.

The appropriate drive signal for the AOBD is a function whose frequenc}
is changing linearly with time. This signal is referred to as a linear frequency
chirp. The RF source used for an AOBD driver is a voltage-controlled oscillator
(VcO), but the frequency versus voltage transfer function of a typical VCO is not
1inear enough to satisfy the above requirement. It is therefore necessary to

generate a voltage tuning curve that will compensate for the VCO nonlinearities

and produce a linear RF chirp at the VCO output.
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To meet the requirement of 98 percent duty cycle, certain special
features need to be incorporated into the AOBD design. Of prime importance in the
design of an ADBD is the time-bandwidth product T8, where T is the celi fiil time
(cg\) 1eﬁ9th divided by aébdstic,veiogity) and B is the frequency range of the
chirp. This product defines the outpdf‘reso1ution capability of an AOBD. Ina
conventional lower duty cycle system, a chirp signal is fed into the AOBD.and
allowsd to propagate intc the cel’ at the acoustic velocity until the optical

~ aperture is complietely filled. At shis time active scanning begins and continues

until the chifp is completed and a new chirp cycle is initiuted. The time
required foi'thg cell to fill is nonusable and reduces the device duty cycle.

© One techniaue for reducing the £111 time loss and increasing the duty
cscle §s-to shorten the cell length. In this manner, the fi11 time could be
reduced until a chirp length of 0.1 us yields a duty cycle of 98 parcent. This,
however, 1ncreasesvthe bandwidth requirements of the chirp to 1 GHz., An alter-
native approach is to lengthen the cell to an acoustic propagation length of 10us.

Ry introducing one S.us chirp every 5 us, one continuous chirp cycle is

present in the cell at all times, as shown in Figure 2.1.4,

As the chirp propagates within the cell, the spot associated with it
also moves. In addition to the well defined spot associated with the full chirp
cycle, there will be additional poorly defined spots generated by the partial
chirp cycles also present. By blocking the pcorly defined spots, we obtain a high
repetition rate, high duty cycle scan which can be used as the input to the ATWL.

There are several ways to implement the Y-scan. The slow scanning
speed in the Y-direction, coupled with the changing directions of the opticail rays

due to the X-scan seems to favor a large-area, large-angle scanning system such as

a rotuting mirror spinner. A high resolution AOBD approach also appears feasible,

- o Lo ; L
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TRAVELING CHIRF ADBD DEVICE

a. THE START AND END OF SCAN
b, MID-S8CAN 10180

Figure 2.1-4, Travelling ChirpAOBD

but it is more difficult to implement an optical system to shape and direct the
X-scanning optical beam through the high resolution Y-scan AQBD.

A rotating mirror scanner (spinner) is a multifaceted mirrar which
rotates at a constant velocity about a fixed axis. In order to uc2 a spinner in a
high duty cycle cystem, a technique similar to that shown in Figure 2.1-5 would be
used, in which the input beam is expanded to over-illuminate the spinner facets by
a factor of two. In this way, one full facet is in the beam at all times and, as
ft proceeds through its scan, the following facet moves into the beam. Upon
completion of a scan, the trailing facet has moved fully into the beam and
{mmediately begins scanning, ylelding a 100 percant duty cycle.

The output of the X-direction beam scanner is used as the input to the

Y-direction scanner. This input is in the form of a row of focused circular




spots. The spots expand until théy reach twice the facet size and are collimated

by the transform lens, which converts the spatia) displacement of the spots into . E
an angular displacement of the collimated beams. By locating the active spinner
facet in the transform plane at the region through which the transformed spots

pass (the pupil), the 1ight is directed through a flat:field scanning lens which

reimages the spots into a two-dimensional scanned array in the image plane.

In the following sections we will discuss a design of an AOM, AOBD,

ATML, a tracking lens, and a trade-off design for the slow Y-scan approaches.

ROTATING MIRROR
TRANSFORM LENS

E .
] X
. g ' SCANNER LENS ,

e - {MAGE PLANE i 1 \

Figure 2.1-5. Rotating Mirror Y-Scan
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2.2 AOM Design : :
The maximum AOM performance is achieved by the careful selection of ’ﬁ.
acousto-optic materials, piezoelectric transducer parameters, and optical beam
size. To achieve the required rise time and modulation bandwidth, the
piezoelectric transducer parameters are traded off against various optical 4
geometries for the availab1e acousto-optic meterials.: : . _: S .,”;3?'
~ The strain pettern associated with the acoustic waves 1n a meterial ‘ B
causes refractive fiidex variations in the form of a yrating, The amount of phase
change, due to the acoustic wave, depends on the amplitude of the strain., Light
incident on the grating is diffracted by the Bragg effect if the angle of
incidence of light is at the Bragg angle to the acoustic beam. The light
d1fffection efficiency 7, which is the ratio of the diffracted to incident 1ight
fntensity. can Be'ebte1ned"as:5 | | | | )

n = gin? [w nz\kum P2 )\02 ] (2.2-1)

where My is the acousto-optic figure of merit of the material, L/H is the length

to height ratio of the acoustic beam cross-section, Pac is the acoustic power

and A, is the frea space wavelength of 1light. If the incident 1ight is at an

angle other than the Bragg angle,n decreases rapidly as (sin x/x)2 where x =

AK + L/2, for the phase mismatch \K and interaction length L. Thus, the

bandwidth of an AOM or AOBD is 1imited due to the (sin x/x)2 dependence of 7 .
In the scanner system, the input analog signal m(t) modulates an RF ?

source to drive an AOM, The diffracted 1ight intensity Il from the AOM is given

by |
1 » 1, stnd e[l + bm(t)] : (2.2-2)

where 1. {s the incidence 1ight intensity; a is a constant which depends on the

acousto-optic material parameters, wavelength of 1ight and average acoustic power




level (usually a = /4 for the best linearity of the AOM); b is the depth of
modulation. The diffracted 1ight from *he AOM emerges at an angle 20g from the
incident 1fght due to Bragg effect. The Bragg angle ég 1s given by

g = Ag/2A , (2.2-3)

where A n v/f is the acoustic wavelength at frequency f... The function of the AN .

is to modulate light in response to the s1gnal. the rise time.t. of the -

diffracted light. which is related to the acoustic transit time for the optical

beam siza d, is:selecter to be as small as possible. The rise time t, Qf the

- AOM {s-related ‘to the optical beam size d (Gaussian beam diameter 1/02 power.

points) by

th = d/15 v, (2.2-4)
where v is the acoustic velocity. The rise time may also be limited by the

piezoelectric transducer bandwidth or the acousto-optic interaction bandwidth due

to the Bragg effect. The acousto-optic interaction bandwidth Af is related to
the rise time by
Af = 0.5/t (2.2-8)

The dominant factor for this bandwidth is the interaction length L which can be
expressad as

2NnAq £ .
L o= —— . ' (2,2-6)

where A, s the acoustic wavelength at the center frequency fo and n s
the refractive index of the material.

The piezoelectric transducer bandwidth is primarily determined by the
transducer material. The bonding technique used for attaching the transducer to
the acousto-optic material also affects the transducer bandwidth. We use LiNbOgy

- plezoelectric material and an indium-gold vacuum bond to optimize the transducer

bandwidth to near the theoretical limit.

' con ot
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In the optical layout shown in Figure 2.2-1 a lens preceding the AOM b
transforms the laser beam from a4 3 mn diameter Gaussian beam into a sharply

focused beam at the center of the acoustic beam in the AOM. Laser beam focusing

in the AOM is necessary to achieve the specified modulation rate of 100 MHz. The
diffracted 1ight from the AOM can follow the fast modulation m(t) only {f the
acoustic transit time across the optic beam is small. |

- . ) B . ",i
RE INPUT S . .

DIFFRACTED BEAM

DcsToP

AOM © B410-3

i Figure 2,2-1. Acousto-Optic Modulator

: The diffracted beam from the AOM is separated from the undiffracted _
beam which 1s blocked by a stop. The highly focused diffracted beam emerging from ‘;
the AOM expands to the size of the AOBD cell. Since the height of the transducer ‘

for the AOBD cannot be more than a few millimeters, a cylindrical lens reduces the
expansion of the diffracted beam from the AOM to the vertical sfze of the ADBD

transducer. A long focal length spherical lens collimates the beam as necessary
for the AOBD input.

After selecting the material for the AOM, the dasign parameters for the ‘3
71_* transducer are determined. From Equation (2.2-4) we find that a 5 ns rise time !
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for the optical flux corresponds to an optical beam diameter of approximately 30
um. The acoustic beam height H, which equals the transducer height, must be Jjust
sufficient to contain the optical beam. The length of the transducer and the
center frequency must be such that the acousto-optic interaction bandwidth and the
excitation bandwidth of the transducer is sufficiently large to achieve tha
desired rise time for the buIse. The combination of the transducer: and the

acousto-opt1c interaction bandwidth reduces the overall bandwidth of the

diffracted light. For that reason, a 3 dB bandwidth of approximate1y 150 MHz

would be more appropriate.
A transducer can occasionally be fabricated to have the 3 dB conversion

bandwidth over a frequency range that is 60 percent of the center frequency.‘

‘However, our experience with TeO, {ndicates that 40 percent of the center

frequency value is more éasily obtainable. The 150 MHz bandwidth corresponds to a
center frequency of the AOM transducer of fo = 150/0.4 = 375 MHz. The length L of
the acoustic transducer can be calculated from Equation (2.2-6) for the
acousto-optic interaction bandwidth. '

Substituting the value for n & 2.3 as the average of Ne and ny of
TeO; and A, = 514.5 nm in Equation (2.2-6), we have L = 2.8 mn. Since the
height of the electrode Hy = 30 um {s too small for alignment and wire bonding,
we increase this height to H; = 100 wm, giving L/Hy » 25. The optical
diffraction efficiency n can be calculated from Equation (2.2-1). The theoretical
value of n {is calculated to be 5.9 percent per 10 mW of drive power. 1If a § dB
conversion loss is assumed for the transducer, we find that 0.75 W of‘drive power
s sufficient to diffract 90 percent of the incident iight. This completes the
AOM design; although we did not propose to include the AOM fabrication as part of
this study, we included its design to 11lustrate how the theory nf acousto-optic

devices is applied. We summarize, in Table 2.2, the important AOM parameters.
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Figure 2.2-2 shows a photograph of the AOM used in the breadboard

system. The protective cover has been removed so that the device can be seen.

e L

oK

e Y

3 Figure 2.2-2. Photograph of AOM Used in Breadboard System
L The device 1s a part of the Harris owned equipment, and was not designed and ;
g fabricated on this program; however it was made available for use in the '

breadboard setup.

2.3 AOBD Design
‘ The design of the AOBD consists of selecting AO materials, transducer

parameters, and optical geometries to achieve the number of spots and scan times
required. Special consideration of the acoustic attenuation and the acoustic , ;
diffraction spreading is required in designing the AOBD, because of the relatively '

¥ long interaction lengths and high bandwidths that are necessary to achieve the

required resolution. A nearly 100 percent duty cycle 1s necessary for the present i

15




a
- Table 2.2, AOM Design Parameters

Material Te0,
Optical Beam Diameter 30 um
! Transit Time 7.5 ns
Rise Time ) o 5 ns
‘ Center” Fredutney - g mz,
|

eoustic’ Bandwdth. AR M
Tnnsducer Hﬂght Ceen 300

KRR . . -

Tranldum ‘anngth S g e e e

Conversion Loss 5 . s
Acousto-Optic landmdth S50 e
Acousto=Optic § . e o
Brggg.Ang'lg (,.xgerna‘i)”'"' T s '""‘.”"""""-“faégr'éé'i”"‘ -
Diffuc‘.vtion Efficiency 59 % /mW
| Ditfracted Fraction for 0.75 W 90 ¥

(5 dB conversion loss) .
Bias level for the best linearity 50 X

i
L
;|
o

16
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system; therefore, insufficient time is available to f11i the AOBD cell then scan.
For this reason, the AOBD cell size is increased and is operated in the traveling
chirp mode with two identical AOBD's providing alternate scans.

The function of the AOBD is to diffract 1ight into as many resolvable
spots as necessary for the given task. The number of resolvable spots of an AOBD
can.be 1ncrease§mby either 1ncr9a31qg‘ghe transducer bqﬁdw1qgh_;9Atht 1ight can

be diffrggteqrpvervthger ang)es.;s determined by Equation (2.2-3), or_py -

~ increasing the @pgrture of the A0BD. Increasing the transducer bath1quvfeggtrns

a higher operating frequency and a lower interaction Tength L. The lower value of
L means a lower diffraction eff1c1ency for the AOBD as dictated by Equation
(2.2-1). The larger aperture implies a longer AOBD cell, where a practical limit
on: the length may be L= 10 to 20 mm, depending on the operating frequency. As
the operating frequency is increased the acoustic attenuation in the cell
increases as the square of the frequency. |

Present state of the art AQBD devices have a maximum number of
resolvable spots of about 2,000 with a cell length of about 10 us and bandwidths
of about 200 MHz. The number of resolvable spots N from an AOBD is given by:

N--’{-r.a. (2.3-1)

where T = f/v is the transit time of the AOBD cell and B {s the bandwidth.
Equation (2.3-1) 1s applicable when the chirp rate or the scenning rate is slow.
At the 200 kHz 1ine rate, only 5us is available for line scanning. Under such a
condition the AOBD operates in a differant mode which we call the "traveling chirp
mode. "

In the traveling chirp mode, a chirp of full bandwidth B fills a
fraction C of the AOBD cell having total propagation time Tz, The chirp




p

g

propagates within the cell for the scan t'me T = T2 (1 - C). From Equation
(2.2-3) we can see that the diffraction angle of light {s proportional to the
acoustic frequency. Therefore, a linear chirp diffracts 1ight such that all rays

focus at the same point. The size of the spots formed can be calculated using

.4 A -2)
By e (2.3-2)

The spat formeu by the chirp travels with the chirp. In a scan time T = T, 1 -,
the spot travels a distance vT providing a number of resnlvable spots, N, in a

scan g?ven by

™
N T 0-08 . (2.3-3)

Since only a fraction C of the total illumination of the AOBD {s available for
use, it 1s desirable that C be as large as possible. A value of C less than 1/3
would be fmpractical, resulting in a considerable loss of available light.

A commonly used parameter for the acousto-optic interaction is
acousto-optic Q defined as

2 LW L
B ' (2.3"4
T )

The significance of Q is that a va'ue of Q 2 4 wmeans that most of the
Tight 111 diffract into a single order, while Q 2 = means that a number of
higher orders are diffracted. In the design we must set Q 2 4 so that
negligible 1ight 1s diffracted into higher order spots.

The ATWL for this application reduces the spot size by a factor of 10,
therefore, an AOBD must have the capability to produce at least 100 resolvable
spots in a scan time of 5us. To keep the 1ight loss as small as possible, C in
Equation (2.3-3) is set at 1/2, T, = 10us, and T) = 5us. To produce 100
resolvable zpots, the required bandwidth is 26 MHz. An AOBD with 26 MHz handwidth

ran he fabricated using low cost SF-8 glass. A center frequency of 70 MHz is




chosen to produce a reasonably flat scan. The AOBD cell length (for a 10us

delay) is calculated to be about 4 cm long, which is long enough to provide an
adequate resolutfon input to the ATWL cell.

Since the acoustic beam in the AOBD cell is required to maintain its

height over the AOBD cell length, we must select the transducer height Hy jarqe

: enough so that the acoustic diffraction effect is not severe. A 3 dB acoustic
beam spread due to diffraction effect occurs in a propagation distance

. l"“;./Ao. For beam spread less than 3 dB in 3.9 cm, we must have

Hy > 1.48 mm; we select Hp = 1.5 wm. A larger value of Hy can be selected

but at the expense of the diffraction efficiency. From Equation (2.2-1), we

estimate the diffraction efficiency of the AOBD having Lp/Hp = 20 to be 23.5

percent/100 mW of drive power. If a 3 dB conversion loss is assumed for the

transducer, approximately 2 W of RF drive power will theoretically dfffract 100

| percent of the incident 1ight within the aperture, The design parameters of the

AOBD are summarized in Table 2.3. '

L i e e




Table 2.3, AQBD Design Parameters

i Material SF-8 Giass «

Optical Beam Hefght 1.0 mm

! Cptical Beamwidth 4.0 em

' Center Frequency 100 MHz

: Acoustic éand\ddth >30 MHz

Transducer Height 1.5 mm

( Transducer Length 3 cm

Conversion Loss 3 . dB i

: , Total Propagation Time 10 | ps C v

} Effective Propagation Time 5 ps
' Beam Spread (10 us Length) 3 dB

Acousto-Optic Q 18.6

1 Diffraction Efficiency 23.5 Percent/100 mi -
'- Diffracted Fraction for 2 W 47 Percent | .‘
1 (3 dB Conversion Loss and %

50 Percent Aperture Loss)

e r—
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2.4 Acoustic Traveling Wave Lens ATWL Design

The fundamental idea utilized in increasing the resolution of a beam
scanning system is to provide a converging lens whose optical axis always remains
aligned with the instantaneous axis of symmetry of the scanned heam, In this way
a spatially large information carrying beam can be refocused into a spatia]1y.
smaller beam in the recording plane where its information can be resolved; the
spatial resolution gain is the ratio of the incident beam diameter to the final
beam diameter.

A stationary lens, however, is not capable of accomplishing this since
the optical axis of a lens and a translating beam can be aligned at only one
point. The acoustic traveling wave lens (ATWL) is a device used to generate a
traveling converging lens whose optical axis can always align with the axis of a
scanning beam. The lens is formed by an acoustically induced refractive index
perturbation which causes the positive compressive regions of the acoustic wave to
behave as a converging cylindrical lens. The relationship hetween the acoustic
wave and the refractive index perturbations, as well as the properties of the
acoustic lens, will be investigated in this section.

The ATWL provides a one-dimensional scanning lens whose optical axis
can be made to align with the low resolution scanning input beam at all points
along the scan. The effective lens propagates along the cell at the acoustic
velocity associated with the material of the ATWL which refracts the incident
light.

Because the ATWL is a one-dimensional scanner, focusing of the optical
beam in the scan direction s independent of the orthogonal direction focusing.
Hence, the following discussion can he limited to oune dimension, Also, the laser

beam will be assumed to have a Gaussian distribution and all the optical elements
are diffraction limited.

B L




Following the discussion of Foster, et. a].,4 consider a collimated

Gaussian input beam of wavelength A with a 1/e? radius ro at the input plane
Z =0, as shown in Figure 2.4a. This beam is focused by a lens of focal length

f1 to a smaller spot of radius ry at Z = Zj, The size and position of the
spot are given by .

h,

Figure 2.4 . Optical Beam Considerations

ry o= 1.27 A f1/rg (2.4-1)

v 2 o= fy (2.4.2)
where the approximations in Equations (2.4-1) and (2.4-2) are good when the final

spot is small compared to the input spot.
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If a lens {s fixed in place and a beam is translated parallel to itself
along the X-axis, the focused spot will remain in the same position in the back

focal plane of the lens (determined by the angle between the axis of the lens

and’ the beam) but it will vary in angle as it Passes through the focus, -

|

| Hbuever. if thqllen;‘cyn,fran;Iate along uiéh tﬂe ;éQﬁﬂi;é §§;$-:;“:Z%
shown in Figure 2.4b, then an increase in resolution can be.achieved.’lrf the |
fnput beam translates one resolution element (2'05 and the lens follows this -
motion, the output spot will also move a distance Zn;, However, in the output
plane the spot size 1s 2ry and a transl :ion of 2r, corresponds to ry/rq
resolution elements there, yielding a gain gqua1 to fhe.ratio of spot sizes.

To design a useful system, we must consider the t;ansddceé‘for c;éat15§

relatively large strain values at frequencies in the low MHz range and the
material in which this wave propagates. One of the most important parameters in
the design of a traveling acoustic lens device is the maximum refractive index
perturbation, An, which is produced by the acoustic strain. This index

perturbation is related to the strain by

Wl o3 ]
g (2.4-3)
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where p {s the acousto-optic coefficient for the "méter1a1 (normally 0.2 ¢ p(#o,3),
€ s the acoustic strain, and n, is the refractive index of the

unperturbed material. A useful perturbation results if index variations on

the order of 10-4 to 10-5 éré achieved. From Equation (2.4-3) we find that

acoustic strains of this same order are also required. ‘Thase are re1at1ve1y high

strain levels (breaking points of most materials are around 10'3) and achieving |

them requires re1at1ve1y high acoustic power density.

The poak change in index of refraction created by a particular drive

voltage 1s given by the following express1on~4 e R

.\n - 1 3 3 3 N . A (2'4"4)

p 8 33, 3
where hqq. {s the plezoelectric modulus of the transducer material, E 3 {s.the
dielectric permittivity of the transducer material at high frequency, E, is the
electric field in volts/m, P 1s the photoelastic constant of the acousto-opt.ic
material, and C33 5 {s the elustic stiffness parameter of the acousto-optic
material, |

It has been shownd that the focal length of the traveling lens

created by this acoustic wave is given by

Fa _g_\/_g%p : (2.4-5)

where A is the acoustic wavelength, n, is the static index of refraction of the

material, and fn, {s the peak changa in indux of refraction created by the
acoustic wave. \

2.4.1 ATML Design
The specifications for the ATWL are: 1000-element resolution; S5us

active scan time; and SF-59 glass (n, = 1,95). For a 100C-element resolution,
the spot size requirement is:
1000 5 = L, (2,4-6)

24

Feras e e e e - .- . e e e i - -




where L = v ot is the scan length in SF-59 and v = 3.26 x 109 um/s. Thus, the

spot size requirement is &= 16.3 um. The required refractive index perturbation

is:
o _L_ 44 - 5 “ S
NN = n ( T‘) 1 o= 9,34 x 107 N RS HETT IR o Rt ¥ ST
.-anq. .
Als 75 = 6.6x10 , o (24 ) |
\'.“ find th'atl' 'ima ‘-‘-ZAnrn“l;-/'pnda. where p is the elasto-optic coefficient
(p = 0.25).  Substituting an... = 6.6 x 105, we find that s, = 713 %
10-5, The acoustic wavelength A {is determined by the input AOBD, which has a
time bandwidth  product (Te B) of 100,
L 4L
TeB = v V.l A= 3 " 0.65m . (2.4-9)
Also using f = v/A to find f, = 5.0 MHz, we see from Equation (2.4-5) that F
= 40,1 mm, which can be obtained with an active transducer interaction length
of 35 mm.
The transducer height H required to limit acoustic beam spreading is
determined from the equation:
2
x =4), _ (2.4-10)

so that H = 8 mm,

In Section 3.2 we discuss the fabrication of and experimentation with
the ATWL,




2.5 Lens Design for Tracking of the AOBD/ATWL Scanner
1
2,5.1 Outline of the Problem

The optical system responsible for tracking the AOBD scan on the image
plane is fairly simple in concept, and begins with the lens required to focus the
trave)ling-chirp. wavefront from the AOBD into a line ulong which a spot scans.

" Based on the AOBD bandwidth, the AOBD can-bé: .described as hav1ng a-resolution 6f 2 d,f S

certajn number of spp;s. With the .scanning approach ut111zed 1n the present

- system, the.travelling chirp weakly focusses the wavefront 11luminating the AOBD |

and forms 2 line scan containing this number of resolved spots. If this line scan

is used to 11luminate an ATWL, the ATWL will focus this scanning beam;yfth'its

travelling lens. The optical design problem for this system is therefore to cause

the AOBD scan to fall 6nrthe-travel11ng lens in the. ATWL and.ﬁradk.iiswmotion
exactly with respect'to both position and re§u1fed spot size,

One apbroacﬁ to this design problem would be to directly scan the AQBD
line on the ATWL. In this case, however, the typical AOBD focal length is long
{as much as 2 meters long for moderaté 20-30 MHz bandwidths, depending in part on
the AOBD scan aperture utilized). In addition, with such a system there is 1{ttle
of the flexibility for regulating spot size, scan length, and number of spots
which is present in a lens tracking system. This method was therefore rejected as
impractical for the present problem,

Instead, a two-part.optical design was selected to track the AOBD scan

on the ATWL. In this concept, a lens Ly focusses the AOBD scan into a line
scan, and a telescope consisting of two lens groups L, and L3 magnifies the

scan onto the ATWL. With this approach, exact optical tracking {s achievable

while retaining complete control over spot size, scan length, and number of

resolvable spots in the scanner.
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2.5.2  Design Reguirements
Before attacking the design itself, some basic design goals have to be
set down. The first of these is that the number of spots at the ATWL plane be

equal to the number of spots at the AOBD scan plane. Put in another way, what

this means is that the ratio of the scan length to the resolvable spot size at the
.. AOBD.scan plane matches: the requirements at the ATHL. To-establish this |
' relationship for the present system, first note that the formila. for the number of N
spots reso1yed by the AOBD is:

ELTo - ey

where B is the A0BD bandwidth and T is the transmit time of the scan in the AOBD
cell., At the ATWL, the required scan length [2 is given by:

| bsv,.1 - (25-2)
when Vo is the acoustic velocity in the ATHL med{um and T is the scan transit
tine again. The required spot size dy for optimum 11lumination of an ATWL lens

has been evaluated in previous computer raytrace analysis, yielding a third
relationship:

dy = 0.25A (2.5~ 3)
where A is the scoustic wavelength in the ATWL. Further, if fo is the ATWL

drive frequency, a direct function of the system design,

Vo n Aty (2.5- 4)
combining equations (3) and (4):
v :
2 . -
d2 = 0,25 —';- (2.5 5)
then the number of spots {lluminating the ATWL is:
7]
Negy 4. T (2.5- 6)
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Since the number of spots in equations(2.5- 1) and(2.5- 6) must be the same, this
means that:

.+0T¢B'40T'fo.or:

2.5-7)

B=16. f, (
om ' e e -

1

This result shows that there is a fundament;l»neiatiohship,]1nk1ng the A0BD gnqr_wmlw _
the ATWL which affects every part of the system design. v . ‘} |

| The first of‘these effects can best be understood by comparing this .
equation to the fundamental Yimitations of AOBD's and ATHL. In this system, the
final scan re;o1u§10n {s 1000 spots. Because of the limitations of driving the
ATWL, the rat{o of the 11luminating spot diameter to the ATWL-focussed sbot ’
diamétqr is from 10 to 20. Accordingly, the larger the number of ;pots resoived
by the AOBD the better, but since more AOBD spots means a higher AOBD b;thidtﬁ.
this makes'ﬁoap design more difficult. Also, the higher the bandwidth at the
AOBD, the higher the frequancy f, at the ATML, meaning smaller values of A and
smaller spots to be optically resolved at the ATWL. Because of all thege
interrelationships, & compromise value of N2100 spots (for an ATWL gain factor of
10) was selected as the system design goal.

To determine what is necessary to meet this goal, the equations must be
worked through from the number of spots to the required ATWL frequency. From
Equation(2.5- 1) we have that 4f N = 100 and T = 5 us (required by the system data
rate of 1000 spots every 5 us, or 200 MHz), then B = 25,46 MHz. Equation(2.5- 7)
then requires that the ATWL freguency be 5 MHz, Since the nearest a9a11abIe ATWL

frequency is 4.8 MMz, a result of the resonator design used in this scanner, this

was chosen to be the basis for all future calculations. With this value for .

N = 96 sputs, the required gain factor is 10,41, and the bandwidth of the AOBD is
24,45 MHz.
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The next design specification to determine is what level of aberration
will be tolerated in the optical tracking system. In this case, note that the
required spot size is given by Equation 2.5- 5 . Using SF-59 glass for the ATWL,
then, Vo = 3.2 mm/us, and we have that dp w 167 um. The allowable degree of
spot growth is the result of sarlier ATWL analysis, and is given by Adp =
0.04 A, or-dds:u 26,7 m in this example. This amounts to 16 percent spot
growth through the system. ' ,

The accuracy to which the 1ens system "tracks" the {input scan signal,
distortion, is another specification which must be analyzed. One npproach would
be to use a conventional measure of accuracy, that a scanning spot must be |
positioned accurately to within 1/10th of an AOBD spot, or to 0.1 percent total
AOBD scan accuracy. A second and more accurate approach would be to use the
0.04 A figure as a lavel of required accuracy. For the SF-59 ATWL and the transit.
time T = 5 us, the scan length £, = v, o T » 16 nm. To track to an accuracy
of Ady means that the optical system must produce less than 0.17 percent
distortion. As a design goal, then, 0.1 percent of total AOBD scan accuracy is of
the proper order of magnitude and will be used throughout this analysis.

Because this is a precision optical system, the phenomenon of apparent
distortion as & result of image field curvature will also be important, and for
this reason it is the last fundamental consideration for the system. As an

approximation of this eftect, the geometry of Figure 2.5.2-1 is useful. Here, the
Petzval curved field is the actual image field, and the preferred imaging plane
reprasents the ATWL's flat field. In any optical system, {if spherical aberration,
coma, and astigmation are small, the image will tend to 1ie on a curved field
known as the Petzval surface. For thin lenses, this Petzval surface will have a
radius of curvature R given by the following formula:

29’
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b 1= 1 . v ,5-
& 121.'.;?1_ (2.5- 8)

where f. s the focal length of the lens with refractive index ny. In Fig. 2.5.2-
1, the impact of this curvature is determined first by noting that

- PREFERRED FLAT IMAGING PUANE
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I:i e
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i
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| PETZVAL RADIUS; R .

ot

CENTER OF CURVATURE -—+me” - -
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i
Figure 2.5.2-1. Effect of Field Curvature on Image Position %

b .

tan 8 = - (2.5-9)

From other geometrical considerations, we have that:

832 = (1 ~cos @) (2.5-10}
e
and
b2 = 8Y (2.5-11)
Combining these three equgﬂons. we have that: :
R = (2.5-12) |

-1
t -8
(tan {eos™ (1 Y))

Using Y = 8 mm to correspond to the half-width of the ATWL scan aperture and n =
1.5 for a typical glass type, the relation between the _§TY_ distortion value and _ \
and the thin lens focal length which will produce this lavel of distortion has
been plotted in Figure 2.5.2-2, The result is that a lens with approximately a
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f Figure 2.5.2-2. Parcent Apparent Distortion Due to Field Curvature

' { as a Function of Thin Lens Focal Length

| : 119 mm focal length will produce about 0.1 percent apparent distortion from

} . Petzval curvature alone according to this calculation. This worst-case
approximation of the field curvature contribution to apparent distortion thus
provides a guideline as to the allowable degrae of Petzval curvature prasent in

3 the system, (Note that this also produces a focal plane shift of approximately

0.001 x R = 178 um. Since a Gaussian beam propngates according to the formulad ;k

, . 27 112 (
’4 . W "W + ___,__!_:!_ ) 2.5« 13) 3
) S ° [ W, ] !




where w, ic the original spot radius, z = the focal shift, A = the light
wavelength, and w = the increased spot size, we have that -

w = 1.0000102w
0

for z = 178 um, Depth-of-focus is clearly not a problem in this system.)

The above considerations constitute the spec1$1c§t1ons for the optical
tracking system dé31gﬁ; | N '
2.5.3 The AOBD Scan Lens

One of the first considerations for the selection of the lens system
L1 designed to focus the AOBD scan {s the scan length. This is important
because the longer the scan length 11, the lower the required hagn1f1cat1on of
the scan onto the ATWL., To analyze this problem, consider the geometry of Figure
2,5,3-1. Depicted in this 11lustration is a thin lens Ly focussing the

o TRAVELING CHIRP FOTUS

-ol: T
l /1 A ——l 2
A
AOBD L1
PLANE v
THIN
LENS 101804

Figure 2.5.3-1. Focussing of an AOBD Travelling Chirp By a Thin Lens

weak ly-convergent beam from the AOBD. Dl is the optical scan aperture of the

AOBD, and Ay and 62 represent optical rays diffracted by the high and low
freguency ends, raspectively, of the AOBD's travelling chirp. A is the gap




be.ween the AOBD and the scan lens L.
To begin, the y-heights of the rays at the AOBD are identified:

Ya*yn *D - (2,5~ 14)
Also: 6, = A = AY (2.5~ 152)
S Sl
and
02 = A ] )\‘)'2 (2a5"’ 15b)

Here A) andAy are acoustic wavelengths, ¥ 1. and ¥ are acoustic
frequencies, and Vi represents the acoustic velocity in the AOBD. Using the
relation y' = y + te g we have that the y heights at the lens pupil are:

! = y1+Aefy, or

' . +A LAY (2.5- 162
4! " "v;— . )
and yz‘_ .y, ¢t Aoae, or:
|
Yo' wys + 0, tAeAY 2 (2.5- 16b 5
2 17 T ) |

[}
Further, since ' = g - f_r_ where f i3 Ly's focal length (for thin lenses), we have

h
that y |
8)' =8y -~ or: §
o - v.__* ?1, ( + A V_-l 71 2.5« 17a) -
‘ ll. .
¥y AY? ]
and "z"’z'“T"VlL -4 (Yo + Reg® )y or .
AYZ 1 |
CIR il SRR R v (2.5- 17b)
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Now, if we define t as the distance from lens Ly to the focussed scan plane and

y" is the ray height at this plane, then we have that
yn .yll + t '81'

and

y" L] yz' ‘.' t [ ] 92'

~ Solving simultaneously:

¢ - (Yg' - yl')
ourd
Now: Yo' = ¥y %y + D+ A %élg ~ Ly * A-'efL—
Yo' =¥ =Dy ¢+ efL o (Y -7y
Since B x ¥ =¥, we can write this as:
AAB

Yo' = =0y -

Similarly, . Y 1 Aavyq

-8y Wty
Ave 1
V1 " T
g

] = A
SHRAF I A
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(2.5-'18a)

(2,5- 18b)
(2.5-19)
(2.5- 20)

(2.5- 21)

(2.5- 22)
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Combining equations (2.5-19), (2.5-21), and (7.5-22) yields that:

b . AAB ]
t = 3 1 . 1 (205‘ 23)
0, +7 A% R
1 (1-7%)
i L
y =0 Tv solve for the scan length ti. we evaluate equation (2.5-18a) for
¥y, =0) =4 Y1 +v[%11(1-éﬂ | (2.5- 24)
1 ' 1 .

Next, we evaluate Equation (2.5-18a) for Y = 02 {where 02 is the traveling chirp

scan distance): D
A
y“Ul'%)=%+A'ﬁgwt-[%u(l-$)-%] (2.5- 25)
Subtracting aquation (2.5-24) from equation (2.5-25, we have that:
Ly=y (y =Dy) -y" (yy =0), or:

D
’1 *D, - -% ‘L, or:

(2.5~ 26)

To interpret these results, the scan length tl was calculated using

the bandwidth B = 24,45 MHz calculated earlier, thrae values of the lens focal

length, Dy » Dy « T x V) = 19.45 mm (where T = & us and V] = the acoustic
velocity 3.89 mn/ us in the medium), and a variety of values of A, The
calculations are presented in graphical form in Figure 2.5.3-2, and from this it

o
is possible to make several conclusions. First, the scan length increases roughly
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proportional to the focal length for any given position of the lens. Secondly, fi

' the value A acts as a kind of "zooming" parameter to adjust the scan length, - |
_ though 1t does not vary /) more than about 8 percent at most over the 0-500 mm
" range plotted. Because varying A does not vary [1 much, it is therefore

possible to associate each focal length with an approximate required magnification




% i of the scan length £y to properly match the scan length £ of the ATWL. For A
' = 25 mm, for example, a 100 mm lens produces a 0.32 mm scan length and requires a
telescope with U%gi = 50X magnification to scale it properly on the ATWL plane.
A 200 mm lens at the same distance produces an 0,63 mm scan length and requires a

25.4% telescope, A 300 mm lens produces -an 0.93 mm.scan Jength and requires.only .

2°17.2X ‘magnitication to scale:'the scan properly oﬁ*the,ATNL,;&In;mqitujensz?;mhfﬂ%j'

systéms pf.this.degree of distortion correction, the”sma1ler.thelnGQQ1P°d,mﬁﬁm, 3,: | L
magnification in the telescope, the better,,rlnnaddixjon.qwifhva lower M“«ﬂ+"ﬁg,‘ L ”%‘”a;
, magnification. the actual telescope length can be shortened. For these reasons, |
Ly's focal length was selected to be 300 mm, '
With the focal length selected, the requirsd lens resolution,

acceptable degree'of>aberratloh,‘and allowable distortion must be compared against

S TN

avatlable lens designs for Ly, To address the first of these, the required lens

resolution is found by calculating the AOBD spot size. The scan langth is !1 .

0.93 mm and there are 96 AOBD spots {n that scan, for a net spot diameter of Qigé "

9.69 um. The spot size resolved by Ly s given by the following equation for
single-Rayleigh spots: B

P N S PP S G ¥

d U;"”‘ (2.5-27) )

where f is the lens focal length, D, the input scan aperture, and A the :
11luminating waveiength. With Dy = 19.45 mm as before, A = 0,5145um, and f =
300 mm, we have that dy = 7,94 um as resolved by the lens. The 300 mm foca)
length 1s therefore just below acceptahle limits to match the lens resolution to
the AOBD resolution,

Next, to establish the degree of distortion in a typical lens, a

computer raytrace of a simple biconvex 300 mm lens was carried out using the 24.45




Miz bandwidth and the D2 = 19.45 mm aperture as inputs to the program. This
paraxial analysis established that even this simple & lens produces even less than

0.01 percent distortion, so distortion is not a problem.

To correct for aberrations with a simple lens is not this
straightforward. ' ‘Because of the large:aperture-utilized on the lens, spherical.
aberration ‘{s ‘extremely Jarge with simple optics used. for Ly, amounting to-over. L
100 percent spot growth without special correction. For this“kgpspn._gﬁspgcjgj.\.
computer-optimized achiromat.consisting of a. cemented biconvex and meniscus lens
pair was selected to eliminate the aberration problem. According to the |
manufacturer, Melles Griot, with this lens (No. O1-LAD-255), spot growth is less Lo

than 8 percent over a 50 image field from the center to the edge, which puts

this within acceptable 1imits as far as sberrations are concerned. This selection
then specifies the first lens group L1 of the optical tracking system.

2.5.4 The Telescope System
With the 300 mm lens chosen for L1, the next stage is the de;ign of

the relay optics to magnify the AOBD scan up to match the ATUL scan length, As
has been discussed before, with a 25 mm gap between the AOBD and lens L1 the

IO T oy e

scan length ’1 s 0.93 mm. This means that a 17,2X telescope is needed to image
this scan on the ATWL.

To carry out the design, initially a two-element design was evaluated

by paraxial computer raytrace analysis of surface contributions to aberration.

Unfortunately, such simple telescope designs couid not achieve the required levels S |
' of aberration and distortion, so a more complicated design approach was }
initiated. In this approach, the telescope was configured in a modified S
double-Gauss layout. This lens form, designed for low distortion at field angles i
up to 259, consists of two positive focal length groupings, each of which f
includes two positive singlets and a negative element for field curvature k
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correction. Generel1y.'the two lens groupings are ‘symmetrical in shape and

layout, with the two sides scaIed to yield the proper system magnification.

Various modifications of this layout were evaluated in an extensive computer

! analysis of system, in which each lens grouping was first optimized with respect
to aberrations and. d1stnrtion and then assembled 1nto the proper: teiescope a e

‘ conf1guret1on. In eddition. because of the f1exib111ty of magnifying.up with lens

| L1 to compensate for moderate amounts of d.. ortion 1n the system, the '

_ d1stortion specification for the tele!cope was. reIexed in fevor of meeting the
aberration requirement. ,

) The result of this effort in design is depicted in Figure 2.5.4-1, The

lens group L, includes two biconvex 40 mm lenses and one biconcave =25 mm focal

Fo o ' o okt )
' 40mn EFL -2b.mm EFL
“ BICONVEX PLANOQ~CONCAVE
y o - ouy .
i ' [
1 e 10 AOBD ' \
\ e §, 39

et 14,0 |ete

. s, LENBGROUP Ly
{SHOWN APPROXIMATELY FULL BCALE)

b & [ ]} "
s 600 mm KEL 1000 mm EFL 1000 mm EFL
3 PLANO-CONCAVE PLANO-CONVEX  BICONVEX
-ff H m-——. TOATWL
i l ) | okt ARE IN
3 | 4108 | CONTALT

b LENS GROUP Ly

ALL DIMENSIONS ARE IN mm 10100-8

"Figure 2.5.4-1, The Two Lens Groups of the Telescope
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Tength planoconcave; its focal.-length is approximately 33,34 mm. The lens group
L3 includes a 1000 nm focal length biconvex element, a 1000 mm focal length
planoconvex element for spherical aberration correction, and a -600 mm focal
length planoconcave element for field curvature correction. The focal length of
L3 4s approximately 573.5 mm, exactly the.17.2X. magn1f1cat1on of La'g: focgl
- lcngth. . with this systm assembled: as, »p1ct,uy-od n. F1gure 2 &.4-2. Nith the two
negative foca) longth elments facing each other. paraxial nnalys1s of the Iens

i ""°V“1'd ‘h“ the 11 scan 1s imaged onto the ATWL with a net distortion of

Ly
PLAN! H
AOBD ' - ATWL
|——vs23 |- — 71,1 |
[ X} -—-vl l-.-— '

ALL DIMENSIONS ARE IN mm 10180-7

Figure 2,5.4-2, The Optical Tracking System

approximately -0.26 percent, only 0.09 percent more than allowable by strictly
considering the aberration specifications alone. The net aberration of the
extreme end of the field includes a -0.66 um spherical aberration contribution, a
+0.88um coma contribution, and a -4.5pum astigmatic contribution, amounting to
less than 3 percent tota) spot growth. The Petzval radius of curvature, summed
from surface contributions, was found to be 131 mm for this system; this

corrasponds to a maximum additional apparent distortion of approximately -0.19
percent in the worst case.
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To accommodate this estimated -0.26 -0.19 = -0.45 percent distortion,
lens L) myst be moved further away from the AOBD to increase the size of its
scan by a factor of 1.0045, This means that 4y » 0,93 x 1,0045 = 0,934 mm, The
exact movement of the lens should be determined experimentally (since focal

Tengths wi11-be altered .as much as. § percent from these calculated values because '

of manuf&tturer 3 tolerances), but the order of magnitude of the requ1red mov e't :fj.. S

is 1mportant to detormino at this point. Fortunately, the plot of lens L1's ,
“zooming" .ab114ty in Figure 2.5,3-2 shows that the required 9rowth ot the spot |
involves motion of an estimated 50 mm uway from the AOBD, for a net -
AOBD-to-Tens-Ly gap of approximately 75 mm. This {5 a cosrse anough movement to
make distortion compensation to an accuracy of 0.1 percent relatively easy.
- Asfor more significant siterations of the system, the te1escope donv

' have 2 certain degrne of flexibility. | During analysis, it was found that changing
the spacing between the negative lens and the positive lens pair effectively
regulated focal length in each lens group without substantially chdng1ng the group
distortion contribution. ODistortion can be regulated to an axtent by adJusting ‘
the positive element spacing, if necessary.

The resuiting Ly, L, and Ly lens system, pictured in Figure
2.5.4-2, therefore meets all the requirad system spacifications for optical

tracking of the AOBD scan onto the ATWL.




2.6 Design Trade-Offs for Y-Sca 0

2.6.1 Pre-objective Scanning
In order to take the AQBD/ATWL 1000 spot scan and properly scan it

perpendicular to its long dimension (effectively recording a square 1000 x 1000
spot. matrix), two conditions must be met similtanaously by the optical system . =~
' 1nvd'l§i&.-~ “The first of these 1§ that tho scan Ttms'have‘the;'hccunr'y f=number . to
| focus the 16 mm long 1000-spot scan, and the second is that the: optics ma1nta1n .
the 1n.togr1ty of the AOBD/ATWL X-scan. This means that the optics must 1nc1ude an
,1mag1nlg system, a scanner, and a focussing system. all:at the same time. , B
One way of accomplishing this task involves “"pre-objective" sc'anMng.. ,

Here a scan lens fs placed after a mechanical scanner to focus. the Y-scany it is
pictured in Figure 2.6.1-1, Using this method, the.AOBD/ATWL's 1000-spot X-scan

y SCAN

| b PLANE L2

we |

i —

- ADBD/ATWL

o A AT, S E FINAL IMAQE PLANE
” o .—m-&~ :

5 IMAGING THE AOBD/ATWL X-8CAN

) AOBD/ATWL.
; HeHY e SCANNER
i (DIRECTION OF S -
SCAN I8 - .
PERPENDICULAR v\
1O THE PAGS) Ly W
\
VA
\
L’ | .\ s
\
/ |
i
]
FINAL IMAGE PLANT l I X ;
b, BCANNING IN THE Y-BCAN DIRECTION 10100-0 y

Figure 2.6.1-1, Optical System for Y-Scanning With a Mechanical Scanner

42

'~ W“ )
D T »&huh.o-m dmtmbw '




- is imaged to the final recording plane by first forming a Fourier transform of the
scan on the scanning mirror (which is in this case one facet of a spinner), and
then taking an inverse Fourier transform to recreate the scan. In the Y-scan

E direction, the line of spots appears to be "on-axis" and is coliimated by the

%; :‘, first transform lens. The second Fourier transform lens then acts as a scanner
Tens and focusses the scanning spot across the field.

- . . To implement this concept, since the Spots are relatively large

{i_ . (npproﬁimate]y 16 um in diameter) and there are as yet no specific requirements nn
b the 11nea}1ty of the scén. the main aptical problem is that of f1tt1hg the spots
‘; P through the lens apertures. To determine the required lens diameters, first

| consider the divergence of a spot, If the AOBD/ATWL's spots of diameter d are to

be doubie-Rayleigh resblved by a lens of focal length f and available aperture per
spot of D', the'following re1a£10nsh1p for resolution at a Wave1ength A applies:
D' = 21f/d (2.6 1)

For a scan of length l. the necessary lens aperture required to resolve the scan
} s then given by the scan length plus the required aperture spot, or:

o hedep e fean (2.6-2)
Next, this ap:rture h must be scanned across the scan lens Lotg anertyre. As

3 pictured in Figure 2.6.1-2, what this does is to increase the required aperture nf

f / ..
1 ]
4 LENGTH OF : i
2 X-3CAN DINECTION OF Y-BOAN
] ON LENS L, .
\,I; 'i‘
b (!
10100 9 R

Figure 2.6,1-2. Aperture of Lens L2
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the scan lens, since it must effectively have the aperture for a square h x h in
area; this 1s because the resolution requirements are the same in both

dimensions. From the geometry in the figure, it is clear that:

h=2.r.5ino (2,6-3)

where r is the radius of the lens. Since ¢ = 450 if a square recording afea is
desired, we have that:

re_h | (2.6-4)

The required lens aperture for lens L, {5 therefore g{v,u by:

U-Zr-\/'f_~(,?+20)‘-%) - (zl.cls-s).

Finally, to guarantee that the lens Lo scans the proper scan length , the
optical scan must subtend an angle of: ‘

8= tan"! (—{—) | (2.:6-6)I

This then, combined with the requirement that each mirror facet on‘thé scannar has
a minimum aperture of D' x D' to resolve the Fourier transform, cﬁmpletes”the
optical requirements for the system.

To apply these formulas to the present system requirements, D is
calculated first. The 0.5145 #m argon-ion laser line is used for A, the spot
diameter d is 16um, and since it is desirable to make f as small as possible let
f » 25mm as a minimum. Then we have from Equation (2.6-1) that D' = 1.6 mm. For
a 16 mm scan IQngthJ?this means that h = 17.6 mm and D = 24.9 mm. This amounts

to a lens Ly with an f-number of approximately 1, which would require a
sophisticated custom design and great expense to fabricate. Sirce this is not

desirable for the present program, the next step is to determine the minimum
length quality lens which satisfies the system requirements. Of lenses surveyed

from Rolyn Optics, Melles Griot, Klingler Scientific, and a number of other minor

J—
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suppliers, the smallest EFL available came in the form of computer-optimized

k. achromatic 80 mm focal length doublets from Melles Griot or Klingler Scientific.
For this focal length, N' =5.12 mm, so h = 21,1 mm and D = 29.83 mm. This then,
requires a minimum facet size of 5.12 mm x 5.12 mm, which is cons{iderably smaller
than the 3/4 inch x 11/16 inch spinner availsble for this program. To achieve the
required 16 mn -

scan, the optical-scan angle 15 .4 = tan el

-1/ 16 o )- 11.3%, or a mechanizal =
I’ . .o - . .

scan angle of 5,659, again readily achieved since there {s a 249 meachanical

scan angle svailable on the spinner. Finally, Ly and Ly have been selected as

identical Tenses for symmetry (to minimize aberrations of the AOBD/ATWL scan

imaging), even though Ly onty requires a lens diamoter h and is available

commercfally in smaller focal lengths.
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2,6.2 Post - Objective Scanning

The approach described in the preceding sectiun has certain advantages
over other scanning methods. It is simple, relatively compact, ﬁnd easily
configured to produce a telecentric flat-field X-Y scan in the image plane. As
for disadvantages, the chief one {is that the second lens in the system must act
both as a scen lens and a Fourief transform jens. Since the design requirements .
for focussing and performing a phase-corrected exact optical Fourier tﬁ“ﬂ%f°”@,°§ﬂ;.
be very different, a different approach to mechanical Y-scanning must b§ |
considered before making a final design decision. This second apprdach fs known
as "post-objective scanning." | |

In this second optical configuration, Ly 4s a conventional imaging
lens with focal 10n§th‘f. In the X-Z plane the most compact configuration for
imaging the X-scan is to use Ly, ¢ a 1:1 imaging lens, so that the object and
image are each located a distance 2f from L. This system is p1ctured in Figure
2.6.2-1(a). The scan plane {s located in the drawing at the Fourier transform

plane of Ly and locates the "minimum scan mirror aperture" position for the
mechanical scanner.

In Figure 2.6.2-1(b), the Y-scan conf1guration is pictured. Lens L1
focusses the beam, and as the Y-scanner mirror rotates over a full optical angle
of 20, the scun is relayed over a linear field of 1ength! = 2+s+tan 6. As Figure
2.6.2-1 i1lustrates, depending on the system parameters, it may be necessary to
add an anamorphic field flattening lens after the scanner as indicated; this is
because the Y-scanner will effectively image the Y-scan on a curved field of a
radius s. This field flattening lens is ordinarily a simple meniscus lens (for

singla-wavelength systems), and compensates for the scan curvature at the adges of
the image field.
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Figure 2.6.2-1(a). An Optical System for Cost-Objective Y-Scanning
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To 11lustrate the nature of the design problem for post-objective

d , scanning, only a few key relationships need be derived. In order to achieve a
scan of 1ength.1’at the final image plane, for a scanning mirror a distance s away d

from the image plane, that mirror must scan over a full optical angle of 2/ where:

‘ 6« tan' ( 4 ) (2.6-7)

23

As noted before, scanning over an |nglé 6 will produce curvature of the image
field; this situation is 11luctrated in Figure 2.6.2-2. Although the image field
will be in focus on-axis, at the perimeter of the field the scan will be a i

. distance 5 away from the image plane. Since

1
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Figure 2.6.2-2, Curvature of Field in Post-Objective Y-Scanning

A cos g = _°  2.648)
R

5= ( 1 1) (2.6-9)
cos 48 .

Now, 1f Wy 1s the required Gaussian spot radius, and w is the spot radius a

we have that:

| distance & from the focussed spot of radius w,, a formula from diffraction
| theoryfor spot growth is: '

] 2
5 W = wo 1 + Ad T (2.6-10)
‘ ™ W 0

This then provides a measure of the growth of a focussed spot for a given value

i of 8 for the system.
Q. 1 As a final design requirement, note that because Ly must have an
f' aperture of :
= ; D' = 2Af/d (2.6-11)
;| "
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to resolve each tpot a distance f from the spnts, at a distance 2f from the spots

and for a scan length Je. tens L1 must have an aperture of:

w-=‘Z+ 4rf (2.6-12)

where A is the system wavelength and d is the required system spot size. ,Furthgr,‘r
to determine the mirror size, note that at the Fourier transform p]qne the minimum

mirror aperture {8 approximately
1 . aaf 2Af

2 J d

For a scan plane positioned a distance s' from this Fourfer transform plane, then,
and positioned with the mirror's center position at 45% tu the optical axis of

the system, the mirror must have a minimum aperture of:

2Af s' At |
A, . . (2.6-13)
R —T + (t+ .__.a..}
in the x-direction, and
2\f s!
A, . V2. 1 (2.6-14)
y ( d ) ( = )

is the y-direction.

As a design example, let us select a Hastings triplet lens designed for
unity (1:1) imaging; this kind of lens can be inexpensively designed for minimum
coma and distortion correction, and is therefore a good choice for this
application. If the required scan length is 16 mm, the spot size is d = 16 um,
and we select Ll = 80 mm, then lens Ll must have an aperture of 26.3 mm for'a
wevelength ) = 0.5145 um, This means it need only operate at f/3; such lenses are
avaflable commercialty. Next, assume we position the scanner at the minimum

mirror aperture position, the Fourier transform plane. This means that s = 80 mm,
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and the required scan angle is found from Equation (2.6-~7) to be 8 = 5,70, From
Equation (2,6-3), 8 = 400um, which corresponds to a 43 percent spot growth when
substituted into Equation (2.6-10). If instead s = 120 mm, placing the scan
mirror 40 mm from Ll. 0= 3,89, and & = 177 um; this second case yields only

10 percent spot growth and should be acceptab]elin most cases. For this second
example, since s' = 40 mm, we have that A, = 15.7 .mm and Ay = 10,9 mm.

The chief advantage of this approach over pre-objective scarning is -
simplicity and Tower overall cost of the optical system. Even if a flat field
corrector 1s.needed, as was nat the case in the present system, the optical system
will rematy less complex than the other system. Nevertheless, it is not
telecentric (and would therefore be awkward to use if the spots were to be "read
out" after recording by s mirror image of the writing system), and it will not
work for image fields with many spots. As the scan angie 1ncreasés. or ihe spots
grow smalier, the effect of & on the spot growth will increase and the field
flattening lens will have to work even harder. Nevertheless, for image fields up
to a few thousand spots this system should be adequate,

2.6.3 The 1000-Spot AQBD Y-Scanner
A possible alternative to mechanical scanning of the AOBD/ATWL X-scan

1n the Y-scan direction is to use a 1000 spot AOBD as the second scanner. To do
this, first it {is necessary to fabricate an AOBD with a useable time-bendwidth
product ¢* at least 1000. This in turn forces the AOBD to be either as long as
possible (to minimize the bandwidth), to have a large bandwidth (to mirimize the
length of the AOBD and acoustic attenuation within the cell), or some compromise
between these two options. Based on past experience, the practical upper limit
on transducer bandwidth for acousto-optic beam ceflectors is about 200 MHz. As a

result, since the number of AOBD spots is given by:
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N= 7 . T. B, " 2.6-15
A ( )

where B 1s the AOBD bandwidth and T is the transit time of the acoustic beam

across the cell, the required cell length is T = 6.4 us. With AOBD acoustic
velocities ranging between 3 and'4 mm/us, this means that the. AOBD cell.must be . .
between 19.2 and 25.6 fm long. Because of this extremely long length, the AOBD

must be seIected for h1gh efficiency and low acoustic attenuation. - An appropr1ate

mater ial which satisf1es these requirements and is commercially available in the
proper lengths is Yead molybdate, PbNo04, '
With the AOBD selected, the next step is to dosiqn the optical system

required to produce a quality two-dimensional scan in the image plane. As in the

case of mechanical scanning. the optical system must focus the scanning AOBD beam - .m;

into a 16 mm scan in the Y-direction, while at the same time proper\y imaging the

X-scan onto the Y-scan plane. An optical system which will accomplish both of

these goals s pictured in Figure 2.6.3. For the Y-scan dimension, the X-scan
Y-8CAN
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Figure 2.6.3., The AOBD Y-Scan Opticyl Schematic
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appears to scan in and out of the page as pictured in Figure 2.6.3(a). Light from %_
the X-i.an spots diverges and, in order to properly illuminate the AOBD, must be 7
collima*ed by lens Ly and 111 the entire 6.4 us aperture of the PbMoO4

crystal. For a Guassian spot diameter d in the X-scan, a required AOBD aperture
D, and 11luninating wavelength-A, the.required focal length for lens.Ly js-given . - - . - .8
by: PR ’ ' '

£ deDem .
Y

For PbMa0,, the acoustic velocity is V % 3.6 mu/us, so the required AOBD (and T

Lens Ly) aperture 1s D =V o T = 3.6 mm/us X 6.4us = 23 mm. With A= 0.5145um
and d = 16 um, we therefore have that f = 560 mm. '

) After the beam is co111mated by L1, the AQBD scans the beam over an
angular range determined by the AOBD bandwidth, For Bragg diffraction from an
AOBD with acoustic frequency v, the diffraction angle is given by:

9 - MY (2,6-17)

where V is the acoustic velocity in the medium. The total angular scanning angle
nver a range of frequencies 172 -71) = B is thus given by: |4
Af » é%_ (2.6-18)

For a lens of focal length f, as the scan lens focussing this angularly-scanning ;~

beam, the resulting scan length is, therefore:

Ay -teres LAE (2.6-19) -

Since 3 = 16 mm for this system and B = 200 MHz, the focal length of lens Cy
fs £ » 560 mm. To calculate lens C3's funumber, the size of the scanning beam

aperture at C3 {5 found by first calculating the distance A of lens C3 from
the AOBD. Using the geometry of Figure 2.6.3, this means that: i
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Then the aperture D3 at lens C3 1s given by:

‘ So, finaly, ‘We have that: | | e
E L G AT 7 R

In the X~scan direction pictured in Fiqure 2. 6 3(b). thare 1s a different

problem. In order to minimize the RF drive power to the AOBD transducer, the

| transducer height must be as narrow as poss1b1e. "Since a typical minimum value

~ for this height {s 1.5 mm. this means that while the X-scan is expanded into a 23

mm collimated wavefront in the y-z plane, the X-scan must somehow be condensed

into a 1.5 mm aperture in the x-z plane. To do this, first note that spherical
lens Ly produces an exact Fourier transform of the X-scan one focal length from
the tens, Than a cylindrical lens C; microreduces this transform and images 1t
onto the AOBD's 1.5 mm aparture in this plane. Since at the Fourier transform;

the beam 1s 23 mm in diamater, C; must demagnify by a ratio of m = .f%; « 15,3

times. This means that C; must be ((1 +m) = 16.3) ¢ f away from the Fourier
transform plane and ((1 + 1 ) = 1,07) o f away from the AOBD.
m
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To further specify the lenses in this section of the X-scan imaging

system, consider that lens L) must have a clear aperture of the scan length plus

the D = 23 mm beam diameter at the lens, or 16 + 23 = 39 mm, This makes lens lil

an /14 lens. Now, to determine the focal length of lens Cy, first the scan

Nﬂgthﬂz at Cj s calculated as a function of the scan length 11 at

“from simple.geometry:

l 4 [(ml) ] : (2f6-23)- ‘

Ly

The minimum aperture for Cy 1s, then, L5 + the size of the beam at the Fourfer
transform p'lane. The resulting fanumber for lens Cy 1s:

f
(f/l')c1 1‘27'5 Il'rm”) fcl,]v«o or:
!

(), = (Tl-l-('-“—*—ll)+ & (- (2.6-28)

Because of the need to specify a lens C, with as large an f-number as possible,
next we calculate the maximum f-number for lenses Cy and Cp by letting

fCi""” in Equation (2.6-24).
Then:

fL

Under the present circumstances, with le = 560 m-ll =16 mm, and m =

fo.—

16.3, the maximum f-number for C; {5 2.1, To increase this value, it 1s

necessary to decrease m, Since(1 and f'-l cannot be changed. To do this we
must increase the transducer height H, since:

54




Wt ey e

" .% | . (2.6-26))

Then, we can solve Equation (2.6-10) for H:

. D
H T (2.6-27)

-

’ Now. 1f we select a max1mum f-number of 4, 0, then Equution (2 6 27) yields that H-

=3 mm, Thln, m . 1.7, and i we so1ve Equation (2.6-24) for the foca1 1en9th

o required for an actua1 f-numbor of 2, we have that fc1 = 92 m.

To determine the impact on the power consumption requirements with H .-
3 mm, nate that a similar AOBD device with a 200 Mz bandwidth and H = 2 i
required 100 mW of RF input power to produce a diffraction'efficiency of 8 percent
For this case, then, an AOBD Y-scanner would require 1.5 times as much power, or
approximately 560 mw o? RF drive power for a diffraction efficiency of 30 percent.

~ On the other side of the AOBD, a cylinder lens C, remagnifies the

X-scan Fourier transform up to its full size, In order to assure maximum
resolution {n the image plane, C, should be identical to Cy in design and
placed 1n the system exactly opposite to the way Cl was placed; this g111 result
in cancellation of key aberrations introduced by the first cylinder lens in front
of the A0BD,

The final Tens {n the X-scan system, C,, performs an inverse optical

Fourier transform and reimages the X-scan in the final image plane, As the

present system is configured, since Cy and Cp are identical the scan length

5.3 at lens Caq 1s given by:

f
c
ls " 11 ] ?["' (2.6-28)




' cq s focal 1cngth is 107 mm, with a clear aperture of apprnx1mat91y 54 LD

Cylindrical lens €, therefore requires a clear aperture of £3 + D, and the f/#
for lens C4 s

. o o F e (2,6-29)
(\’/l‘)c4 1-3-;-0— le f. .

If we choose a minimum f~number of 2.0 for this 1ens this means that.

Fina11y. using this va1ue for Fc4 and know1ng that fe

g the z'92m'

.....

('/#)c 14,4, This is more than large enough to guarantee 1mage qua11ty
w1th commerc1a11y availab1e lenses.

As designed, then, the present optical system prov1des a 1000 X 1000
spot scan of 18um spots over.a 16 mm x 16 mm field. in.a comp1ete1y,sol1dqs;ate
x-y scanning system. Tha schematic and above djscusston demonstrata that

depending on the system requirements, this optical Tayout could be reconfigured to |

match various x-y scan formats with 1ittle difficulty. The most'd1ff1cujt Tenses
to manufacture for the system are C; and Cz, with Cq4 the third iost | L
difficult; if the total optical path 1ength is not critical, however, the above f#
equations show that a longer focal length for all of these lenses will result in
larger f#s, and, therefore, more easily fabricated lenses. Nevartheless, all the
valuas calculated in this example are representative of quality commercial optical
components, and should provide excellent results in producing a 1000 x 1000

solid-state x-y scanning system.
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2.6.4 A Comparison of Various Y-Scanner Approaches \

A 1isting of the major mechanical Y-scan devices, the AOBD Y-scanner,
and the general performance characteristics of each technology is presented in
Table 2.6.4. Each device has been quantified both in relation to
applicability to the present system requirements and with consideration of the
optical system required to implement that component. In the preparation of this -
table and in the brief discussion of each device in this’ section, the. bulk of the
information 1s drawn from Reference 9.

Eixed Frequency Scanning Devices

Both the torsion rod scanner and the taut band ‘scanners are designed to
resonate at a single fixed frequency and are limited to sinusoidal waveforms by

nature qf their design. Because of the limitation on wavafarm shapes, the only

solution to producing a quality linear scan in the Y-scan plane would be to buffer -

the incoming data according to the rate at which the Y-scanner oscillates in any
portion of the scan. This procedure {s awkward at best and expensive at worst,
ani; as a result the fixed frequency scanners are nnt recommended for the
Y-scanning system.

Vari F ncy Mechanical Scanners

In this category are moderate-cost galvanometer systems and higher-cost
piezoelectric systems, both of which may include electronic feedback to improve
the linearity of their scan., Both types of devices accept a broad range of
driving waveforus and are capable of high precision in scanning. The chief
advantage of the piezoelectric device over galvanometers is the high frequency at
which 1t can be driven; it cannot, however, achieve the large scan angle of
galvanometer systems, and is generally a higher-cost device. For the present

application, then, a quality galvanometer system probably provides the greatest

flexibility of operation for the lowest cost of these two devices.
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X Device

Fixed

- g Tdrsion
- Rod

L - Taut
' Band

Variable
Galva-

nometer

Piazo~
electric

Rotatin
Polygon

Acousto-
o

' Frggugngz

DefTector

Table 2.6.4, Characterist1c§ of Y-Scanning Techniques

Optical

Principle of Scan Angle

Operation Peak /Peak
Oscillating Up to 14°
magnetic fleld
excites rod to
resonance
Resonant "taut Up to 30¢
band" with
moving permanent
magnetic armature
Iron Core Up to 60°
or Wound
Armature
Ceramic wafers  Up to 2°
bend in an

. electrostatic

field
Multifaceted Up to 180°
motor-driven
mirror

Bragg diffraction Up to 2
from changing

Acoustic

frequencies

in a crystal

Max. No.
Resolv, Driving

Freguency Spots Cost Waveform

406,to 500 Poor ~ Moderate Sine wave

20,000 ‘ PR

5 to 500 Poor Low  Sine wave

1000

0 to 2,000 Good “ﬁoderate Sine wave,

25,000 sawtgoth,
ramp,
random

0 to 2,000 Good High Sine wave,

45,000 sawtooth,
ramp,
random

0 to >10,000 Excellent Moderate Sawtooth,

50,000 to High ramp

>10,000 2,000 Good Moderate Sine wave

to High sawtooth,

ramp,
random




i Rotating Polygon Scanners

These scanners, consisting of multifaceted mirrors driven by stepper or
cont {nuous-motion precision motors, provide overall the best combination of l
features for a Y-scanning application. Because of the excellent resolution !
available in state of the art motor drives and the quality achievable in |
fabricating precisely-aligned multifaceted mirror assemblies, rotating polygon
mirror systems can achieve the highest Y-scan frequencies available and are
Vimited in resolution only by the ability of scan lenses to resolve spots. The
main drawback to the polygon scanner approach 1s-cost,‘wh1ch can -be extremely high
when the scanner cost andlthe cost of the scan lens are added together. For this

reason, for low-resolution systems with less than 1000 spots, the polygon scanner

may notvbg appropriate for a given application,

Acgusto-Optic Beam Deflectors

Available at moderate-to-high costs, these small-angle scanners provide
{ the only high resolution solid-state optical scanning technique available today. '1
] Further, at the high end of AOBD capabilities where 2000 spot time-bandwidth

[/ Q products are desired, they are cost-competitive with polygonal scanners. Also,

they have the capability to nandle any number of drive waveforms so that for a

random-access X-Y scanning technique they are far more suitable than the polygon

approach, and (at the lower end of the resolution spectrum -~ 10 to 500 spots)

requirements.

{
!
. i
8 i could be competitive with galvanometer systems depending on the detailed system
| g
| Y-S Imp ti .
[

into the X-Y scanner which has been proposed. The gpecific details of these
systems have been described in the preceding sections. One conclusion from these

Each of the above devices requires an optical system to integrate it '
l
|
analyses is that post-objective scanning offers the least complicated optical

1
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system, although it may be so compact as to be awkward (especially for small spots
in the X-Y scan plan) in some cases. The pre-objective scanner is more
complicated, but still relatively {nexpensive; it also offers telecentricity and
provides greater room for the scanner and p]acement of optics than the first
approach. The AOBD Y-scanner, while a powerful method of optica1 scanning, 15':
more romp\icated ‘and more expensive to 1mp1em9nt because of the many enses
involved in {ts use. For these reasons, up to this po1nt the best compromise
between complexity and flex1b111ty of the system appears to be the pre-objective
scanning approach.

To complete the trade-offs bétween these technigues, however, 3 final
consideration is that of the scanner's useful duty cycle. This 15 significant for
the present appiication because, to m1n1ﬁize buffering requiremehés. a Y-scanner
should be capable of scanning & second 1ine of data as soov after the first line
of data as possible. As a result, for mechanical scanners a galvanometer system
becomes very undesirabla, since from 20 to 30 percent of the scan will be lost in
retracing and settling for each scan, A polygonal scanner is a much better
approach, since by over{lluminating two facets of the scanner at the same time,
one can guarantee almost a 1CU percent duty cycle. The AOBD system, however, of
a1l the techniques described, 1s the most adaptable to continuous scanning, since
at the Y-scan speeds there is a negligible "lag" or "petrace" in the AOBD,
Techniques such as have been used in loading the AOBD in the AOBD/ATWL X-scan
system, and in particular, the "traveling chirp" concept, are directly applicable
here. The chiaf 1imitation in the AOBD design for a 100 percent duty cycle system '
will be the difficulty in fabricating a crystal long enough and homogeneous enough
to provide the necessary beam uniformity and scan linearity. Such crystals are
available, however, and represent primarily a system cost impact rather than a

high technfcal risk. Of the varfous Y-scanner approaches described, only the AOBD
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g : Y-scanner can provide all the necessary performance features including a 100

percent duty cycle; it is recommended for future system implementations.
y
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SECTION III.

. DEVICE DEVELOPMENT
In this section we discuss the development of acousto-optic devices for laser
scanning. An analysis of an optimum drive for an ATWL is presented in Paragraph
3.1 while the experimental results of the development of the ATWL device are
presented in Paragraph 3.2. The acousto-optic beam deflector (ROBD) required for
the laser scanner is a fairly simple device to fabricate because it is well within
the state of ‘the art for Bragg cell heam deflectors. However, the electronics to
drive the AOBD at the 200 kHz rate and the drive for the ATWL required some
development effort; the results of this effort are presented in Paragraph 3.3.
3.1 ATWL Drive for Efficient Lens Generation

The problem addressed in this section 1s the determination of the form

of the input drive to the transducer that produces a given size acoustic lens with
the minimum power consumption. The approach has been to estimate the form the
acoustic pulse should have, define the impulse response of the transducer as
mounted in an ATWL, and, finally, determine the form of ‘the drive pulse that
produces an optimized acoustic lens. The principal results are:

e A general expression for the impulse response of a double-loaded

transducer and specific results for configurations of interest for

present ATWL designs;
e Pulse forms for efficient lens generation;

e Suggested technique for generating desired pulse forms;

e Suggested technique for the extraction of acoustic power at the far
end of the ATWL.
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KIS ¥ Optimization Considerations
The prob]em of finding the drive form that produces a given output spot

size uith m1n1mum power involves a number of mutually dependent factors: the size
of the lens, which is partially related to the transducer size and is constrained
by frequency-dependent acoustic absorption, is also related to the size

requ1rerert of the AOBD; the useful power of the lens (An) and the lens size and

1nteraction depth are further constrained by aberrations that spread the focal .

spot. For our present purposes we will 1imit curselves to finding the shape of

the 1nbut puiée that produces the strongest acoustic (largest An) lens assuming a
given acoustic energy and a given lens size and depth, neglecting aberration
effects.

The model that we assume for the ATWL is a transducer (such as LZT-2H

- or LINbO,  operated in the longitudinal mode) sandwiched between the acoustic

lens material (such as SF-59) and a backing medium (such as Al or air). The
strains induced in the transducer, lens materia) and backing medium are,
respectively, Si(t), Sy(t) and S3(t). We define the impulse response of Lhr
transducer as the strain function in the acoustic lens medium produced by an
impulse of free charge (proportional to electric displacement D) on the transducer
electrodes. Thus for a more general D,

S2(w) = H(w) D(w), (3.1-1)
were H ( w) is the frequency response of the transducer (Fourier transform of the
impulse response), and S( w) and D(w ) are the transforms of S(t) and D(t).

* The criterion for determining the optimum D(t) it not simple, even
under the limitations we imposed on ourselves above, by the fact that energy is
dissipated intc hoth the backing medium and the lens medfum and that the lens is
described by the value of the second derivative of S,(t) at the peak and by the
distances in both direztions from the peak that Sz(g) is quadratic to some
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tolerance (presently undetermined). Furthermore, a determination of the input
pulse form that produces maximum Sg(t) for a given energy leads to an

unrealizable pulse drive (infinite in duration) and generally a nonsymmetrical
pulse. To circumvent these difficulties we will choose the criterion of
maximizing Sp(¢)| under the constraint of a fixed integrated sguare transducer
electrode current. This constrains the input pulse length and, as w111,belseep,z'
results in a symmetrical strain pulse. ‘

Let I(w) = {AD(w) be the transducer current and
. o 9 - .'
fll(w)l dw =K, (3.1-2)
-t

where K s a constant and A is the area of the transducer. At the peak of the

pulse,

“ 2
AT ‘A‘lfwmw) o) Qla) e “haf = (3.1-3)

The function Q(w) = rect (w/2w ) is simply an expression of the constraint on
lens size, principally due to frequency dependent attenuation, by limiting the

frequencies to be equal to or less than w,, By the Schwarz inequality,
® - “
'.J:Fl(w) Fo(w) dwlzs-i‘IFl(w) [2 ?.‘g‘:f lpz(w) ,2 do (3.1-4)

Applying this to Equation (3-3) at the peak t

p
|7 ttp1 | 25 (kw2 _f Tt @) (o) 2 du . (3.1-5)
The equality holds if
(w) = #%(w) Qla), (3.1-6)
or Dlw) = ~tA W w) Q(w) (3.1-7)

Thus, we are faced with the task of providing a drive pulse which is matched with

the transfer function of the transducer. From Equation (3.1-1) 1t 1s evident that
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’ the strain pulse Sy(¢) is the autocorrelation of the impulse response convolved
l - with a sinc function, and is therefore symmetrical about its peak.

: ; Frequency Response

. The model for the ATHL is indicated in Figure 3.1.1-1.

subject to the boundary conditions

vVo—1._
4 ST BTR T Sa | e T
Jum - || | 1
. - TRANSDUCER + ’ - 1018013 '
i
e Figure 3.1.1-1, The Model for the. ATWL {
Let uj, up, and u3 be the particle displacements in the three ?
media. These must satisfy the wave equations { ‘
o 2 2 o
S 0_;1 ALY | (3.1-8) |
ot THFY: i

T (o) = T3 (0)

g | |

g TL(d) * Ta(c) 4 ’
E and the initial conditions j
[
_ ‘: ot x=0 0t /xe0
N (3.1-10)

o

. <601> . '602
ot d (6? d

where S = Ju/ dx, D and the stress T satisfy

Ty =y Sy -hDayy, (3.1-11)




The c; are the elastic stiffness constants, h is the piezoelectric
modulus , d is the thickness of the transducer, v, spe the sound velocities and

811 1s the Kronecker delta. Below we use ky = w/vy and t as the time of the
impulse. Letting D(w) = Dy exp (fwt) and
Uy = 81[s1n kix + Bz cos. kix] Doexp (lwt)
V2 = G2 exp [- flkg x -wt)] i L
Uz = G3 exp [f(k3x + wt)} ~ - -~ (3.1-12)
the constants By B, Gy and 63 are evaluated, after some algebra, through
the boundary conditions to obtain

l-cos kid -1 b sin k1d

Hw) ST Kyd - 1 e cos kyd

(3.1-13)
where

""th D

WEE)_Q , (3.1-14)

@ "Cvi/erve = 22/ 2y
b *c3vi/ crva = 23/ 21
e =(a+b)/(1+ad),

and 2, 45 the acoustic impedance of medium i. Figure 3.1.1-2 contains plots of
|H(w)| for an unloaded transducer (a = b= 0), for a LiNb0y transducer loaded on

..........................

L]
. ‘UNLOADED

LOADLO ONE BIDE
Hares

™ oy
Figure 3.1.1-2, Absolute Value of the Frequency Response
of a L1M0y Transducer
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one side with SF-59 (a = 0,666, b=0), and for a LiNbO3 ypansducer Joaded on one
side with SF-59 and on the other side with aluminum (a=0.656, b=0.567). Note

t that the strain in the backing medium resulting from an impulse of charge is also
given by Equation (3.1-13) but with a and b {nterchanged.

Impulse Response

i The impulse response is given by the Fourier transform of Equation

- {3.1-13) and,as shown in Appendix A, is given by

Ht) = 4 ha O/es(t + a)(1 + b)

b x-{- o ae)s Doelrgalt -(2n+ 1) Ti= (38,) D8 rd alec2nr)

b nesQ nel ’ :

i |

- (3.1-15)

ﬁ; ... where the acoustic amplitude reflectunces are given by

1 " " 1va

’ and (3.1-16)
o u 1-b
3°T+%

Schematics of these responses for single and double Toaded LiNbO; and LZT-2h
transducers are shown in Figure 3.1.1.3, Also shown are the responses in the

aluminum for the double loaded cases. These have been normalifzed with respect to
the second {maximum) pulse; the total power into the aluminum is slightly less
than that into the SF-59.

Figuraes 3,1,1-4, 3.1.1-5 and 3.1.1-6 show {n each case the response to
a pulse D(t) = Dy sin (2mt/T) / (2nt/T); that is, & pulse sharply band-1imited
towy = 2wy, where

wg = 1/2T= vy/2d (3.1-17)
s the first resonant fraquency of the transducer.

i
1

PPV
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Figure 3.1.1-3, Impulse Responses of Loaded Transducers

e
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l Figure 3.1.1-4. Pulse Response of Al-LiNbO, . SF-59
' Transducer for Sharp Band L imit at W " 2w
0
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Figure 3.1,1.6." Pulse Response of A1 = LZT - 2h - $F.89 -
Transducer for Sharp Band Limit at Wy 2,,,0

. LiNvDy
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Figure 3.1.1-6, Pulse Response for Transducers loaded on One Side
With SF.59 Band Sharply Limited atw) = 2u,
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'f Drive Pulses
f” A band-1imited matched input pulse is {dentical to the relevant solid ' L
‘i curve of Figures 3,1,1-4 through 3.1.1-6 played backwards; that is, since the ”
frequency spectrum of the required pulse is the complex conjugate of the

transducer frequency response Equation (3.1-7) up to the band 1imit, the required -
pulse form {¢ thé time-reversed pulse rESponse.- Figure 3.1.1-7 shows thé required ' - ﬁ;

transducer electraode charge pulse, the corrg§pond1ng requ1red transducer current ”.%

(o) OHARGL o LY

sgltt

Figure 3.1.1-7, Band-Lymited Matched Pulse Forms and Lens Pulse. ¢p = g

pulse and the resulting strain pulse in the lans medium, for a band 11mit¢ub

- * o, Figures 3.1.1-8 and 3.1.1-9 are the same, but w’th cutoff frequencies,

respectively, of wh = 1.5mgp and wp = 2wg.
Note that Figure 3.1.1-8 and particularly Figure 3.1,1-9 exhibit less

side lobe ringing than Figure 3.1.1-7. This {s a result of the discontinuities




'i,:

o
;

created in the spectra of Figures 3.1.1-7 and 3.1,1-8 by the band 1imits imposed
(see Figure 3.1.1-2). (The lack of symmetry in the side lohes of the
autocorrelation pulses was the result of the insufficient data block sizes used in

the computations. These curves are for illustration only; more accurate values

are readily obtainable.)

Is) 2HARDE @D

w it

(1] l'lﬂ VA ! vﬁ -
Figure 3.1.1-8. Band-Limited Matched Pulse Forms and Lens Pulse. wy = 1,5ug

These curves are sufficient if the transducer is driven by a current
source, For a voltage source the form of the voltage pulse corresponding to the

curves above needs to be known. To determine this we note that the transducer

parameters must satisfy
Ew= ap sl +BdD , (3.1-18)
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Figure 3.1.1-9. Band-Limited Matched Pulse Forms and Lens Pulse. wy » 2w

Jhere E is the electric field, B1s the reciprocal permittiviry PArameter and the
other parameters are as defined earlier. The transducer voltage is .
A v = fd E(x)dx = =h[ug(d) - uji0)] + BdD, (3.1-19)
3 o
b
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Using the exprassion for uj(x) from Equation (3.1-12) (including the evaluated B
constants that, for brevity, were not included in the earlier discussion), the

voltage spectrum is found to be

Viw) = (Ww) D(w) (3,1-20)
where
h?d
)]
and

vi 1 e sin (wd/vy) = 2[1 - cos (wd/v )](1+ab)‘1
Wlw) .. 1 1
wd ~sin wd/vy] -1 e cos (wd/v]

. ____T___°1 (1+4b) (3.1-21)
h

The function W(t) * sin (Znt)T) / { 2t /T), which is the F.T. of Equation
(3.1-21) sharply band-limited at wy, = Zug, has been numericaily computed and
is shown in Figure 3.1.1-10 for a double-loaded and a single-loaded transducer.
Note that a voltage pulse as in Figure 3.1.1-10(a) wi11 produce a lens medium
strain pulse like the solid cﬁrve in Figure 3.1.1.4; the pulse of Figure
3.1,1-10(b) produces the strain pulse of Figure 3.1.1.6(a). The voltage pulse
required to generate matched strain pulse Figure 3.1,1-9(c) 1s Figure 3.1,1-10(a)
convolved with Figure 3.1.1-3(a) (soiid lines).
3.1.2 Comments on Implementation

The chief difficulty with electronic matched filtering 1s normally that
it 1s not physically realizable; that is, a matched filter is asked to respond to

d pulse hefore the pulse arrives, The present situation is one in which the
filter is defined and the pulse is to be constructed to match the filter. Since
we know, in this application, precisely when a pulse is to arrive, it is clear

that a matched pulse (predictive portion and al1) can be generated. However, for
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tFigure 3.1.1-10. Voltage Pulse Corresponding to a Sharply
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Band-Limited Input Charge Pulse

the classical reasons, analog techniques are not well suited to generating a

matched pulse. A filter can, in principle, be designed to approximate a matched
pulse from an impulse {if sufficient lag is introduced. However, 1t is believed
that an easier and less expensive approach is to construct the drive pulse from

samples stored in a PROM, as sketched in Figure 3.1.2-1,

VOLTAGE
AMP

LOW-PASS
FILTER

TRANSDUCER
MR —

1018014

PROM O/A

Figure 3,1.2-1, Transducer Pulse Generation
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For a transducer with a resonant frequency of 5 MHz, such that the

a

maximum frequency in the drive pulse, for example, is 10 MHz, the minimum sampling

frequency.”allowing some room for the low pass filter cutoff region, is

R

25-30 MHz, A D/A convertor and low-pass filter can be obtained for several

#
&
i
b
3

hundred dollars. PROMs are even less expensive.
" power Considerations
" The objective is to produce a lens pulse with the minimum acoustic.

energy. This means, obviously, that superfluous side lobes should be suppressed.
A single central lobe, however, is not efficient; consider, for discussion

’ purposes, the symmotr1c‘1ens sketched in Figure 3.1.2-2, where b and ¢ are the

i magnitudes of the central and side peaks, respectively. If we assume, for the

T ' E
T~ ;

10160~ 18

Figure 3,1.2-2, Hypothetical Lens Pulse

moment, that the energy in each ipbe {s proportional to the square of the magnitude of

the lobe, we find the energy in the pulse to be 1

U= b2 + 22 (3.1-22) {
If we minimize this under the condition of constant peak-to-peak strain b-c = K, ‘

duU =~ d [b2 + 2(b-k)2)
= |2b + 4(b-k) ] db (3.1-23)
u 0,
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we find that ¢ = -b/2 is tha optimum condition. In practice, side lobes smaller
than the central peak will be narrower, so that the optimum c¢/b ratio wil) be
slightly larger than 1/2. It will be noted that our lenses, particularly Figure
3.1.1-9(c), agree quite well with these guidelines, even though they were not
derivad under the condition of minimum energy, but of minimum integrated square
1ant current. Note also that a minimum energy pulse for a given pesk-to-peak

~ swing would have a principal lobe and only one equai-magnitude side lobe. This,

in fact, 1s what results when one derives the pulse shape under the minimum energy

condition, which we rejected for reasons of symmetry. A further comment,

appropriate at this point, 1s that minimization of superfluous side lobes suggests

|| that the Q of the transducer sandwich should be as low as possible. The ideai
ﬂf} case for’m1n1miz1ng the lens medium acoustic energy is perfect matching of the

o transducer with the lens medium and to the backing medfum. For minimization of

8 the total energy the ideal case would be parfect matching to the lens medium and

;
) f D9 backing (ry « 1), These cases are {1lustrated (using Equation (3.1-15)) in
?E " Figures 3.1.2-3 (a) and (b), respectively,
i
|

IMPULSE RESPONSE AUTOCORRELATION

1010018

Figure 3.1.,2-3. Ideal ATWL
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To estimate the energy lost into the backing medium, we note that this

energy s given by'o

and its counterpart for the aluminum, since the autocorrelation of H(t) in Figure

; g where Vp is the particle velocity and P3 is the density. Since by definition

; Vo=T/2 , T=cSand 2z=pv, we can write :
S U 2, V .
-t 3 = Y% g (3.1-25) 4
cF where i
.k 2 ;
L - J.|°3 Sy{x)) "d (3.1-26) .
2 b f | Cz Sz(x) ] ¢ d x .;
S For a LiNbO;, A1, SF-59 ATWL, R is about (b/a)? = 0.75 using Equation (3.1-15)

L ; 3.1.1-1(a) 1s approximately equal to the cross correlation of H(t) with the pulse

response in the Al (dashed lines). Using

1 25 x 2.0 x 107

: | 23 5 1,73 x 107 (3.1-27) j
S Vo = 3201

é % Vq = 6420

? ? we find

; | Uy

| T, = 0.43 (3.1-28)

? : Pulse Extraction

S .

Since neating in the lens medium appears to be a serious problem, it is

of interest to consider the requirements for extracting the acoustic pulse at the

far end of the ATWL. The obvious solution fs to acoustically match the lens

medium to another that can be more readily and safely cooled. Matching impedances

may not be easy, however, and even a well matched zntireflection layer does nnt
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work well for a pulse with only a few lobes. It should be possible to extract

thepulse with ancther transducer. However, the transducer must be properly

driven, To determine the requirement for the drive, we observe that the lens
Pulse approaching the transdurar has form Vio(t) * H(t) and the pulse that would
be reflacted from a shorted transducer has form R(t) * Vin * H(t), where R(t)

S is the closed-loop (V=0) reflectance of the transducer f ‘”1
-] i

R(E) = ry8 () + rt? (-1)"(ryrp)" B(t-2nT), (3.1-29)

n=0

\7 | where T1, r2 and t1 are internal 2ero voltage surface reflectance
2 coefficients, which can be determined from the constitutive relations of Equation

; (3-1-11) and Equation (3.1'18). Note that rl and r2 above are D_o_t_ the same as

! the quantities in Equation (3.1-16), which are zero surface charge reflectances.

The reflected pulse must be negated by driving the transducer with
Vout(t) such that

Vout(t) * H(t) = - R(t) * Vi (t)  H(t) (3.1-30)
and therefore
V oout(t) = - R(t) * Vin (t) (3.1-31)

If the transducer drives are current sources, then V(t) of Equation (3.1-31)

becomes I(t), and R(t) is defined in terms of the zero Surface charge coefficients.
In all of the preceding discussfon 1t has been assumed that the

"catcher" transducer was fdentical to the “pitcher* transducer, with the same

backing medium. This is not an absolute requirement for extraction of the acoustic

%: : energy from the lens medium, but alteration of the “catcher" characteristics ' ! -

P

| complicates the analysis. Also, the obvious required time delays have been omittec
: for simplicity.
~'f A remaining question concerns the dissipation of the energy. For

transducers loaded on only one side, all the energy must be dissipated in the
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_ “catcher" drive circuit. This point needs to be more clearly defined. If a

ﬁ; backing medium is present, a pulse (perhaps larger than the incoming pulse) is
generated into the backing medium of the “catcher," for wﬁich provisions must be

made for dissipation.

: hs 2 final note, the air-transducer- matched lens medium ATWL which was

- described earlier as bejng-idea1 in that it lost no ‘energy 1ntofthevback1ng'medidﬁ*:?

and produced an energy-efficient pulse in the lens medium, s also. ideal for energy-

extraction,
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3.2 Development of Acoustic Traveling Wave Lens (ATMWL)
This section of the report summarizes the development activities for a

200 kHz scan rate, 1000 spot/1ine ATWL. The results obtained during various
Phases of the ATW. development are presented. To extend the capability of the

ATWL required some solutions to severa) problems that were experienced when the

device was operated at higher repetition rates. The two major problems wergz ”lf
High electrical power switching at 200 kHz rate and 2) Loss of significant power
into the compression fixture.
During the course of this investigation, two other problems were encountered. At
low repetition rates the acoustic reflections from the end of the ATWL, opposite
the transducer end, died out betﬁeen two successive scans. At high repetition
rate a small but troublesome reflection persisted to cause nonuniformity in the
traveling lens. The other problem discovered was that the cooling of the ATWL
block at each end was not enough to prevent crackirg of the ATWL at high
repetition rate.

Our development effort was directed to solving the problems just
ment {oned.

3.2.1 Proper Excitation of ATWL at High Repetition Rates

Due to switching time limitations of high voltage SCR's, the circuits
using these devices are not suitable for the 200 kHz repetition rate requirement.
In an earlier IRLD experiment an effort was made to generate strong acoustic waves
without electrically over-stressing the transducer; resonance excitation was
suggested and varified to be superior to the step excitation used in previous
devices. The resonance excitation of the transducer generated higher peak
acoustic strain with the same peak voltage as in the step excitation. The
resonance excitation occurred when several cycles of electrical signal at the

resonance frequency were applied to the transducer. In an ATWL experiment
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consisting of a PZT-5 input transducer and a PZT-5 detector transducer at the

other end of the ATWL, it was observed that the output signal attained its full

strength at about the third cycle when excited by an RF pulse. This observation

was consistent with the theory that PZT-5 has electromechanical coupling factor k

v p—

| = 0,49 which results in the electromechanicaifﬁ:-iri£7akf » 2 (Reference-2).

f;f The efficiency of resonance excitation was ?uffﬁér*vefjﬁféd‘whenfalféébﬁed;ibot of
5 the same size as ir a step excitation was obta1ned7wi£h;an RF pulse of one third
the peak voltage. A consideration of tne acoustic-transducer’s bandpass ..
characteristic and the amplitudes of the Fourier components prﬁddced.bymthé step
excitation versus the RF pulse of equal peak voltage‘#uggasts that a resonance RF
pulse with a rise time equal to the reciprocal of the transducer bandwidth would
be the best choice for exciting the ATWL fraﬂ;ducpr! The rise and fall time of
the RF pulse should be such that the RF pulse does not contain any fraquency

component outside the transducer bandwidth. The photographs in Figure 3.2.1-1 and
3.2,1-2 shaws the effect of the shape and width of the RF pulse on the acoustic

A —

Yans and RF reflection as observed in an ATWL. The top photograph shows the gated
RF input signal {nto an ATWL. The middle photograph of Figure 3.2.1-1 show the
throughput signal detected by a second transducer attached to the oppo;1té'end of

e e T T

the cell. The bottom photograph shows the reflected signal as seen at the input
transducer using an electrical bridge circuit (the output transducer was
terminated to a 50 R load.)

{» . In Figure 3,2.1-2 a similar experiment was performed with a slowly

rising and falling RF pulse as shown in the top photograph. Note that the

reflected wave is reduced by using a shaped input to the transducer. The Cw

reduction in the reflected signal lowers the powar requirement for the ATWL. By

3 ceducing the number of cycles a result similar to that shown in Figure 3.2.1-2 is

81 t

| obtained.
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: Figure 3.2,1-1, Square Wave Modulated RF Pulse
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Figure 3.2,1-2, A Shaped RF Drive Pulse,
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The reduced voltage requirement for the ATWL transducer in the
resonance excitation mode allowed us to successfully use a readily available high
pawer RF amplifier for driving at the 200 kHz repetition rate ATWL. The RF
ampiifier used in the present investigation.was a Class.A amplifier. with 400 W
output power capability and 30.MHz bandwidth. : - ‘

3.2.2 Maximization df'Perr Iransfer Betwcen the Transducer and the ATWL Cel)

e M

For the best use of the input 9lectrthlwpquen_tp Afﬂij 1&,1§;§es1rab1e
that the transducer couple very 1ittle energy into the comprésgioh f{xturé and as
much as possible into the ATWL cell. In most acoustic devices, one of -the
transducer faces is bonded to the work piece and the other face is left free.
Therefore, due to the very low coupling of -the high frequency acoustic energy intn
the air, all the energy is coupled into the medium desired. In the present case,
the high stress leve! necessary to produce a 12;um spdt is assumed to be above the
tensile strength of SF-659 glass. In order to generate higher compression stress
in the acoustic wave than the tensile stress of the material, a compression bias
is applied to the ATWL assembly. This arrangemenf causes transducer to radiate
into the compression fixture as well as the glass cell.

If the compression fixture is required to make contart with the
transducer, the only effective way to isolate the transducer and the compre<sion
fixture is to use a multiple quarter wave plate stacked between the transducer and
the compression block, This stack can act like a multilayer dielectwic raflective
coating in optics. Partfal isolation can be achieved {f the contact hetween the
transducer and the compression block is left dry. The transmissicn of the
acoustic energy to the ATWL cell is improved by a matching plate between them. It
was thought that the resonance excitation of the transducer introduces stresses
with less gradient change than the step excitation case; therefore tha breakage of

SF-59 glass observed in the previous ATWL work may not occur with the gated RF
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drive. For this reason, a metallically bonded transducer without any-compression
bias was tested for breakage of the glass at a power level required to produce a
lz;lm spot. We found that the glass did not break due to the acoustic compression

wave overstressing the glass. However, we did experience breakage due to a

thermal buildup problem. The acoustic energy is converted to thermal energy from

reflections and absorption and causes the glass cel)l to heat up very rapidly
causing it to crack.

- §ince the thermal build up of the SF-59 glass is a problem, we
1nv§st19ated the possibility of converting the acoustic energy into electrical
energy by another transducer at the other end of the cell. To evaluate various
{deas for maximumizing the energy transfer between the trancJducer and the cell,
the following fabrication and experiments were carried out,

An ATWL was fabricated and assembled as shown in Figure 3,2.2-1. Note

that a transducer was placed at each end of the cell to help measure the energy

INPUT ouTRUT
ATWL CELL _L
/ [ 3
4 §
3 R COMPRESSION
3 N BIAS
3 /494” N
_//'» N
g ’
7" | N
J;-*' ilr
HXTOR N
IXTURE 1A
BLOCK 3 PLATE TRANSDUCER 1018020

Figure 3.2.2-1, ATWL Assembly Used on the Earlier Experiments
1nss to the compression fixture and to reduce the heating problem. The

compression fixture 1s grounded and the quarter wave plates serve as the other

84

s

2 B mmaemresecilan Ty dimens Lo e Lo




Tt . el R T St SR S N . e 2t e R
= s TE AT E R M e Sl e
T e e < e T, Bkt P - i ; : ]

ek st g i
e ¢ T e AT

electrode. The quarter wave plates are polished aluminum plates where the
thickness is an N multiple of half the acoustic wave length. An epoxy resin
(without the hardener) was used as the acoustic coupling material on both sides of
the quarter wave plates; however, no resin was placed bétween the compression
block and the transducer surface. After tuning both PZT transducers to 3.5 MHz,
the throughput was measured in the pulsed moda. The throughput was between 20 to
25 percent indicating substantial power loss into the compression fixture and
reflactions, Due to the bidirectionality of the transducer under compression it
fs theoretically impossible to absorb all the energy incident upon the receiving
transducer even though it 1s perfectly matched electrically. Only when the
transducer is isolated from the compression fixture can all the energy be absorbed.

An attempt was made to isolate the transducers from the compression
fixture us1ng brass and mylar sheet quarterwave stacks with an interface of thin
resin, The throughput observed in this condition was lass than 6 percent.

Because of the many unknown acoustic properties of the brass and mylar sheets, the
irvestigation was not carried further. In another attempt, aluminum and tungsten
sheets were used to mgke the quarterwave stacks. In this case, the plates were
epoxied together. The throughput measured {in this case was less than that
observed in the ATWL without a reflective stack. Uneveness of the epoxy, plates,
and PZT as well as interface losses were suspected to be the reasons for the low
throughput.

Because of the low throughput observed in the above experiment we
needed to establish that a better value of throughput is possibla. A fused quartz
block with LiNbOy transducers metallically bonded on two opposite faces was
prepared and tested. A throughput of 64 percent was observed in this case. In a
similar axperiment where two PZT transducers were used throughput was much lower.

Since PIT, being opaque, cannot be made parallel 1like LINbO;, we suspect that

8o
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nonparallelism plus the grainy structure of PZT caused the radiation patterns of
the two transducers to be significantly different from each other, Such
differences in radiation pattern caused the low throughput. The reflected
acoustic energy cannot be Jetected by the input transducer in such a case. It
wil) be discussed later that, cven though less then 1 percent reflection was
measured by the input transducer 1n'the ATNL experiment, the optical pattern did
show a significant stunding wave within the cell. Thus we feel that the major
cause of the low throughput in most of our experiments was the différence in the
radiation pattern of the input and output transducers. This difference may have
increased further with reflective stacks due to the uneven contact. Furthermore,
the interface between the sheets of reflective stack falls at the stress maximum
for the quarterwave thickness of the sheat. Therefore, fncreased losses are
expected for the interfaces separated by quarterwaée compared to halfwave stacks.
This was one of the reasons for using & halfwave plate between the transducer and
the ATWL cell when an unbonded transducer was used.

The poor performance of the quarterwave reflective stacks Ted us to
discontinue this approach. The only further investigation that we conducted was
the use of a dry interface between the compression fixture and the transducer, and
the elimination of the compression bias.

An SF-59 block with two LiNbOs transducers bonded onto the ends of
parallel faces was fabricated into an ATWL cell. A schematic of the satup used to
make selected measurements is shown in Figure 3.2,2-2, Note that a directiona)
bridge 15 usad tv measure the reflected signal in the ATML., The ATWL (after
tuning) showed 1ess than 3 percent reflaction losses for each transducer in the
unclamped condition (1.e., compression bias was not applied to the cell, and very
Tow power lavels were usad in making these measurements). The output enurgy was

64 percent of the input energy. The acoustic reflections as measured by the
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.
’ directional bridge were less than 1 percent when the output transducer was
1 terminated into a 50,1 1cad.
DIRECTIONAL
L BRIDGE ATWL
]
E "
_fi MY REFLECTED |
CH2 <4~
- TRIGGER
F | 10160-21
..
‘ Figure 3.2.2.2., ATWL Electrical Measurement Set-Up
When the ATWL was assembled into the water cooled compression fixture
(as shown in Figure 3.2.2-3) and retuned, the reflection and throughput remained
] ! ATHL
-
i
E :
\:«I ‘1
= .
] : Figure 3.2.2-3. ATWL Compression Fixture ':'
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unchanged from the unclamped condition. This suggested that good isolation
existed between the transducers and the compression fixture. Although the
compression fixture was lapped flat at the active sites, we believe thaﬁ.@ minute
gap existed between the transducer and the compression fixture interface. This
condition was sufficient to allow the metallically bonded transducer on the SF-59
block to vibrate unhindered by the compression fixture. When the interface
between the transducer and the comprassion fixture was filled with resin or STP
oil, a significant reduction in the throughput was observed.

A completed ATWL was readied for optical testing; unfortunately, in the
early stage of operation the output from the high power amplifier became CW due to
a malfunctioning curcuit and destroyed the ATWL cel) by overheating.

An ATWL cell similar to the one described above was assembled using
unbonded transducers and halfwave plates between the transducer and SF-59 block.
A throughput of 25 percent was measured for this case. The superiority of
metallically bonded transducers was estabiished. This device was operated for a
considerable period to investigate its optical focusing properties.

A schematic arrangement of the optical test setup that was used to
evaluate the performance characteristics of the ATWL is shown in Figure 3.2.2-4,
The cylinderical lens is used to focus the 1ight in the X-direction and focuses a
few millimeters beyond the ATWL. The traveling lens is moving down the cell in
the Y-direction while the expanded (nonscanning) laser beam travels along the

Z-axis. The ATWL causes the 1ight to come tn focus in the Y-dimension,

approximately in the same plane as the cylindrical lens. The spherical lens is

used to image the focused spot onto the 2um s1it; behind the s1it is placed a

fast avalanche photodiode to detect the 1ight passing across the slit., The

focused spot travels along the v-.dimension at the acoustic velocity of the

material causing the spot to sweep across the s1it. The profile of the scanning
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Figure 3.2.2-4, ATWL Optical Test Set-Up

10180-19

Figure 3.2,2-5. ATWL Focussed Spot Profile
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Figure 3.2.2-4, ATWL Optical Test Set-Up

1016019 f»'
Figure 3.2.2-5. ATWL Focussed Spot Profile
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spot can be seen on an oscilloscope. Figure 3.2.2-5 shows the output photograph
of oscilloscope trace showing the profile of the spot. A Tektronix 7904
oscilloscope was used with the time base set at 5 ns per division. The width of
the spot {s approximately 4.5 ns at the halfpower point; the acoustic velocity of
SF-59 is 3.2um/ns; therefore, the spot size is obtained by multiplying the
velocity by the time to get a 14.dum spot s‘lz e at the full width halfpower pofnt
(FWHP). With an 1npu£ beam that is trackiﬁg the ATWL, the spot size can be -
somewhat smaller; if the input beam diameter is A/4, (where A is the acoustic

wavelength in the SF-59 glass at 4.8 MHz) then minimum aberrationa will be seen in

the output plane. In an experiment with the ATWL and the laser beam scann1ﬁg and

tracking over a short distance, a 12.8um spot size was measured using thg same
drive voltage,. ‘ '

_ During the optical evaluation of the ATWL it was found that the §F-50
block became Significantly hotter than the alumimum blocks in the compression
fixture. Poor thermal conductivity of SF-59 did not allow sufficient heat
transfer to the aluminum blocks in the compressfon fixture that were in contact
with the transducers. This problem implies that a heat sink on the sides of the
SF-59 block 1s required to keep the glass from over heating and cracking at the

full repetition rate.

The other problem seen during the experiment was that the reflectad
acoustic pulse from the end of the glass interfered with the next pulse. Although
monitoring of this reflection at the {nput transducer end revealed that less than
one percent electrical reflaction was observed, optical probing showed significant
standing waves in the ATWL cell,

3.2.3 Solution to the Reflection and Cracking Prablems
The undersirable effects observed in our experiments suggested several

desian changes. We considered modifying the compression fixture and the ATWL

acoustic absorber scheme. Side cooling of the SF-59 hlock is necessary.
91
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The temperature rise in the glass causes a scan distortion and destroys
the tracking between the ATWL cell and the AOBD. The acoustic velocity
coefficient for SF-59 is 93 parts per million (PPM) per degree centigrade. The

required temperature unfformity can be calculated from the scan distortion

specification as follows: - . L . !
L S !

‘ -4 : . i

Scan Distortion Range , 1 x 10 0 : ‘
TeTocTty CotfFietent = o3 - (o8 - 108" ¢ C _ }
1

Temperature differentials of about 500 C were actually encountered during the

e e ———————

preliminary experiment. A heat sink was incorporated into the compression o
assembly to provide a temperature uniformity of 10 C,

 Since gradual stresses are produced in the gated RF pulse excitation of
the transducer, we thought that the compression fixture could be completely
eliminated if the side heat sinks are used. The reflection problem can be:

eliminated by cutting all reflecting surfaces at an angle relative to the
transducer so that the optical beam passes through a very small portion of the
reflected wavefront. As much of the incident wave as possible must be transmitted
to a large aluminum block that 1s in contact with the SF-59 block at the

reflecting surface. A schematic of the new arrangement is shown in Figure

3.2.3«1. To learn zbout whether the bonded transducers and the ATWL cell can

) withstand the operational acoustic stress without the compression bias, the bonded
b LiNbO; transducers on fused quartz were tested at full power level.

No deleterious effect in this case was observed. The SF-59 material is ’
fragile compared to the fused quartz. Similar experiments using SF-59 were }

required to establish that the compression fixture can be eliminated.
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é ' Figure 3.2.3-1. Schematic of the New ATWL Mounting Fixture

I With Side Cooling

S

u A LINDO3 transducer was bonded to SF-59 block with the opposite face

g [ polished at a 50 wedge. The cell was assembled in a modified, readily available
E % Harris Q-switch housing which provided a heat sink on the side faces of the SF-59
é i block. Unfortunately, a small crack developed near the edge of the transducer

;g ; where ground contact was made by mechanical pressure. Although the crack was

% g outside the aperture, it did propagate across the cell when full electrical power

was applied. A small aluminum block was pressed against the 50 wedged face

(with STP of1 serving as the acoustic interface) to remove the acoustic energy

from the SF-59 at the opposite end.
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near the baginning of the scan. The interference of the second and third pulse is
shown near the end of the scan. The illumination of the cell was not uniform (as
shown in Figure a) however it is used as a reference to show the acoustic

interference problem. A similar experiment was performed with the ATWL deScr1ﬁed

“above that has the opposite face polished at a 50 wedge. The results are shown

in Figure 3.2.3-4. Note that the acoustic interference has been reduced
considerably in amplitude compared to the device shown in Figure 3,2.3-3, A
longer SF-59 cell and a larger aluminum block {s expected to reduce the standing
wave further, '

The assembly was tested first at maximum available peak power but at 50
kHz or less repetition rate. The tocused spot size and the standing wave were =
evaluated, The standing waQe pattern was reduced significantly and was at an
acceptable level. A longer SF-59 cell and aluminum block 1s expected to reduce
the standing wave further.

When the pulse repetition rate was increased to 100 kHz, the crack
propagated. After that repetition rate was increased to 200 kHz with the crack
propagating further. No further degradation of the cell was vbserved even
operating at full power. The standing wave and focused spot size data at 200 kHz
repetition rate did not change from the previous results.

Because of the long and involved fabrication process for the bonded
transduce}. no further attempt was made to replace the cracked ATWL, Instead, a
previously prepared SF-59 block with a 50 wedge and a LiNbO4 transducer was
assembled 1n a Q-switch mount. A half wave aluminum plate was used between the

LINbO3 transducer and the SF-59., The transducer was pressed onto the ATWL by a
small aluminum block and a screw.

The tuned transducer bandwidth in this case was only 0.5 MHz indicating

the superiority of the bonded transducer approach where a bandwidth in excess of
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2 MHz was observed. The optical experiment showed a 20% increase in spot size in i

compariéon to the previous results. The ATWL withstood the full power input. No
cracking or degradation of the focused spot was uvbserved after several hours of
operation at full power level. ' 1‘
Figure 3.2.3-5 shows the RF wave form used to drive the ATWL. The
first photograph shows the pulses occurring at the 200 kHz 1ine rate. The second
photograph shows the wave form in more detail. During our tracking experiments we
would try to cause the scanning laser beam from the AOBD to track the central

pulse shown, The RF waveform shown is the input to the ENI A-300 amplifier, where

the average power output was 35 W. The waveform is similar to theoreticallresults
described in Paragraph 3.1, however it was not optimized.
Figure 3.2.3-6 shows tha profile of a focused spot from a 59 wedged,

bonded transducer ATWL that was assembled in a Q-switch mount. The ATWL was not

' ! under a compression bias, and 400 watts of peak power was applied to the

transducer. Note that the spot size for this case was about 14 um at the FWHP

;-
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Figure 3,2, 3-5, RF Pulse Used as the Input to the ATWL, The
Average Input Power was 35W,
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Figure 3.2.3-6. Profile of a Focused Spot From a 5° Wedged
Bonded Transducer. ATWL Assembled in a Q-Switch Housing.

point. The high side lobe level is due to the expanded bsam {11lumination
(nonscanning - no tracking). A smaller spot size and lower side lobes can be
achieved with a tracking beam. This will be discussed ;F‘Soqgign . Inour
previous ATWL scanner development program 12-14um spots could not'be obtained
without the use of compression bias, However, with an RF drive the same spot size
has been achieved without compression bias and with one third the peak voltage to
the transducer.

Figure 3.2,3-7 shows the spot profile from an ATWL with an unbonded

transducer. Note the spot size in this case 1s about 16um with the same drive

»
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Figure 3.2.3-7. Profile of a Spot From a 50 Wedged ATWL Cell,
With an Unbonded Transducer and Without Compression Bias.
The Cell Was Assembled in a Q-Switch Housing
power used for the bonded transducer case. The bonded transducer is definitely

- R ’ 5
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superior in coupling the acoustic energy into the glass cell,
A summary of the work to develop the 200 kHz 1ine rate ATWL is shown in -
Table 3.2.3. The main results that were obtained during this task are the

B o L

] following:

1. Gated RF excitation 1s far superior to the previously used stepped
approach of charging the transducer to a high voltage and switching

. it to ground quickly.

" | *~<. 2. Bonded transducers are more efficient in converting the electrical
{ engrgy into useful acoustic energy
3. Cmpns‘sfu\bus does not appear to be required for the gated RF

o drive ) ~.

» -,

g 4. The affects of acoustic‘ﬂnt{ference can be eliminated with carefu)
design ~.

TR 1
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5. Because of the high average power when the ATWL {s operated at the

full line rate design consideration for cooling the ATWL is

required.

Table 3.2.3. Sumaiary of the ATWL Development

Experimentd1 '
Devica Description

01d compression fixture dcsi§n~

PZT transducers, half.wave
plates as electrode.

.Same as above with mylar and
brass reflective stacks.

Same as in 1. with epoxy
bonded W and Al reflective
stacks.

Fused quartz with metallically

bonded L'"boa transducers
without compression bias,

the 1nput. .

Same as above with PZT.

SF-59 block with LiNDO
transducer contacted w?th
resin compression and half
wave plates.

SF-59 block with metallically

bonded L1iNbOy transducer.
Under compregs?on.

Bonded transducer SF-59 cel
with 50 wedge and under
compression bias.

Results

Throughput 20+25 Rcrcean'

ThrbUghput Jess than 6
percent

Throughput less than 12
percent

Throughput 64 percent.

Reflaction less than 1
percent as measured at

Very Low.
p y

Ogerated satisfactorily.
Obtafned optical data.
Presence of acoustic
reflections. Throughput
Tess than 25 percent.

Less thar 3 percent losses
at the input-output.
Throughput 50 pegcent;

less than 1 percent reflec-
tion as observed at the

input end

No reflections seen by
elactrical means.

Task

Remarks

Connected using resin

~ between all interfaces

‘except on the compress-
fon fixture block.

Connected using resin.
Surfaces as available.

Resin in between other
surfaces.

Electroded contacted
with springs.

Questionable quality

Operated for a long

period at full power

zzthout any deteriora-
on.

Cracked in testing.

Cracked after some
optical test due to
heat build up.




Expermental
Device Description

9. Bonded transducer with 50
wedge assembled 1n Q-switch
housing, - :

. 10. Contact transducer with
Q-switch assembly.

L

et o 1 T R o A T AP BN e =

Results

Obtained 13pum spot. ,
Once the cell stabilized
operated under full power
for a iong period. No
further deterioration.. ..
Clear aperture exists for

full scanning.

Obtained focused spot but
not as good as in 9. ATWL
operating at fuil power
level. Reflections present
but reduced in amplitude.
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'; ; Table 3.2.3. Summary of the ATWL DNevelopment Task (Continued)

Remarks

Cracked at corners
while assembling.

Crack propagated whenh S

vperating, -

Operational cell.

[ ——
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33 Development of Electronic Design

3.3.1 AQBD Driver Requirements

The AOBD used in the laser scanner system requires a 2.0 watt drive
signal which is swept in frequency from £J to 120 MHz., The ACBD.driver .
specification requires that the rate at which the frequency range is swept be 200
kHz with a 94 percent duty cycle. Th1s corresponds to a time scan o‘ 5 usec with
only 0.1 nsec allowed for fiyback. This dwctates the need for two VCO's which are,

time muitiplexed to produce the 200 kHz repetition rate for the scanner. fhis

method allows one VCO to flyback while the niher is sweeping. Also required is
the ability to vary the bandwidth of the VLO outputs.
3.3.2 AOBD Electronics Description

A functional block diagram of the AOBD electronics is shown in Figure

3.3.2-1. A1) control signals for the electronics are derived from a 9¢ MHz

?{.[;..‘.:;ft"'{} e ~{:°°]
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Figure 3.3.2-1, AQ8D Driver Electronics

precision oscillator. The two VCO's are time multiplexed to give a 200 kHz, 98

percent duty cycle repetition rate. The outputs of the VUO's are gated on and off
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through the mixers, which act 1ike RF switches, and are summed at the hybrid
Junction. This junction provides approximately 40 dB isolation in the cff state,
effectively isolating the two VCO's from each other. The output of the hybrid
Junction 1s then amplified to produce the required 2.0 watt RF 919"!14;° crfye the
OB, - , ) IR , I

| In ordcr to drive the, VCO‘s, spec1a1 11nearization circuits are

1ncorporated that produce 2 linear sweep. A typical vco tuning characteristic

=~curve 18 shown 1n thure 3. 3 2-2, The linearizer circu1ts can’ be programmed n

such a way as to produce a non11near ramp to drive the VCO's. which effect1vely
offsets the non1inear1ties of thetr tuning characteristics. A linear sweep 1s
then obtained. Since each VCO has a slightly different tuning characteristic. two
1inearizer circuits were required. Only one programmer was used, however to
program the c1rc01ts. This progrcmmer is multiplexed between the two circuits.

which makes the system easier to operate,

VOLTAM

Figure 3.3.2-2. Typical VCO Tuning Characteristic

As shown in Figure 3.3.2-1 the linearization circuit consists of a ramp
generator, a digital to analog converter (D/A), and a filter and driver,
3.3.3 Voltage-Controlled Ogscillators

The most important component in the AOBD driver {is the
voltage-controlled oscillator (VCO). The linearity of the AOBD scan 1s diractly
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;o b S g L




proportional to the iinearity of the frequency sweep of the VCO. The two
oscitlators used in this program were Texscan mode) VTS 205. The tuning linearity
was specified at +10 % with a frequency stability of 250 PPM/ °c, The power
variation was 2 dB over the frequency range of 80 MHz to 120 MHz.

‘ ‘When these oscillators were first tried, it was found that they could fr:“
not be swept at the 200 kHz ‘rate that our specification required After
consulting with Texscan, it was found that the VCO's had not been sat up at the
factory to be swept at 200 kHz. The highest possible sweep rate was only 20 kHz.‘WW

- However, with onIy a sl1ght mod1f1cation the vC0's could be swept at a h1gher
sweep rate. [t was decided that due to the delays in the shipment of the VCO‘
from Texscan, it would be to the program's benefit to modify the VCO's in-housg-_
instead of sending the VCO's back to Texscan for modification. ‘Théladdificaéfog”xui
for the VCO's is shown in Figure 3.3.3. The 1npuf was changed to provide a lower

input impedance and lower input capacitance to accept a faster sweep rate. The

nu" -7
i
|
N
I

Figure 3.3.3. Modified VTS -205 Voltage Controlled Oscillator

17 uH inductor was incorporated as part of the input filter to decouple the RF
from the VCO drive circuit. After this was done it was found that the bandwidth

and center frequency of the VCO had shifted considerably from what was required.
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i After some time at trying to retune the VCO, it was decided that the tuning 'J\
characteristic had changed considerably. Therefore, it was necessary to put a

! negative bias on the varactor to bring the tuning curve down to a useable
position The 6.2 voit Zener diode provides this bias. It was then necessary to ’
N coupie the output of the vco to removo tho Dc offset from the RF. This is - ‘*"‘23
iﬁ”f . o providod by ‘capacitor C1. ‘Some tiho was sbent n moking these modifications but B
| the necessary bandwidth ond-oentonvfroqooncy;.oiong-with the appropriate tuning _ BE
. curve; were achiovod.. Thd*iaoe'modificdiiono'weoq‘made“to the other VCOand = - ‘*”'f“f““g
. " similar results were obtained. Due to the exoorimontatio with the first VCO to

determine the needod modifications. it was nocossary to ropioce fts transistor and BE
varactor, Damage to these components rasulted when the VCO was: loft off its heat i
sink (which was nocessary during the experimentation) and the soidoring that was
done to the varactor when installing the components needed for the modification.
1 However, after the new transistor and varactor were installed in the first VCO,
) both VuO’s have bean working proporiy up to the present time. | ' i
. 3.3.4 VO Linearization |
Since the linearity specification was not established for the AOBD, 1t was o
decided to iinearizo'the VCO's to a oeosonabio value that would be acceptable for
the breadboard experiments. The linearization method used here has the capability

3 ‘ of linearizing a VCO to 0.0l percent over an octave tuning range. However, this

, . requires additiona) time spent in programming the linearizers.

! A functional block diagram of the linearity measuring technigue is
. ) shown in Figura 3.3.4-1. This method {nvolves a somewhat indirect method of
'? ‘ deriving a difference frequency from the frequency sweeap and comparing that

QQ | frequency with a reference fraquency. The output of the VCO can be expressed as

A sin 20 4d o2, 3.3.4-(1) |
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Figure 3.3.4-1, VCO Linearization Measuring Technique

where Af is the bandwidth swept by the VCO. In this application Af 1s 40 Mz,
At is the time required to complete one full frequency sweep, or scan, which 15 §
psec. The VCO output is split, using a Merrimac PD-20-110 power splitter. One

ouput is delayed by a 760 ns delay and inserted into the "R" port of a RELCOM MIA {
mixer. The other output of the power splitter is input to the "L" port of the |

same mixer, The "I" port of this mixer then yields the product of the two
inputs. The delayed input is of the form

Ay sin 2n %{C(t-To). 3.3.4-(2)

TD s 750 ns, the amount of delay in the cable delay 1ine. Derivation of the
product s as shown,

RO I cOp PR PDIE- - R CH
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[A1 sin2n» .ﬁ{. t2] {Ag sin 2n %% t(t-Tg)]

O R f}ﬁl éos[ 2 _%{_ 2 -2 %—{- t(t-Tp)] - %5-"’- cos[ 2 n R 2+ 2n -%-Et:(t-'rp).] .

-ﬁ%ﬁl[cos 2 n%&t To - cos & vv,-ﬁ{- ¢ (2 - To)] . | | .I 3.3.4-(3) -

The second term 'f%ﬁi’cos en %{g (2t - Tp) is the sum term, and it {s a

_sweep componony start1ng at 120 MHz. Th1s term is not used, but tho’first term

fifl col.‘Zn%{-'vf. Tp 18 used.

Substituting the values of Af, At, and TD into this expression yields the
frequency of this component which is 6 MHz, The Hewlaett-Packard 214A pulse
generator in Figure 3.3.4-1 s triggered by the same pulse that initiates the VCO
sweep. The output from the puise generator is input to the Wavetek 164 sweep
generator. The sweep generator is put in the triggered-gated mode such that the
pulse from the signal generator gates a 6§ MMz CW signal from the Wavetek.

The output of the mixer is {nput to a 6.5 MHz low-pass f{lter that
removes the unwanted sum frequency. The difference frequency is then connected to

a vertical amplifier on a Tektronix 485 oscilloscope. The reference signal output
. from the Wavetek is connected to the second vertical amplifier and the two

waveforms are superimposed on the scope screen, and compared. The “pulse delay*

on the signal generator can be adjusted to provide time coincidence between the two

Mh oy gt
waveforms. It is obvious from the expression ) cos UM TD t that, if the

109




ratio ﬁ% remains constant, the frequency remains constant and conversely if the

ratio changes, the frequency changes. A constant ratio of g% indicates a linear

sweep; therefore, regions where the linearity is correct will appear as a constant

© frequency of 6 Miz.

Orice the test setup for measuring linearity is connected, the operatbir

shoutd use the delayed sweep on the oscilloscope to expand the time scale of the

two superimposed sine waves. The delay vernier should then be adjustéd”to alow
viewing of the last 500 ns of the scan. An address corresponding to-this location
can then be entered into the Address sw1téhos. Tﬁe start of scan'CorEesponds to
word O, and the end of the scan corresponds to word B0, As a result, a point
4.5 us into the scan will correspond to word 72, Any arbitrary value can then be
entered into the Data switches, and the Load button depressed. The effect on thc :
difference frequency can be observed on the oscilloscops. The goal is to make the
two sine waves coincident. Different data values should be tried until an optimum
value is found, then the address switches should be incremented by one, and
another value entered. If the last 500 ns cannot be linearized, a gain adjustment
should be made to the driver circuit, and linearization again attempted. This
procedure should be continued until the correct gain setting is determined. After
this has been accomplished, the operator should then move the delay vernier on the
oscilloscope until the first portion of the scan is visible. Address O should be
entered, and data values tried until 1inearization is accomplished at this
Jocation. [t may be necessary to adjust the pulse delay on the pulse generator to
obtain time coincidence betwsen starting points of the two waveforms, The '
operator then proceeds to saquentially step through the addresses, 11neir1:1ng
each of the 80 segments of the scan,

Both VCO's ware linearized using this technique. The driver circuit

including the digital-to-analog converter was put on a printed-circuit board, for
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each VCO. These circuits, along with the VCO's, were placed in temperature

controlled ovens to achieve temperature stability, as shown in Figure 3.3.4-2,

A oau i

Figure 3.3.4-2. Photograph of the Drive Control for the AOBD/ATWL

However, it was found that the VCO's dissipated too much heat to be placed inside
the oven with the driver circuits. The VCO's were relocated to a heat sink
outside the ovens. No further attempt to temperature stabiiize the VCO's was
made. However, a temperature controlled heat sink could be used with each VCO to
achieve stability. This was not done since extreme chirp 1inearity was not a
crucial parameter in this program.

The outputs of the VCO's were each attenuated with a 30 dB pad, and
input to the Relcom Ml mixers. The mixer outputs were routed to the ANZAC H-1-4
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hybrid junction and then to a TRW CA801, 30 dB amplifier. This provides the 0.5
watt drive signal for the AQBD,

3.3.5 ATWL Driver Requirement

~ The ATwL used in the laser scanner system requires a 4.8 MHz gated RF

signa1 "Lf;he amOUnt of power required to drive ﬁhe y

ATWL 1s" providod by'a 300 wqtt ENI amp1df1er, cnpablc of prov1d1ng 400 watts,
typica'llyx bt s ~—\ ' Ll
3.3.6 ATHL_Electront s Description
' A functiorial bioek- diagram of the ATWL: electronics is shown {n Figure
- 3.3.6. The timing signals are derived from the same timing and control
e1ectrthéifi!”tho”AoaD:‘fnifcfbro;'the'ATNL’iP s&nchnongd;ww1th the AQED,
© The timing signal 1s derived from the multiphase clock in Figure B-3,
Append1x B; The 200 kHz‘ritc is the input to a series of two one-shots. These
one-shots proviﬂo for a varinb\o gate width and a variable de]ay from the start of
the A0BD sccn to hclp achievc tracking between the AUBD and ATWL. This signal is
then input to the transistor circuit which provides the proper level and drive
capability for the mixer. The filter on the output of the transistor was not
originally included. However, it was later determined experimentally that if the
gated RF had a rounded envelope instead of a square envelope, lass reflections
occurred in the ATWL. This filter provides a rounded pulse, variable in height,
that gates the 4.8 MHz signal through the mixer,
This signal is then input to a power splitter (Figure 3.3.6). One
output is routed to a variable attenuator and then to the ENI A300 amplifier.
This 300 watt amplifier has approximately 55 dB of gain and provides the power
needed to drive the ATWL. The other output of the power splitter is input to the
ATWL protection circuitry. The need arose for a protection circuit while

experimentation was being done on the ATWL, When the gating pulse was equnded to
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5 allow more cycies of the 4,8 MHz signal through to the ATWL, a point would be

Ef reached where the average power input to the device would be too great and would }
g cause the ATWL to crack. This type of situation, whether caused by human error or '’
? ' electronic failure, dictated the need for the protection circuit. This circuit is

i -

§ shown in Figure B-11, Appendix B. The effect of the protection circuit is to shut |

i { down the ATWL electronics if more than 10 cycles RF are input to the device in any

ﬁ one scan, This number was experimentaily determined and could be changed.

ol . [ .
A 3.3.7 Spinner Synchronizing Electronics k
S §

2 ‘ A circuit was required to synchronize an Y-scan spinner to the system p

ﬁ{ electronics. The purpose of this circuit was to allow one Y-scan at a time to be fﬁ
;L initiated manually. This circuit s shown in Figure B-11, Appendix B. A detector 3

fﬂ ! was mounted on the spinner to count each facet as it passes by. The output of the '@

,g}' detector is input to the comparator and converted to a TTL level. This signal is 1

3 13 2
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then used as the clock input to the counter. The output from this counter is

input to the acousto-optic mcdulator (AOM) mixer, which is turned off.
To produce one Y-scan, the operator activates che RUN switch which

enabies the counter. The next pulse from the detector is counted and turns the
AOM mizer on. -The second detector pulse is counted and loads itself with 14
again. This also disables the counter and turns off the AOM mixer. The RUN

switch must be activated for each scan.
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4.1 Breadboard Experiments

A laser scanner breadboard system based on the design of Section II was
assembled using Harris owned equipment. A photograph of the Taser scanner
breadboard is shbwn in Figure 4,1, The breadboard was used to demonstrate the 100
percent duty scan from the AOBD, to perform AOBD/ATWL tracking experiments, and
was used to measure the optical efficiency of this approachf A1though alb

Figure 4,1 Laser Scanner Breadboard
faceted spinning mirror was avatlable for performing X-Y scanning onto a recording
medium, these experiments were not performed on this program; such experiments
could be performed with additional funding. An Itek PROM was made available for

recording experiments in the laser scanner; however it was not used in the
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breadboard system. (A functiona) test of the PROM was performed and is reported .
in Appendix C.)
4.2 AOBD/ATWL, Tracking Experiments

The basic fdea involved in increasing the resolution capability of an
AOBD scanning system is to cascade the acousto-optic devices. In order for this
tcchniquo to work properIy. it is essent1a1 that the scan ve1oc1ty of the AOBD be J
precisely matched to the acoustic propagation ve!ocity of the traveling lens in :
the ATWL. Therefore carefu) adjustment of the optics between the AOBD and the
ATWL 13 required to achieve tracking. S B o

Several experiments were performed to achieve tracking across the fu:
aperture of the ATWL cell, This would correspond to 1000 spots or 5 us scan
time. On several occassions we achieved 1.5 us of AOBD/ATHL irack1ng. This
correspbﬁds fo 300 tn 375 spots, depend1ng-oh fhe~dr1v§'b6wcf‘to the ATWL. e
discovered the main reason for the failure of the optical systum to track over a
larger apertura was due to aberrations of one of the lenses in the telescope. The
only wa§ to increase the tracking was to obtain a‘rep1uccmnﬁt lens that was
diffraction limtted over a larger ape§tur|. We found that this approach was very
cumbersome, compared to the method that has been previously used to achiave
AOBD/ATWL tracking over 18,000 spots and a 9-inch aperture. In an earlier laser
scanner, the linearity of the output from a voltage controlled oscillator (VCO)
that 1s used to drive the AOBD was adjusted so that the scan rate at the ATWL
matched the velocity of the traveling lens. The electronic adjustments could
compensate for some nonlinearities in the scan caused by lens sberrations.
However, in the present breadboard system we do not have this capability. Becsuse

of the inflexibility of the optical tracking approach, we do not recommend its use
or future scanner afforts.
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4.3 Scan Outy Factor Measurement
An experiment was parformed to demonstrate the 100 percent duly scan
from the AOBD where the dead time between the two VCO's was adjusted to be only
\ 20 ns producing 99.6 percent active sweep by the VCO's. However, by adjusting the
; s1it width in the Fourier transform plane of the AOBD, 100 percent scan can be
achieved using the traveling chirp scan approach. We foﬁnd that the traveling
i chirp from each VCO as measured at the ATWL output plane repeated its scan'ever}'

10 us. However, when alternate VCO's were used to produce a scanning spot evéry r”f

. 5us, we found that the scans did not interleave exactly (4.8 us between two

i consecutive spots and 5.2 u s between the next pafr of spots). This interleave

i problem was caused by the fact that the VCO's were not matched accurately enough
in both center frequency and bandwidth. VCO's can be purchased that are matched
to each other. This parameter was not adjusted due to lack of funds and

insufficient time.

From our experience with using the traveling chirp approach, we suggest

an aiternative approach that is easier to fabricate and less expensive in the Tong !
run, The a.ternative approach is to use two AOBD's fabricated in the same cell : _3
and to switch from one ADBD to the other. As one AOBD is approaching the end of
fts scan, the second AOBD is loaded with the chirp signal, A two spot AOM is used
to switch the laser beum from one cell to the adjacent cell (only a few
millimeters away); electronic tracking can be used with this approach. An added
benefit of this approach 1s that the optical efficiency of the AQBD should -{
increase by as much as 50 percent, since diffraction occurs along the entire

length of the cell to form a spot (in the other approach, diffraction occurs only
along the traveling chirp).
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a.4 Optice) Efficiency Measurgeents

The optical efficiency 1s defined as the percent of the incident laser
11lumination that passes through the system and arrives at the film plane. The
overall optical efficiency of the system was measured and found to be 5 perzent of
the input laser power. The power measurements were made by collecting all of the
light onto the sensdr of a Model 212 Coherent Radiation Power Meter. The optical
efficiency measurements were made ui individual components, and the results are
shown in Table 4.4, Note that the least efficient element in the system is the
AOBD, as vould be expected. This element could be improved slightly, however,
because of the traveling chirp approach - 50 percent is the theoretical max {mum
efficiency this element can have. The AOM efficiency 1s also low (50 percent
assumed) to keep the intermodulation product of the drive signal at a reasonably
low level, However, if the intermod noise is required to be about 40 dB down, the
maximum optical efficiency of the AOM will be less than 10 percent; with this
requirement the overall optical efficiency is only 1 percent.

Improvements could be made in the AOBD efficiency either by making the
transducer wider or by using an amorphic lens arrangement to focus the 1ight in
the nonscanning direction tc a smalier (thinner) line. The {1lumination was
slightly wider than the transducer; therefore, the efficiency was somewhat low
even ot the high drive power levels (3 W), Another way to improve the efficiency
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2.
3.
4,
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6.
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8.

9.

10.
11.
12.
13,
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Table 4.4. Optical Efficiency Measurements

tical nent
Laser

Mirror H1
Mirror "z

 AM

Cylinderical Lens Cl
Cylinderical Lens C,
AOBD at 3 W

Special Lens L,
Prism Pl

Telescope Ty
Telescope T2

Mivror M3
Cylinderical Lens Ca
ATWL

Lens L2

Spinning Mirror

Lens L3

Element Efficiency (X SYSTEM EFFICIENCY (X)

99.6

99.6
50

96.3
96.3

17.8

94.1
96.9
99.6
99.6
78.5

9.9
98

96.9
TOTAL Optical Efficiency

100 X

99.6
99.2
49.6
47.8
46.0

8.2

1.7
1.5
7.4
7.4
5.8
5.6
5.5
5.3

5.3%




is not to use the traveling chirp approach; twe AOBD's separated by a couple of
millimeters in the same cei1. using the AOM to switch from one AOBD to the other,
could be far more efficient - approaching 90 percent.

The ATWL is also a relatively low efficiency device (78.5 percent). This is
caused by the reflection and absorption of the 1ight by the SF-59, which is a
yellow looking glass. This element could be improved by using other materials
that are optically clear and by antireflection coating of the optical surfaces.

With a system transmission efficiency of atout 5 percent, the required laser

power can be calculated for a given recording material from the following
expression.

P =1

where:

Average laser power
Recording medium sensitivity

= System optical efficiency
= Pixel exposure time
A » Area of focused spot

For a sample calculation, the following typical values will be used:
5 = 60 ergs/cm2 (sensitivity of elastomer device)
A = 2x10-6 ¢cm2 (14um spot)

n = 5%

T « §ns

The required laser power 15 48 mW. Yhis formula should apply to any other
recording material.
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SECTION V
CONCLUSIONS

A number of conclusions are drawn from this study relating to the
feasibility of using an ATWL laser scannar system for signa) processing
applications. First, we discuss the conclusions that were reached concerning the
individual components of the laser scanner (i.e., the ATWL, AOB[', and AOM) and
then we discuss the overall system performance.

The ATWL performed very well with the RF drive with the exception of
two problems that were encountered. The first problem was the overheating of the
ATWL cell causing 1t to crack; this problem was aventually solved with sufficient
cooling of the glass cell, particularly the sides. The second problem was the
acoustic interference caused by the reflection at the opposite end of the cell at
the high repetition rates. The acoustic interference was significantly reduced by
cutting the end of the cell at an angle relative to the transducer. The cell
operated at the 200 kHz 1ine rate, which is the highest rate that an ATWL has
operated. Another important conclusion is that the ATWL can be operated without a
compression bias when using the gated RF drive. This makes the ATWL device much
smaller and simpler to fabricate. The last and probably most important conclusion
1s that the gated RF drive 1s at least three times more efficient than the old
stepped approach usad in the past, therefore smaller, lighter amplifiers can be
used to drive the cell,

The AOSD traveling chirp approach was a success; however, tracking of
the AOBD and ATWL was difficult and the diffraction afficiency was low. We
conclude that because of the low optical efficiency and the difficulty in
achieving full aperture tracking, we would not recommend this approach on a future
breadboard scanner system. The electronic drive performed well at the 200 kHz
1ine rate where a 20 ns dead time existed between the chirps. The traveling chirp
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requires that the two VCO's be matched fairly accurately in center frequency and
bandwidth. In our system the center frequencies were not well matched causing
adjacent scan lines to occur at 4.8 us or at 5.2us periods but not at 5.0 us.

The matching problem would have to be resolved if the traveling chirp approach is
to be used on-a future systém. Another problem that should be addressed is -
achieving uniform 1ight level across the scanning aperture. This problem was not
addressed in this study.

The wideband AOM was not developed on this study. However a Harris
wideband AOM was made available to be used in the breadboard system. The
diffraction efficiency of the device was measured and the intermodulation noise
was measured using two input signals. The results verified the data reported by
Hechtll, From this we can conclude that the optical efficiency of the AOM
cannot be greater than 10 percent if the intermods are to be down at least 40 d8.

The optical breadboard system was used to determine the difficulty in a
AOBD/ATWL tracking and served as a baseline measure of the optical efficiency.

The scan tracking lens telescope was assembled and evaluated in the breadboard.
We found that is was not possible to achieve tracking over the full ATWL aperture
because of aberrations in one of the lans elements. We concluded that
diffraction 1imited lens elements with low distortion are required to cause the
AOBD/ATHL to track (this approach is fairly inflexible to any changes in

temperature and to glass variations). We do not recommend this approach on future

scanner systems; instead, we recommend the dual AOBD approach with electronic
tracking control.




SECTION VI
RECOMMZNDAT IONS

Ke recommend that a working breadboard system be assembled to test the
end-to-end prob!ins of recording wide bandwidth signals onto a temporary recording
medium. This end-to-end breadboard would be used to measure the system dynamic
range, scan linearity, and to determine the level of the intermods as seen in the
Fourier transform plane. We recommend the use of dual AOBD's to achieve the 100
percent duty scan. A different recording format is recommended to achieved
slower line rate. The ATWL is capable of recording several thousand spots per
scan 1ine. This would reduce the heat buildup problem. The system efficiency
problem should be studied in more detail. The electronic tracking approach is
recommended because of 1ts versatility and proven usefulness over large
apertures. |

This technology appears to have excellent growth potential with
resolutions of 8 um spots and recording bandwidths of 400 MHz being realizable.
However, a number of engineering questions have been raised in the breadboard
1nvest\1'gations; these questions must be answered to minimize the technical risk
and ultimately the cost involved in develaping such systems. Consequently, we
suggest & program during which we reassemble and modify the existing breadboard to
perform certain experiments to answer the questions and to use the results as the

basis for a complate system design.

The advantageous features of an ATWL laser recorder can be summarized
as follows:

¢ High Speed >108 pixels/second

¢ Nigh Resolution 18,000 pixels/1ine (10um spots)

¢ No Moving Parts Acousto-optic alements are reliable and
long 1ived
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e Flat Field Traveling lens can be the final optical
. element

o Excellent Linearity Inherent in Traveling Lens
e Cost Low projected recurring cost

Most of the experimental results with an ATWL system have been with
devices fabricated of SF-59 glass which has a figure of merit M = 19, Other
materials that have a higher figure of merit should be investigated to determine
how well they perform as an ATWL. A 1ist of other mater{als that should be
investigated are listed below in Table 6.1, Note that the index, velocity, and
the figure of merit are given for each material, The effective spot size is
calculated as shown in Column 5 of the table, where we assume the peak acoustic
intensity is the same for all the materials and the wavelength is assumed to be
514.5 nm. From the table, water appears to be one of the best materials based on
this comparison. However, to prevent cavitation and bubble formation in the
water, the ATWL would have to be pressurized to many atmospheres. This creates a
number of engineering problems that would have to be solved before a water cell
could be used at high acoustic power levels. Also for some applications the
acoustic velocity would be too slow. Note in the last colum the effective
bandwidth of tho cell is given, e.g., the acoustic velocity of the material is
divided by the spot size to obtain the number of spots per second (tha bandwidth)
for each materfal 1isted. Even though the effective spot size is the smallest
with water it.also has the smallest bandwidth. The material listed with the

broadest bandwidth s As;Sy, nowever, AsyS3 can only be used with a red
laser (e.g., 632.8 nm) or longer wavelengths., This criteria may cause a system
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Table 6.1

Velocity Figure of Merit Effective * Effective
Material  Index mm/ug  10-18 s3g Spot Sizexm  Bandwidth MHz
SF-59 1.95 3.2 19 | 14.6 219
Asasy 2.61 2.6 433 R 337
Water 1.33 1.49 126 7.5 198
PbMoOs 2,262 1.63 3.3 13.4 270
PbMoOs 2,183  2.96 127 9.6 308
Mings;  2.98 2.65 390 8.5 311

*Assume same acoustic intensity in each materfal, and = 633 mm,

problem where many output recording materials are insensitive to the longer
wavelengths.

Another way to increase the resolution of the ATWL 1s to increase the
focusing powcr'of the traveling lens while at the same time reducing the
aberrations. This may be accomplished by using a multielement traveling lens.
For example, the traveling lens nearest the AOBD would have a long acoustic
wavelangth so that the input beam diameter would be Ay/4 for the first acoustic
lens, The 1ight ray trajectories passing through the traveling lens follow
approximately a parabolic path. Figure 6.1 shows a diagram of a multielement ATWL
where the second traveling lens is driven with a higher frequency gated RF signal
$0 that Ay/q4 matches the beam diameter at that position. The two traveling
lenses working together should cause the beam to focus to a much smaller spot.
The problem can be computer-simulated to determine the optimum drive frequencies
required tn reduce the aberrations and produce the smallest spot in the output

plane. For example if an 8u m spot could be produced in SF-59 glass, then the

bandwidth of the cell would increase to 400 muga pixels/second.
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Figure 6.1. Multielement ATWL
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Appendix A
Transducer Impulse Response

The frequency response of the transducer, that is, the strain in the

lens medium produced by a harmonic electric displacement, is

I T A P vo, P s

- lecos(wd/vq) - 1 b sin (mi/vl) (A-1)
4 H(w)eY m- Te cos (wd/vq) ,

where ¥, b and @ are constants. Changing varfables to x = wd/vy and defining

P - W 'y

| ¥y ® Vi1t/d, the impulse response is : :

| ©  fwt VeY N
| i) o e o « 3 fhemac sty Ma o (g |
-t .

Congfder the last 1nt|grh over the entire contour of Figure A-1, in the upper

/nwol"“ Y
" e

[} o fax

Figure A<l. Contour of Integration for Evaluation of Impulse Response
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half compiex plane. For y>0 (positive time) the integral over the semicircle !

goes to zero as |x| —« . The remaining integral is that of Equation (A-2) so

that
2m) =
H(t) = b (2m) Z Ry - (A-3)

|

I

I

I

n=0 l
|

t

|
1

where R ,.e the residues of the poles at

Xy = nme+ tanhl ¢,1¢ o<1 ; X, -2-'-'-?-" + 1 tann~l(1/e) , if ¢>1 aet) ;
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Since e s positive, there are no poles in the lower half plane, and therefore a

semicircular contour in the lower half plane shows that H(t) = O for all t > O;the

| transducer cannot predict a pulse. Taking, for the moment, the case e (1, the

residues are found to be

R = (=1)"V1.e° - (1-be) exp {1n ny -y taﬁh'le} (A=5)
n 1_,2 o

Using the relations

exp{- y tanh'l.e}- (-ii%)t/z (A-6)

16n
LT . X a(6-mn) (A-7)

Equation (A-3) leads to

] - 5 -
i H(t) = [4mDjhvy /cy(1+ab)] s 2(1 :) 3t - (2n+1) T)
| S n=1
1- - - -
i _l-as Z:(lé) alt 2nT]} (A-8)

(1+¢) 1

Ta(d), or, equivaiently,

€252 = ¢c151 - hD (A-9)
and the fact that Sy(q4) at t = 2T §s related to Sj(d) at t= O by a
transducer round trip traversal including a reflection. Some algebra shows
that the t=0 term is

i for t>0. The t = 0 term is obtained from the boundary condition Tl (d) =
!
l

: () (.va_o . (..a_._ 5 (t) (A-10)
t | ° ) (1+a)
With
' e = (a+h) / (1+ab) (A1)
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and
b2 - (1) () s

14

we have
H(t) = al7Dypg / cp(1+a)(14b)]

x{- ;;g 3(t) + g-:o(rzra)" B(t=-(2n+1)T]

- G_:_%) Z; (r2r3 ) n-1 8[t-2nT]}.

where T = d/vy,
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APPENDIX B
ELECTRONIC DESIGN

The circuitry shown in Figures B-1, 8-2, and B-3, is the timing and
control electronics. As mentioned previously all timing signals are derived from
a 96 MHz oscillator which is not synchronized with the laser. The circuit in
Figure B-1, translates the 2 volt peak~-to-peak sine wave into a TTL level square
wave., Flip-flop ULA receives the 95 MHz TTL signal and divides 1t by two to
present a 48 MHz signal to flip-flop UlB and divide-by-three circuit of U3A and -
U3B. The output of ULB 1s a 24 MHz signal which s input to the circuft in Figure
B-3. The output of U3B 1s a 16 MHz signal which is used to clock the counters in
Figure B-4,

Counters US and U4 in Fiqure B-3, receive the ¢4 MHz signal and divide
1t by 12, thus inputting a 24 MHz signal to Ul5, Counter Ul5 and decoder Ul4
further divide the signal by 10. The output of Ul4 is a multiphase clock at 200
kHz. This is the frequency at which the AOBD driver will operate. However, since
each VCO 1s only operating at half the repetition rate, a 100 kHz signal to gate
the VCO driver circuits on and off is provided at the outputs of Ul2A and U128B.
These signals are two phases of the multiphase clock and have been processed with
the one shot (U22) to provide a slight delay between them. This delay {is
adjustable from 40 nanoseconds to 200 nanoseconds by the 10 kp potentiometer.
This prevents any overlapping of the VCO outputs when- they are multiplexed. The
output of U12A is input to one of ramp generator circuits in Figure B-4, and the
output of U128 is input to the other ramp ganerator circuit. This signal is then
effectively OR'ed with the comparator outputs (Ul5 and Ul6) to produce the counter
reset, the integrator reset and the mixer signal. This provides the timing

relationships necessary to time multiplex the VCO's to give a 200 kHz repetition

rate with a 98 percent duty cycle,
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The ramp generator consists of a set of eight, 266 x 1 bit random
access memories (RAMS) that are configured in 256, & bit words. Thase RAMS are
addressed by a set of counters which are clocked and controlled by the timing and
control electronics. This circuit is shown in Figure B-4. At the end of each
scan the counters (U13 and U14) are cleared, which addresses location zero of the
RAMS (Ul through US). During the scan, the counters address RAM locations up

through location 80, at which time the counters are cleared and location zero is

again addressed. Thehdiﬁital comparators (Ul7 and U1B) provide a clear signal to
the cuunters when a location .less thap 80 is loaded by switch S7 into registers
Ul5 and Ul6. This effectively shortens the sweep time of the VCO and provides for
a variable bandwidth of its output.

In the write mode switch 56, in Figure 8-5, loads the counters (V13 and
Ul4) with the data from the address switches (Figure B-8). This addresses the
RAMS at the desired location. The one shot (L12) provides a slight delay and
allows the address to be set up at the RAMS before the writa pulse is applisd,
When this occurs the data present at the RAMS from the data switches is loaded at
the desired location. D&ta can be written into memory during any mode of
operation,

Switch S1 provides either automatic or manual operation of the counters
Ul3 and Ul4. In the automatic position, the counters run as they normally would.
However, in the manual position, the counters are clocked by switch 54 in Figure
B-5. This gives the operator the ability to clock through each location of memory
and to examine and/or write data as desired.

Switch S2 disables the reset signals to the counters and enables them
to address all 256 locations of the RAMS while running in the automatic moce.
Switch S5 in Figure B-5. allows the operator to stop the counters at the location
specified by the address switches. A new location may be addressed in this mode




by simply changing the address switches. Switch S3 allows the operator to clear
the RAM's quickly while running in the automatic mode.

Latches U9 and U10 in Figure B-4, prgyjdg synchronization of data bits
to the d/a. Data is collected from the RAMS by the 1;¥;hé§‘$nh clocked to the d/a
by a delayed version of the clock.

Each VCO linearization circuit must be programmed separately. The
multiplexing ¢ircuit in Figure B-5, provides the operator with the ability to
select the VCO he wishes to 1inearize. Switch S8 provides this function. When a
| VCO is selected, all switches and indicator LED's apply to tha* VCO. The other

VCO goes into a normal run mode of operation and stays that way until it fis .

gselected. Special circuitry is incorporated to prevent the driving electronics
g from overdriving the VCO's while 1t is in any mode of operation except the normal
run mode. This circuit is shown in Figure B-6, It was found that when a VCO was

being linearized, a possibility existed that a memory word could be addressed that

would continuously drive the VCO at a hé-' .>1tage. This would not damage the VCO

but would burn out the drive circuit. 7Vhis conditiocn was experienced several

times. With the protection circuit incorporated the integrator in the driving
electronics (as discussed 1in Sec, 3.3.6) 15 set to zero when any mode exists

except the normal run mode.

e —— g

The circuitry which {s shown in Figure B-7, takes the digital output
from the RAM's and converts it to an analog signal which varies from 0 to +30
voits, and is used as the control voltage input to the VCO.

‘ The d/a converter, Ul converts the 8 bit digital data into an analog

k- output which is input to operational amplifier U2. This amplifier has a gain of
about 6, and converts the output of the d/a to a resultant signal that varies from
l 0 volts to +10 volts. The shape of the signal will depend on, of course, the

characteristic of the particular VCO. This signal is then fnput to amplifier U3.
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This amlifier is configured as an integrator and acts 1ike 2 filter to remove the
stair-step like characteristic that is generated by the d/a. This {Integrator is
reset to zero by transistors Ql and Q2 at the end of each scan by the control
electronics. The output of the integrator (U3) 1s nominally a nonlinear ramp
varying from 0 volts to -10 voits. This ramp {is input to the closed loop made up
of amplifier U5, offsetting transistor Q3, and current amplifier U6, The
amplitude of the ramp can be varied with the 10 kQ gain potentiometer. The closed
Toop has & maximum gain of 3, and as & result the output of U6 {s nominally a ramp
from O volts to +30 volts. Operational amplifier U4 provides a very stable
reference voltage which is used for an offset control voltage to US, Adjusting
the 10 k0 potentiometer moves the dc value of the ramp over a limited rangs.

In Figure B-9, UlA, UlB and U2A takes a 48 MHz signal from tha timing
and control electronics and divides it by five., UZB takes this signal and dividas
it again by two, producing a 4.8 MHE, 50 percent duty cycle square wave. U3
provides the necessary current drive to the Mixer. The L-C filter on the output
of U3 1s a 5-pole low pass filter that converts the square wave into an acceptable
sine wave that can be used by the ATWL., The signal is then attenuated to the
proper level and input to the mixer.

The gate control circuit for the mixer {5 shown in Figure B-10. Its
timing signal is derived from the multiphase clock in Figure B-3, Its 200 kHz
rate is input to a series of two one-shots. These one-shots provide for a
variable gate width and a variable delay from the start of the AOBD scan to help
achieve trackirg between the AOBD and ATWL. This signal is then input to the
transister circuit which provides the proper level and drive capability for the
mixer. The filter on the output of the transistor was not originally included.
However, it was later detarmined experimentally that if the gated RF had a rounded
envelope inttead cf a square envelope, less reflections occurred in the ATML.
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This #11ter provides a rounded pulse, variable in height, that gates the 4.8 MHz
signal through the mixer,
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APPENDIX C

PROM TEST
The PROM was functionally tested. An Air Force Resolution target was
imaged onto the PROM using a coherent 1light source at 514.5 nm., A photograph »f
the AF Resolution target was made at the output plane, to neasure the throughput

resclution of the optical system. The throushput resolution of the optical system

e — TGSt e

s shown in Figure C-1; the results show that the optical system will pass

i Figure C~1. Throughput Image of the AF Resolution Target .
l 70 cycles/mm. An image of the AF Resolution target was recorded on the PROM. The
recorded image was observed and photographed using a red filter on a microscope

111luminator as the light source (a lens was used to quasi-collimate the light). A
photograph of the image recorded on the PROM was made and is shown in Figure C-2a,

where the maximum resolution of 18 cycles/mm was observed for the positive

l 146
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a. IMAGE RECOVERED FROM PROM

b. REVERSED POLARITY IMAGE

Figure C-2.

Signai Recovered From PROM
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, o ,
polarity. Figure C-2b shows the negative polarity case; the maximum resolutior,
was only 14 cycles/mm for this case. Note the device has some local defects that
are obscuring about 20-30 percent of the aperture. These defects cannot be seen
with normal room 1ights - the &dfdéts are sbserved .only-when the device is
operating and with polarized 1ight. - ;  rg.%-F5é1'_f-~ig R

The photometric sensitivity of the PROM was meé;ur?d qﬁajjtatively
(f.e, a certain amount qf-1ascr power was required to prdduce a satisfactory
image). Tha exposure energy fiquirod iq prodyce a reasonabla imaye was

3 mj/emé, This messuremant indicates that the PROM s somawhat slower than the

sensitivity reported in thé 1iterature - we did not determine the reason for this
discrepancy.
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