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Abstract

A Giazing Incidencz Bean Expander (GIBE) telsscope is being designed and fabdricated to
be used as an egquivalent end mirzor in a long laser resonator cavity. The design
cequirements for this GIBE flow down from & Qeneric Prve ERlectron Laser (PEL) resonator.
The nature of the PPL gain volume (a thin, pencil-like, on-axis region) dictates that the
output beam be very smali. Such a thin beam with the high power levels characteristic of
PELs would have to travel perhaps hundreds of meters or more before expanding enough t>
allow reflection from cooled mirrors. A GIBE, on the other hanJd, would ailow placing these
optice closer to the gain reginn and thus reduces the cavity lengths substantially.

Pesults are presented relating to optical and mechanical design, alignment sensitivity
analysis, redius of curvature analysis, laser cavity stability snalysis of a linear stable
concentric laser cavity with s GIBE. Pabrication detalls of the GIBE are also given.

Introductjion

As the laser technology matures, more and more emphasis is being placed on optimum gain
extruction, tunabi.ity considerations, etc. Optimal gain extraction places unique chal-
lengés on the optical design of these cavities. The tunability considerations pose chal-
langes in coating technology. The optical systems design for such lasers {8 ultimately
constrained by the d“'?' of optical surfaces due to the laser fluence, Recently, Peter
Mumola and David Jordanl have proposed the use of grazing incidence elements for thosS
laser systems to increase the damage thresholds., Subsequently, several organizati_nag?:3
have proposed the use of grazing incidence elements for Fraoe Electron Laser cavities.

Free Rlectron lLasers (FELs) offer Che possibility of high extraction efficiencies with
tunability. Mdowever, the nature of the gain volume (a thin, pencil-like, on-axis region
where photons can interact with a stream of high velocity electrons) dictates that the
output bean be very small. BSuch a thin bran with the er levels characterintic of PELs
would have to travel perhaps & hundred acters Or more fore expanding enough to allow
reflection froe cooled miriors, At shorter distances, the flur will de so large due to the
small bearn size that the thermal deformations of t(he mirror would ruin the beanm quality.

In arder to understand the mods-optic interaction of a PEL cavity with grazing incidence
elements, ve have designed and are in the process o! fabiicat!ng a "Grazing Incidence Beam
Expander (GIBE)®, A GIBE conamists of a long, rarrow, orasing Incidence Optic (G10), fol-
loved by & larger, more conventional optic (in this case a retro-aphere). The GID serves
to diverqge the bear and thus greatly reduce the total path length to the spherical retro-
reflectors at the end of the resonator.

This GIBE will be placed in s breadboard demonatration at Los Alamos National Laboratory
to gain inaights into these state-of-the-art cavities containing grazing incidence
elements.

In this parnr, we will provide a syotems cverviev {nto the analysis, design, fabrication
and test of the GIBE. Optical design details are provided i another paper (Ref. 4) which
is also being presented at this conference.

®* This work was performed unde. the “"Grazing Incidence Beam Expander" contract No.
9-X34-K1446-], supported by Los Alazos National Laboratory.



jystea requirements

The primary requirament in designing and building sn 7X. is to product a system which ls
sisultaneouslY capable of giving the required output power and high wavefront quality.
This imposes tight requireaents on the overall optical design, on the fabrication of the
optical components, and on the assembly and alignment of the system. In this section, we
consider the flowdown of thesa subsystea requiresents. Althougl; we do not present any
specitic numerical values for the requirements, we indicate the critical areas, which are
then devcloped further under the heading of system Analysis and Design.

Optical design and systen analysis

The general purpose of the optical design activity is to achieve a design which sssures
the required pover and high wavefront quality, by setting balanced requirements on the
fatrication, assembly. snd alignment. Although it is relatively straightforward to come
up with a theoretically accepiable design, it is more difficult to achieve an acceptabls
balance betveen the varjous fabrication areas, assemdly, and alignmsent. Thus, the optical
design phase is really the system analysis phase. The specific requirsments placed on the
optical design are (1) wavefront quality, which describes the root-mean-sgquare (rms)
wavefront error of the steady state mode of the resonator; (2) power loss per pass, which
is the amount of power that would be lost during one round trip (pass) through the
resonator, assusing there vere no gain medium; and (3) the location of the bear waist and
the orientation of the optical axis.

Again, it is relatively straightforward to come up with a design which theoretically
seets all of the abovy requirements. Bowsver, the consideration of actual tolerances in
the fabrication, assembly, and alignment areas leads to the development of subsystem re-
Quirements in these areas. This is done by way of error budgets, combined with overall
requirements on major systee characteristics such as resonator cavity length, bean waist
site, and total output power.

The most important error budget is the one for wavifront Quality. In most optical sys-
texs, this error budget relates to a wavefront which propagatas only once through the sys-
ten and which therefore never interacts with {tself. The sitvation 13 more difficult for a
resorator, where the important criterion is the wavefront quality of the steady state mode.
There is no simple vay to relate the steady state vavafront quality to the quality of a
wavefront which propagates through the system cnly once. MNeverthaless, the most reasonable
way to approach this error budget as a first cut is to assign (budget) a single pass
wavefront quality requirement to the cystem, and to Root Sum Square (R$5) the contributions
to this budget from all the elements of the system. (Por an PEL, where & relatively large
percentage of tne circulating power is extracted on each pass, implying that photons make
only a ruall number of passes through the resonator, this {s & mora reasonable procedure
than for a stable laser resonator where the parcentage of extracted power (s very small.
The contributions to this error budget include the f?qurc guality of all mirrors, the
thermally induced mirror surface deviations, the systex alignment, ané vibration or jitter
caused by both the environment and by the oction of the cooling systes.

The other important error budget is the one for power loss per pass. The contributions
to this error budget fnclude the reflectivity of all mirrors, the mirror siaes (relative to
the bean size), the system alignment, and to some sxtent, the surface quality, especially
in terms of roughness, which contributes to scatter, which {n turn tesults in power loss.

To summarise 80 far, wve have discussed the general and specific requirements placed on
the optical design (system analysis) task. Meeting these requirements requires the devel-
opment of two majcr error budgets, and the recognition of overall requirements on major
system characteristics such as resonator cavity length, beam waist aize, and total output
pover. To seet the error buigets while falling within the constraints on the overall sys-
ten, one must take 3 detailed look at the interplay between the various fadbrication, assen-
bly, and alignment issues. 1In this paper, we do not discuss the development of real error
budgets. Novever, we bave listed above the contributors to each error budget. Delow, we
suasarise some Of the various issues to be kept in mind in the aveas of fabrication, assem-
bly, and alignment while developing the real error budgets. We then discuss thesc topics
in more detail under the heading of System Analyn's and Design.

Impact on fabrication, assembly, and alignment

In the fabrication area, ve miust consider the sise ot the optics, their lonpitudinal and
lateral radil of curvature, their coating, their surfacs quality, and their eooling
syotems. These parameters are all related in termn of their requirements. Por example,
one of the requirements on the ceoling system for a mirsor is to give acceptably small sur-
feoce deformations due to the thermal effects of adsorbed flux. This requirtement on the
surface deformations nust be balanced directly against the requirement on residual figure



errors Jn the mirror surface, since bo:h errors affect the systen perforaance in the sare
way,. by degrading the wavefront quality. As another example, one of the purposes of the
coating, obviously, is to minimize the pover loss. Bowever, in doing this, the coating
also minizigzes the power absorbed by the mirror, which siniaizes the thersally induced sur-
face deformations, which mazinizes the wvavefront quality. Thus, the coating affects the
development of both arror budgets. 1In short, all of the fabrication issues (site of the
optics, radii of curvesture, coating, figure qQua.ity, and cooling systems) Buast be examined
not only in terms of practicality, but also in terms of their inter-relationships, and
their {mpact on the systen error budgets.

In the assembly and alignment area, we pust consider the sounting and sisze of the op-
tics, as well as their alignment. Por very large systams, it {s conceivable that the self
weight deflection of the mounted optics could account for s considerable portion of the
wvavefront quality error budget, although this is ustally not the case for smaller, demon-
stration systems. In sddition, care must be taken in the mounting and assembly process not
to clamp in any undue deformations into the surface. Thic can be accomplished by building
mounts that are kinematic or nearly so. Pinally, alignment methods must be provided in the
mounts which have the sensitivities dictated by the wavefront quality and power loss error
budgets. Providing highly sensitive alignment methods could affect the vibration levels
allowed ir the optics, which would then affect the wavefront Qualjty error budget.

To summarize, we have dimcussed some of the {ssuer involved in sctiing requirements on
the fabrication, assembly, and alignment. These requirements are derived from the top
level systes requirements accounted for in the optical design/syatem anslysis phase.

gysten analysis and design

In this section, we discuss in detall some additiona) issues {involved in the optical
design and the asnalysis of the resonator cavity. We also elaborate on the opto-mechanical
desxign, and the fabrication/metrology/test effort.

Optical dasign

In this and the follcwing section, we elaborate on some optical design considerutions in
an PEL system with a GIBE. In particular, we summarize in this section the corsiderations
which govern the opticai prescription of the GIO. Then, in the following section, we gum-
marize sone modelling efforts that have gone into studying and tolerancing a particula:r FEL
design. These efforts include modelling the change {n intensity distribution caused by the
GIO, as well as modelling the alignment effects peculiar to an FEL resoanator with a GIBE.
(Both of these topics are covered in more deta’l in Ref. 4.)

In a conventionral optical sys.em, when a mirror is required to change the divergence
angle of a spherical beam, a conic sectjon (such as a hyperboloid or ellipscid) is used.
8ince Gaussian-spherical beams of the type found in stable laser resonators have locally
spherical wavefronts, it {s natural to assume that a conic section, in particular a convex
hyperboloid, should be used for the GIO &n an PE. resonator. However, a given on-axis sec-
tion of a Gaussian-spherical beam has an apparent center of curvature whose axial location
depends on the axial location of the section being considered. This changes the whole
geometry, and rules out the use of a conic section. (See Pigure 1,) 1In other words, the
section of the GIO closest to the wiggler nees a different apparent center of curvature of
the bean than does the section farthest awvyy from the wiggler. Therefore, a hyperboloid is
not the required surface for maintaining the Gaussian-epherical beam charactar while
changing the divergance angle. The definition of the optimum prescription for the GI10 mur-
foce is that it is the surface in space for which, at each point, the optical path from the
real beam waist i{s equal to tha optical path from the virtual beam waist as iaaged by the
Gl0.

Tue doxoloplont of the or\llun prescription for the G10 is covered in detall in a repar-
ste paper?, It (s worthwhile to note, however, that in the end, the Jifference betwveen the
optimus prescription and a IIIYIO byperboloid which relays the real »oar waist to the vir-
tual bean walst, vas esaentially negligible in the :nrtleulnr case we studied. This war
true because, in ocur case, the GIO var many Rayleigh lengths away from the beam waist, and
becruse thr GIO was relatively short. When, the GIO is either fewer Rayleiah lengths away
from the bean wuist, or else {ongcr. the deviation firom & hyperdcloid would be more
subatantial.

Cavity analysis

In this section, we sumnarize some modelling efforte that have gone into studying and
establishing tolerances for a particular FEL design. Thesc efforts include modelling the
change in intensity distributior csused by the GIO, as wel) as wodelling the a)lignment el-
fects pecullar to an PEL resonator sith a GIBE.



We first examine the change in intonsity distribution. The GIO is dssigned o change
the local spherical curvature of the wavefront while stil]l ma’ntaining the bean's Gaussian-
spherical characteristics. 1In other words, the G100 changes the effective bsam focus (or
waist) location. The question that arises is how this optic affects the Gaussien intensity
profile. To anawer this question, we traced rays fruom the wavefront incident on the G1O to
the rellected wavefront, keeping track of each ray's relative position in the supil. Prom
the ray trace, we deternined hov each ray shiftc 128 relative location within the pupil.
The maxinum shift in the case studied was deternined to be only 2.2%t of the pupil
diameter, in & region where the intensity is only 58 of the peak. Consequently, the pupil
shifting has a negligible effect on intensity. (Por details of this analysis, see Ref. 4.)

We now turn to the analysis of wisalignment effects. PFrom the opticel description, we
bave expressions defining the phase of both the incoming and outgoing Leams at any point {n
space. Me hav ' also computed a set of points dufining the GIO surface. MNext we can apply
2 nisalignment Dy tilting or displacing the GIO in any direction and computing a nev set of
points defining the surface coordinates of the misaligned GIO. BSubstituting these values
into the expressions for phase of the two wavefronts, we can calculate the OPD applied tc
the wevefront and account for the pupil shifting that occurs. Because the pupil shifting
is different for the twvo directions {n which the light is travelling, depsnding on the mis-
alignment, the wavefront distortions may be different in the two directions. We huve
looked at six pussible types of misalignment of the GIO, displacements in x, y, and 2, .4
rotations about the x, y, and z sxes (Pigure 2). 1In order to characterize the phase aber-
ratjions due to each misalignment, we have decomposed the distortions >n each wavefront into
Sernike polynomials. Rach misslignment translates onto the wavefront primarily as some
combination of plston, tilt, focus, and astigmatisa.

In the wodelling, we ignored the piston, t¢ilt, and focus components of the wavefront
error. This was justified by a two stage srgument. First, the presence of small amounts
of these aberrations does not influence the amount of astigmatism added by the G0 either
on the first pass or on ¢he return trip. Second, the tilt and focus components of the
wavefront error aimply imply that the waiat locaticn of the statle mode will be shifted
slightly. (Piston errors are entiraly irrelevant.) In this sense, the cituation is the
same as for a conventional stable regonator: small misaligneents of one of the end mirrors
do not affect the shape of the stable mode but only the walst location. Tolerances on the
wajist locetion were met, but this {s beyond the escope of this paper. Thus, only the artig-
Batism components were relevant to this analysis,

Table 1 relates each misalignment to which astigmatiss '0 degrees or 45 degrees) is cre-
ated, and also shows the relative magnitudes of the aberrations seen by the incoming and
outgoing wave. Por the rotations, the magnitudes of the aderration are equal for the in-
coning and outgoing wave. Pot displacements, the relative magnitudes are design dependent.
Por our design, the outgojng wave showsl aberrations sbout an order of magnitude greater
than the incoming weve. The incaming wave {s defined as that coming from the wiggler and
the outgoing as that coming fron the retrosphere and directed toward the wiggler.

To summarize the modeliing effort and results, we used a physical optics prrpagation
computer code to simulate PEL resonator with a BIDE. The most important aipescts ¢aamined
were the redistrihbution of ntensity and the effects of aisalignmenta. fTh:s redistribution
ot intensity caused by the IO was fcund to be negligible. The effects of misalipnments
weie modelled in terws of Bernike polyromial coefficients. Jt was found that the most
critical miculignmente (vhose of the G10) caused various amounts of tilt, focus, and astig-
matism errors in the wuvalront. The tilt and focus esrors were interpreted in terams of
displacement of the beam waist. The astigmatism errors, however, contributed directly to a
degradalion in both the mode shape and the deam power. In fact, we found that both the
®0de shape and power losi could be modelled quite sccurately in terms of jusrt the
mivalighment-induced astiymatism. This made the dcrivation of s misalignment error budget,
in terss of system requirenentas on mode shape and power loss, & relatively straightforward
procedure.

GCIBE opto-mechanical design and fabricotion

The yrazing incidence bras expander (GIBE) consists of two mirrer elementc: & long nar-
row grating incidence optice (hyperboloid) operating at an 86 degree angle of incidence
which diverjas a pencil-like beam on to a larger conveuntional spherical retroreflector 1?7
meters away at the end nf the resonator cavity. Becsuse of the large separation between
the two mirrors, it {a ispractical to moun: the mirrors as & set {n one structure; the:e-
fore, each mirror assembly has been dasigned to have its own respective mount with sach
elanent on ite own opticsl banch. Stability of esch optical bench relative to the other
benches will be maintained in the laboratory environment,

As is seen in Pigure 3, the unusual geometry of the hyperboloid sirror (a thin, long,
narro« element of varying radius of curvature) required that noval design techniques be



enployed for fabrication and sounting. Two ~andidate materiala were investigated in the
febrication of this olement: asluminum that was diasond-turned and post polished, and glass
that was ground and polished. aAluminum, even though it {s not a vely stable material, is a
viadle choice because of the optical surface figure requirement of only 0.126 micrometer
res and the controlled laboratory temperature environsent of 70°F ¢+ SOF. A cost trsdeoff
study comparing sluninum to glass on & one piece quantity basis shows glass to be
approxisately one-balf the cost of alumfnun. PThe primary reason fer the high cost of
diamond machining is due to the elaborate fisturing required. HNoweser, for quantitiss of
tw»o or wore, &iamond machining should be considered since the cost of the second diamond
sachined eleaent would only be several thoasend dollars. Also, diam~nd machining offers
easier metrology inspection using electronic sensors of the finished optical surface as
opposed to interferometric methods. Por lowest prograa cost glast was chosen for the
grazing incidence optic baseline design. Pigure 4 shows the graeing ircidence optics in
the stage of fine grinding. Doth fused silica and Zerodur are viabla options for the glasi
materlal). Serodur war chosen because least coct and beat delivery were acsured.

To accommsodate the GIBE PEL pencil hean, the byperbdoloid mirror waa corfigured into »
thin rectangle 635 sm long x 76 mm wide = 50.8 m@ thick, The thickness of the mirror ele-
ment was based on achieving adequate structural stiffness when supported on edge through
its center of gravity as s triple span beau with outer ends free with supports spaced auch
that selr deflection at the ends is equal to center deflection (about 1 wicroinch for high
fn). 1In order to aintain the aligament tolerances of the graring incidence as specific?
by the optical des.gn (Pigure ), 8 three-point kinesatic support scheme {nsensitive to
locding and temperature ss shown in Pigure 3 was izplesented. Basically, the mirror at-
tachments consist Of one lixed reference point and two flosting points which are free to
move orthogonslly with respect to the fiyed polnt in reaponse to temperature changes wjth-
out inducing undesirable strain in the mirror. Ball joint type flexures are usad at the
nirror attacheent ends to avoid moment or mirror bending distortion. At tue Hase attach-
ment ends of the two floating supports, directional flexure biades are used for controlled
scftness {n one direction and bigh stiffnass ncreal to that direction. Buper-invar mater-
ial which matches the near sero thersal coefficient of expansion of 3eirodu: is used for the
three mounting pads which are spozy bonded to the mirror, The three mounting posts which
extend down from the invar pads strach tc a plate which ties the mirror asrambly to the
mount backing plate. A standard, commercially available mvount (DSM-12) from John Onertl
Optical Company was selected for both the hyperboloid and gpherical mirrors. The mount in
» rugqged design (cast iron base) and provides two areu of fine tilt adjustment and tnree
axes of transistion adjustment. Pine pitch acrews on the tilt axes provide the required
alignment precision as dictated by the optical tolerances. Locking nuts are included on
all adjustments to meintain stability after alignment. The DSM-12 mount also provides the
correct height of 12.0 ¢ 0.25 inches from the optical axis of sach element tu the table
surface.

The spherical lerodur mirror, having a 28 cm outside diameter and 25 cm clear aperture,
is a straightforwvard design; it {s kinematically sounted in a conventional sluminum cell at
Lhree points and held in place by flexure blades a3 shown {n Figure 6. The cell is at-
tached to the Unertl mount (DSM-12) backing plote at three pointe.

FPor checking day to day optical alignment, three tlignment referance flats (X&Z P/N
716250) bave been provided: two on hyperboloid and one on spharical retro-reflactor, The
mirror flats include targets so that you can chech position as well as angle with respect
to the line of sight.

Metrology and test

In this section, we sumsarise the critical lsrues {nvolved in meanuring both the GIO
during its fabrication, and the aystem during {ts alignment.

In order to measure the surfaces of all the mirrors in an PEL cavity except the GIO,
conventional {nterferometric technigues can be usecd, and will not be discussed here. How-
¢ver, different techniques must be used tor the GIN. The chojice of technique can depend
very heavily on the tabrication method chosen.

In particular, if the GIO ie Fabsicated with &dlamond turning techniques, then it could
te quite feasibie to uue the diamond turning machine {tself as the messuring instrument,
Although {t i{s better in theory not to uwe any device to measure {ts own performance, this
objection can he overcume and indexd has buen overcome {n sume other diamond turning
spplications. Por instance, the diamond turning machine can be used to easuze 8 cylinder
Oor a sphern which was previoucly certified by a different instrument. If the diamond
turning machine agiees vith the previous certification, then i+ is a safe aszusption that
it wiil be able to go back and raliably measure the surface of the CIO.



Ia our case, the GIO was fabiicated with convert!onal optical grinding and polishing
techniques. This called for the use of more conveational means of opticsl metrology during
favrication. Bowever, since the optic was gradually brought into its final figure from »
much costser figure, the ususl prodless of making t{o transition between coarse mechanical
setrology and fine optical setrology had to be considered.

To measure the final figure and to solve the transitioning problesc, two generic types
of optical metrology were considered. Pirst, there was the possibility of normal incidence
metrology, uling & previously certified toroid as a reference surface. And second, there
vaes the possibility of grazing incidence aetrology, using a sphere as 8 reference surface.
The two Jeneric approaches are shown in Pigure 7. The pro's and con's of each approach are
sumsarised belov.

Por the normai {nci{dence metrology approach, it would be necessary to fabricate and cer-
tity a long, concave, toroidal test plate. This is not unthinkable, but would be a major
effort. Ronetheless, it is possible that the tust plate could be used as an i1ntegral part
of the generation process of the real optic. Another dravback to the normal incidence ap-
Proach {s that there would be several fringas of interference between the test plate and
the optic, even when the real optic achieved its final figure and all relative tilt was
removed from the optics. Pinally, in favor of this pethod, normal incidence metrology of-
fers the highest sensitivity in terms of number of interferograa fringes per unit surface
deformation. Rowever, because of this high sensitivity, while the optic was in between a
coarse state and ity final figure, this method woyld be very difficult to use, since the
high sengitivity itself would isply en impractically large number of fringes. Therefore, a
separate metrology method would have to be devised for this transitior period.

Por the grazing incidence metrology approach, the reference surface could be 2 simple
Sphere, #nd there would be no interferance fringes between the test plate and the optic
when the optic achieved its finsl figure. In this approach, the sensitivity is reduced by
the cosine of the {ncidence angle, which can mean a sensitivity decrease by a factor of
ten c¢cr more. This apparent dravback, howvever, offers the posaibility of using thic same
approach during the trarsition period betwaen coarse figure and final figure.

It vas decidud to use the grezing incidence metrology approach because of the ease of
Bakirng a reference surface, because of the lack of interference fringes at the achievement
of final figure, end bezause the approuach could be used to make the transition period
easier. Because we Dad a relatively loose tolerunce on the absolute surface error on the
GIO, we did not fe«l that the loss of sensitivity was critical, especiglly given the sdvan-
tage of easing the transition period.

Pinally, the use of the grazing incidence approsch allowed us to gain experience in the
alignment proccdure. Bpecifically, ve dasigned an interferometer for performing system
alignment which shared many common features with the metroloqy interferometer. We also
specitfied an alignment monitoring system using flats whose purpose was ¢o verify “hat
alignment was majntained during laser operation, without having to turn the laser off and
re-inscall the alignment inter:iercometer.

Conclusiouns

In conclumsfon, we have designed and Labricated a Grasing Incidence Besn Zxpander. This
GIBE wiil be used in 8 breadboard demonstration to unde,stand the systems {ssuus aesociated
with 8 Free Electron Laser system. This experimental Aemonstration is a key m‘lestone in
the FEL technology. ’
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ASTICMATISH RELATIVE MACNITUDES
MISALICNMENT ORIENTATION IRCOMING OUTGOING
I-AXIS BOTATION &5 NDECREES 1 -1
Y-AX1S5 ROTATION 45 LEGREES 1 1
Z-AX1S ROTATYON 0 DEGREES 1 -1
Y=DISPLACEMENT 0 DECREES 1 Av
Y-0ISPLACEMENT 0 brcmres 1 L 14
1-DISPLACIMENT 45 LECRRES 1 [

*CONSTANTS A, B, AND C DEPEND ON THE DETAILS OF THE CISE DESIGN, BOT fEND
TO BT LARCTR THAN UWITY.

Table 11 Mlsaligumen: tolerances cf the GIO calculated from the POP code.
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