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 Introduction 

 Several  pertinent  parameters  are  frequently  overlooked  in 
 specifying  metal  mirrors  for  high  energy  /  power  laser 
 applications.  This  brief  report  points  out  the  importance  of 
 those  parameters  and  acquaints  the  reader  with  both  the  typical 
 and  optional characteristics  presently available. 
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 MIRROR  SURFACE  CHARACTERISTICS 

 In  choosing  a  metal  mirror  for  your  system  there  are  three  distinct 
 characteristics  of  the  surface  which  should  be  considered  carefully, 
 for  they  determine  the  ultimate  performance  and  cost  of  the 
 mirrors,  and,  therefore,  that  of  your  system.  They  are,  1)  Optical 
 Figure,  2)  Surface  Smoothness  (RMS),  and  3)  Scratch  and  Dig  values. 
 To  specify  too  highly  raises  cost  and  delivery  time  unnecessarily.  To 
 specify too low will degrade the system performance. 

 Mirror  “figure”  or  distortion,  is  the  overall  compliance  of  the  shape 
 of  the  mirror  surface  with  respect  to  an  ideal  configuration.  One 
 system  may  allow  a  deviation  of  a  half  wavelength,  per  inch  of 
 mirror  surface,  while  another  requires  such  good  imaging  quality 
 that  the  specifications  will  only  allow  1/40  of  a  wave  (λ/40)  total 
 deviation  over  the  entire  mirror  diameter.  Optimum  figure  is 
 usually  specified  over  only  80%  of  the  diameter  since  some  rollo� 
 (rounding)  will  often  occur  at  the  edge  of  the  mirror.  This  condition 
 can  be  avoided  by  additional  time  and  cost  if  absolutely  necessary. 
 Scraper and coupling mirrors are typical examples. 

 A  parameter  frequently  required  is  the  smoothness  of  the  optical 
 figure.  To  specify  a  λ/10  surface  sphericity  or  flatness  means  that 
 the  surface  may  have  several  λ/10  deviations.  In  most  cases  these 
 deviations  come  in  the  form  of  zones  or  zonal  irregularities.  To 
 specify  a  “λ/10  surface  free  of  zones”  is  erroneous  unless  a  tolerance 
 is  placed  on  the  zones.  An  acceptable  specification  would  be  to 
 describe  the  optical  figure  as  λ/10,  smooth  to  λ/10  peak-to-peak, 
 with  λ  /20  RMS  (see  Figure  1).  Also,  the  numerical  value  for  λ  must 
 always  be  given,  such  as  λ  =  10.6  micrometers.  Generally,  metal 
 mirrors can be figured as accurately as glass components. 
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 Optical Figure Smoothness 
 FIGURE  1 

 An  ambiguity  can  occur  with  spherical  mirrors  in  specifying  a 
 tolerance  on  the  radius  of  curvature,  particularly  on  small  diameter 
 long  radius  mirrors  (≥20  meters),  when  comparing  that  tolerance  to 
 mirror  figure.  Consider  an  example  of  a  6”  diameter  spherical 
 mirror  with  specified  radius  of  curvature  of  30  meters  ±  0.5%,  and  a 
 sphericity  (“figure”)  of  λ/4  at  10.6  micrometers.  The  ±  0.5% 
 tolerance  on  the  radius  of  curvature  requires  a  0.5  micrometer  or 
 λ/20  sphericity.  Thus,  the  specified  sphericity  of  λ/4  is  not 
 applicable  and  the  cost  would  have  to  be  based  on  a  λ/20  mirror. 
 Commonly  available  tolerances  on  radii  of  curvature  are  shown  in 
 Table  1.  Tolerances  as  close  as  0.05%  to  0.1%  are  available,  in  most 
 cases, on request. 

 Figure  2  shows  a  spherical  mirror  with  a  sphericity  (exaggerated  for 
 clarity)  of  λ/10.  The  surface  figure  shown  is  arbitrary  and  is  not 
 necessarily typical. 
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 Standard Available Tolerance on Radius of Curvature 

 Diameter  1M  5M  10M  20M 

 of Mirror  ±  ±  ±  ± 

 1"  1%  5%  10%  20% 

 3"  0.10%  0.50%  1%  2% 

 6"  0.03%  0.15%  0.30%  0.60% 

 Table 1 

 Radius Versus Figure 
 Figure 2 
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 Mirror  surface  figure  may  also  be  overspecified  in  the  di�raction 
 limit  and  various  aberrations  are  not  taken  into  account.  Along  with 
 calculating  the  di�raction  limit,  the  spherical  aberration  should  be 
 known;  and  if  the  beam  is  o�-axis  with  respect  to  the  mirror’s 
 optical  axis,  then  astigmatism  and  coma  must  also  be  known.  A 
 comprehensive  explanation  of  these  characteristics  can  be  found  in 
 Chapter  10  of  the  Handbook  of  Military  Infrared  Technology 
 available  from  the  Superintendent  of  Documents,  U.S.  Government 
 Printing  O�ce,  Washington,  D.C.  20402.  The  equations  are 
 summarized  below,  in  which  β  is  the  angular  width  of  the  minimum 
 blur  spot,  B  is  the  actual  diameter  of  the  image  spot  size,  F  is  the 
 focal  length,  D  is  the  diameter  of  the  mirror,  and  θ  is  the  half-angle 
 between the incident and reflected beam.  All angles are in radians. 

 Di�raction β = 2.44 λ/D  B = 2.44 λ (F/D) 
 Spherical Aberration β = 0.0078/(F/D)³  B= 0.0078 F/ (F/D)³ 
 Sagittal Coma β =0.0625 θ/(F/D)²  B= 0.0625 θF/(F/D)² 
 Astigmatism β = 0.5 θ²/(F/D)  B= 0.5 θ²F/(F/D) 

 In  addition  to  mirror  figure,  there  are  micro-ripples  in  the  surface, 
 depicted  in  Figure  3.  These  ripples  cause  absorption  and  scattering 
 of  the  light  beam.  The  peak-to-valley  depth  of  the  ripples  are 
 specified  by  RMS.  A  mirror  with  70Å  RMS  will  have  a  noticeably  dull 
 appearance  when  compared  to  a  high  quality  mirror  of  25Å  RMS  or 
 better.  A  70Å  RMS  mirror  can  conceivably  be  cleaned  with  a 
 dampened  cotton  swab  without  introducing  any  visible  scratches 
 because  the  physical  size  of  the  scratches  themselves  are  on  the 
 order of RMS. 

 A  high-quality  (≤25Å  RMS)  mirror  requires  special  cleaning 
 techniques  because  microscopic  scratches  occur  very  easily.  A  very 
 small  scratch,  on  the  order  of  60  angstroms,  will  stand  out  and  be 
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 easily  recognized  because  of  the  sharp  contrast  between  it  and  the 
 25Å RMS background RMS. 

 Surface Smoothness 
 FIGURE 3 

 Characteristics  closely  associated  with  RMS,  but  quite  distinct  from 
 RMS,  are  scratches  and  digs.  MIL-O-13830A  defines  scratch  and  dig 
 specifications  for  optical  surfaces.  Figure  4  illustrates  a  mirror  with 
 a scratch or dig shown in cross section. 

 Scratch / Dig Versus RMS 
 Figure 4 
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 When  specifying  the  surface  quality  of  metal  mirrors,  it  is 
 imperative  that  the  RMS  be  specified  in  conjunction  with  the  scratch 
 and  dig  code  (See  Table  II).  MIL-0-13830A  states  that  in  some  cases 
 scratches  and  digs  that  are  smaller  in  size  than  a  given  numerical 
 value  will  be  ignored.  If  a  scratch/dig  (S/D)  of  40/20  is  specified,  the 
 mirror  may  still  contain  hundreds  of  smaller  scratches  and  digs,  and 
 still  be  considered  acceptable.  This  problem  is  eliminated  by 
 specifying  RMS.  Table  II  o�ers  comparative  quantitative  values 
 between RMS and scratch/dig. 

 As  comparative  examples,  consider  two  mirrors  whose 
 specifications  are  150Å  RMS,  10/10  scratch  and  dig  for  the  first 
 mirror;  and  20Å  RMS,  80/50  scratch  and  dig  for  the  second  mirror. 
 The  10/10  specification  of  the  first  mirror  is  an  impressively  fine 
 scratch  and  dig  value  but  the  150Å  RMS  severely  degrades  the  mirror 
 quality  because  of  its  dull  surface.  Too  much  of  the  light  is  scattered; 
 it  is  not  a  good  specular  mirror.  The  second  mirror  would  appear  to 
 have  an  extremely  smooth,  bright  and  shiny  appearance  with  the 
 exception  of  one  or  more  severe  gashes  here  and  there.  It  becomes 
 clear  why  RMS  must  be  specified  with  the  scratch  and  dig  code  (See 
 Figure  5).  Copper  mirrors,  of  su�ciently  high  quality  (45Å  RMS),  do 
 not  show  tendency  to  oxidize  or  degrade  in  normal  laboratory 
 environments even after several years of use and exposure. 

 Mirrors  of  the  highest  quality  are  supplied  with  20Å  RMS  surfaces  in 
 both  pure  copper  and  molybdenum  in  which  the  surface  quality  is 
 determined  solely  by  this  surface  roughness.  That  is,  the  surface  is 
 essentially  flawless,  completely  free  of  scratches  and  digs  to  the 
 unaided  eye,  and  is  referred  to  as  a  0–0  scratch/dig.  The  0–0 
 scratch/dig  is  not  defined  in  MIL-O-13830A.  It  was  generated  by 
 SPAWR  in  accordance  with  the  capability  to  produce  such  surfaces, 
 in  polycrystalline  metals,  and  the  need  by  the  industry  to 
 quantitatively  qualify  them.  Polycrystalline  metal  components  of 
 20Å RMS represent the state-of-the-art and provide low scatter and 
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 Scratch/ Dig per MIL-O-13830A 
 Figure 5 
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 SCRATCH/DIG - RMS RELATIONSHIP TABLE 

 The  normal  range  of  RMS  values  for  high  quality  metal  mirrors 
 extends  from  10  to  70  Å  RMS.  “Super-polished”  surfaces  are  ≤35Å 
 RMS  over  the  clear  aperture  and  the  scratch  and  dig  code  does  not 
 apply. 

 Maximum 

 Å RMS  Micron  Centimeters  Inches  Scratch*  Dig 

 10  0.001  10⁻⁷  0.04 x 10⁻⁶ 

 100  0.01  10⁻⁶  0.4 x 10⁻⁶ 

 1,000  0.1  10⁻⁵  0.000004 

 10,000  1  0.0001  0.00004  1 

 100,000  10  0.001  0.0004  10  1 

 10⁶  100  0.01  0.0039  100  10 

 10⁷  1,000  0.1  0.03937  100 

 10⁸  10⁴  1  0.3937 

 *  The  maximum  allowable  cumulative  length  of  the  specified  size  scratches  must  not 
 exceed  ¼  of  the  diameter  of  the  clear  aperture.  The  scratch  values  shown  are  deduced  from 
 MIL-O-13830A  and  associated  references.  There  are  no  direct  measurement  methods  to 
 determine scratch width. 

 TABLE II 

 the  highest  laser  damage  threshold  for  the  longer  wavelengths,  ≥2.7 
 micrometers.  This  is  due,  in  part,  to  the  low  absorption  a�orded  by 
 these  surfaces.  The  total  integrated  scatter  of  these  mirrors  is 
 typically 0.05%. 

 Such  quality  understandably  costs  up  to  four  times  the  price  of 
 standard  Laboratory  Grade  Copper  (LCu  )  mirrors,  and  should 
 therefore  not  be  specified  for  a  system  unless  absolutely  necessary. 
 The  pure  copper  LCu  mirrors  themselves  have  impressive 
 specifications.  RMS  values  are  30Å,  scratch  and  dig  are  20/10  or 
 better  and  flatness  or  sphericity  is  λ/20  at  λ=10.6  µm.  This  is  also 
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 referred  to  as  two  fringes  or  one  wave  in  the  visible.  The  LCu  quality 
 mirrors  cover  ∼95%  of  all  industrial  and  military  needs,  including 
 annular  and  multiple  perforated  laser  coupling  mirrors,  cylindrical 
 mirrors,  lightweight  and  thermally  stabilized  mirrors  for  inertial 
 and  flight  systems  and  cryogenic  applications  such  as  in  low 
 background  long  wave  infrared  (LWIR  )  spaceborne  telescope 
 systems.  Materials  such  as  Kanigen™  (nickel  coatings)  are  usually 
 easier  to  polish  than  pure  copper,  but  o�er  lower  damage  thresholds 
 at  the  longer  wavelengths,  >1.06  µm.  Kanigen™  and  gold  coatings 
 may  also  have  a  tendency  to  peel,  after  repeated  high  energy  pulses, 
 due  to  thermally  induced  stresses  set  up  between  the  substrate  and 
 the  coatings.  Presently  there  are  few  high  production  sources  of  30Å 
 surfaces in the pure bulk copper. 
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 MIRROR SURFACE DAMAGE THRESHOLD 

 In  high  energy  pulsed  laser  systems  there  exists  the  very  real 
 problem  of  mirror  surface  damage  from  overexposure.  For  a 
 relatively  ideal  mirror,  that  is,  a  mirror  free  of  scratches,  pits, 
 surface  flaws  or  embedded  polishing  compounds,  the  upper  limiting 
 damage  threshold  mechanism  is  the  localized  melting  of  the  mirror 
 material.  The  laser  induced  damage  threshold  is  determined  by  the 
 characteristics  of  the  material  and  the  ambient  temperature  of  the 
 mirror.  Embedded  polishing  materials  were  a  common  defect,  but 
 have  been  virtually  eliminated  by  advanced  polishing  techniques, 
 developed  in  the  early  1970’s.  Therefore,  the  mirrors  evaluated  and 
 discussed  here  may  be  considered  to  be  practically  free  of  this  type 
 of problem. 

 Damage  to  the  mirror  surface  occurs  in  several  ways.  For  uncoated 
 copper  mirrors,  the  first  level  of  damage  appears  to  be  a  microscopic 
 shift  or  fracture  of  the  crystalline  bond  structure  (crystalline 
 boundary)  of  the  material  (See  Photograph  No  1).  In  general,  this 
 degrades  the  surface  smoothness  (RMS)  and  the  reflectance  in  the 
 vicinity  of  the  exposed  area  and  causes  a  drastic  electromagnetic 
 field  increase  near  the  discontinuities.  The  amount  of  scattered  light 
 is  increased  and  the  lowered  reflectance  leads  to  an  increased 
 absorption  of  power,  which  in  turn  further  damages  the  surface  and 
 reduces  reflectance.  Clearly,  a  localized  thermal  runaway  condition 
 exists  under  these  circumstances.  The  shifting  crystals  eventually 
 give  way  to  surface  melting  and  finally  a  crater  (See  Photograph  No. 
 2)  is  formed,  frequently  amidst  a  shower  of  surface  plasma 
 breakdown arcing, termed electron avalanche breakdown. 

 Dielectric  coated  mirrors  can  experience  a  similar  fate,  or  a 
 significantly  di�erent  phenomena  may  occur.  It  has  been  observed 
 in  instances  where  the  dielectric  coating  on  low  RMS  copper  mirrors 
 has  been  damaged,  only  to  be  ablated  away  in  a  self  cleaning  action 
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 by  repeated  laser  pulses.  The  phenomenon  is  generally  accompanied 
 by  surface  arcing  in  which  the  ablated  material  is  blown  away  in  a 
 manner  similar  to  ion  polishing.  In  many  cases,  after  the  coating 
 has  been  thus  peeled  away,  no  further  damage  occurs  unless  the 
 bare  metal  surface  is  exposed  to  a  corrosive  atmospheric 
 environment. 

 Photograph No. 1 - Fracture at 
 crystalline boundary in OFHC copper 

 mirror. Nomarski 98X 

 Photograph No.2 - Damage site in 
 OFHC copper mirror. Note fractures 

 extending out from the crater. 
 Nomarski 98X 

 The  dissipation  of  absorbed  power  in  the  case  of  a  uniformly 
 exposed  mirror  is  relatively  easy  to  calculate,  as  only  one 
 dimensional  heat  flow  in  a  semi-infinite  medium.  For  a  relatively 
 small  exposed  area  the  problem  should  be  treated  as  a 
 three-dimensional  heat  flow  method  but  as  yet  the  general  solution 
 for  this  case  has  apparently  not  been  derived.  2,3  Still,  if  the  thermal 
 penetration  depth  is  relatively  small  compared  to  the  diameter  of 
 the  beam,  then  the  absorbed  power  at  the  center  of  the  exposed  area 
 can  be  treated  as  a  one  dimensional  case,  and  this  is  the  area  where 
 damage is most likely to occur. 
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 The  solution  to  the  one  dimensional  flow  equation  for  a  uniformly 
 irradiated, semi infinite, medium is: 

 Where 
 A is the surface absorptance, A =1-R 
 R is the surface reflectance 
 H is the incident flux density in watts/cm  2 

 K is the thermal conductivity 
 Р is the density 
 s is the specific heat 
 t is the exposure time in seconds 
 T  o  is the initial (ambient) temperature. 

 2  Some specific cases are treated by K. Bragger, “Exact  Solutions for the 
 Temperature Rise in a Laser Heated Slab,”  J. Appl.  Phys.  , Vol. 43, No. 2, 
 February 1972. 

 3  H. S. Carslaw and J. C. Jaeger,  Conduction of Heat  in Solids  , 2nd edition 
 (Oxford University press, Amen House, London E.C 4) 1959. 
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 Since we are interested in the time required to bring the mirror 
 surface up to the melt temperature, we let x = 0 and set T=T  m  , the 
 characteristic melt temperature of the mirror. This yields 

 AH  = (T  M  - T  o  )  𝑡 π 𝐾𝑝𝑠  /2 

 which  is  a  constant  for  each  material.  The  initial  damage  threshold 
 is  defined  here  as  a  shifting  of  the  crystalline  boundaries  which 
 appears  to  occur  at  or  very  near  the  characteristic  melt  temperature 
 of  the  material.  The  heat  of  fusion  required  to  melt  the  material  is 
 therefore  omitted  which  would  otherwise  raise  the  threshold 
 accordingly. 

 The  reflectance  is  a  function  of  wavelength  and  surface  smoothness 
 (RMS)  for  each  material.  Optimum  values  for  bare  copper, 
 molybdenum and evaporated gold coating(s) are shown in Table III. 

 Note  that,  in  practice,  the  bare  polished  copper  has  a  higher 
 reflectance  than  commercially  available  evaporated  gold  surfaces  at 
 the  longer  wavelengths.  Reflectance  measurements  on  commonly 
 available  components  at  the  shorter  wavelengths  appear  rather 
 sparse. 

 These  values,  along  with  the  materials’  physical  property  constants, 
 yield values of H  as shown in Table IV.  𝑡 
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 Reflectance 
 μ = micrometers wavelength 

 Material  RMS  10.6μ  4μ  2.7μ  1.06μ 

 Cu  23Å#  0.992**  0.992  0.992  0.981 

 Mo  18Å#  0.983*  ----------  ----------  ---------- 

 Mo  30Å  0.981*  ----------  ----------  ---------- 

 Typical 

 Evaporated 

 Coatings on 

 Glass 

 Au  <25Å  0.984  ----------  ----------  0.982 # # 

 Ag  <25Å  0.989  ----------  ----------  0.989 # # 

 #Scatter- China Lake NWC 
 ##Fort Belvoir 
 * Multiple bounce reflectometer Kirtland AFB 
 ** Calorimeter Kirtland AFB 

 Table III 

 Theoretical Damage Threshold H  𝑡 
 W  /cm² or  J/cm²  𝑠  𝑠 

 From Measured Reflectance 
 μ= micrometers wavelength 

 Material  10.6μ  4μ  2.7μ  1.06μ 

 Cu  4.4 x 10⁵  4.4 x 10⁵  4.4 x 10⁵  1.8 x 10⁵ 

 Mo  2.7 x 10⁵ 
 ---------- 

 -- 
 ---------- 

 -- 
 ---------- 

 -- 

 Au  1.6 x 10⁵ 
 ---------- 

 -- 
 ---------- 

 --  1.2 x 10⁵ 

 Ag  2.5 x 10⁵ 
 ---------- 

 -- 
 ---------- 

 --  2.5 x 10⁵ 

 TABLE IV 
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 It  is  seen  that  the  optimum  way  to  specify  incident  loading  on  the 
 mirror  is  to  specify  the  wavelength  and  either  the  product  H  ,  𝑡 
 which  is  the  product  of  the  power  density  in  watts/cm²,  and  the 
 square  root  of  the  pulse  width,  or  J/  ,  which  is  the  energy  density  in  𝑡 
 joules/cm²  divided  by  the  square  root  of  the  pulse  width.  In  any  case, 
 the  wavelength  and  initially  two  of  the  three  remaining  beam 
 parameters (W/cm², J/cm² and pulse width) must be known. 

 It  has  been  observed  at  lower  flux  densities  (∼200KW/cm²)  and 
 longer  pulse  widths  (∼10  seconds)  that  the  molybdenum  mirrors 
 have  shown  higher  damage  thresholds,⁴  while  at  shorter  pulses  and 
 higher  densities  the  copper  mirrors  are  the  superior.  However,  at 
 pulse  widths  of  several  tenths  of  a  second  or  more  a  three 
 dimensional  analysis  is  mandatory,  and  also  a  significant  amount  of 
 thermal  distortion  can  occur  and  an  actively  cooled  mirror  should  be 
 considered to minimize this problem. 

 Figure 6 illustrates the damage threshold levels for copper mirrors. 

 ________ 

 4  Tests performed by Captain T.T Saito. Kirtland AFB,  NM, using a beam 
 focused to a small spot size. 
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 Data Point Reference for Figure 6 
 μ= Micrometers wavelength 

 1.  23Å RMS surface 0.4 J/cm² @ 50 psec @ 1.06μ, Damage similar to photograph 
 No.1, Brian Newnam, Los Alamos Scientific Lab. 

 2.  35Å RMS surface 2J/cm² @ 1 nsec @10.6μ small spot; 1 J/cm² @ 1 nsec @10.6μ, 
 large aperture. Continued operation, no damage incurred. Dr. W. Reichelt, Los 
 Alamos Scientific Lab. 

 3.  35Å RMS surface 2-4  J/cm² @17 nsec @ 1.06μ, dielectric overcoat. Cincinnati 
 Electronics. 

 4.  23Å RMS surface 10J/cm² @ 50 nsec @3μ, Dr. Peter Lyons, Los Alamos 
 Scientific Lab (note: Surface contaminated before test) 

 5.  23Å RMS surface 225-290 J/cm² @ 0.6 micro sec @10.6μ 200 J/cm  2  after 8 
 pulses, Victor Wang, Hughes Research labs. 

 6.  23Å RMS surface 1000 J/cm² @ 100 micro sec @5μ    Northrop mirror and 
 damage studies, Dr. Dennis Rice, Northrop Corporate Labs. 

 7.  23Å RMS Molybdenum surface >200 KW/cm² @ 10sec  @10.6μ, uncooled, 
 uncoated, no damage,Captain Theodore T. Saito, Kirtland AFB. 

 8.  23Å RMS copper surface ≥40 KW/cm² @ 10 sec @10.6μ, uncooled, Captain 
 Theodore T. Saito, Kirtland AFB. 

 9.  30Å RMS Surface 10.5-11 J/cm² @ 1 nsec @10.6μ 4-5mm spot size. 

 NOTES: Except as noted, all tests are small diameter spot sizes on copper mirrors by 
 SPAWR . All data points indicate actual damage sites similar to photograph No. 2, unless 
 otherwise noted. 

 *  Three dimensional analysis for finite thickness and/or water-cooled mirrors are 
 recommended for pulse widths ≥0.1 seconds. 
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 PASSIVE OR ACTIVE COOLING 

 The  choice  of  passively,  or  actively  cooled  mirrors  must  be  based  on 
 several  parameters.  Of  consideration  are  the  flux  density,  pulse 
 width,  repetition  rate,  and  the  allowable  thermal  distortion. 
 Generally,  a  rise  of  a  few  tenths  of  a  degree  can  result  in  several 
 fringes  deformation  of  a  copper  or  molybdenum  mirror.  For 
 continuous  wave  (cw)  applications,  molybdenum  mirrors  usually 
 show  less  distortion,  and  a  higher  damage  threshold  than  copper, 
 but  are  significantly  more  expensive.  An  actively  cooled  mirror 
 might  be  considered  when  the  incident  flux  density  approaches  50 
 to  100  W/cm²,  when  the  running  time  exceeds  0.1  seconds,  the  pulse 
 repetition  time  is  less  than  10  seconds  and  the  maximum  distortion 
 level  is  λ/20  or  less  at  λ=10.6  µm  (2  fringes  in  the  visible).  These 
 numerical  values  are  not  intended  as  firm  data  points,  but  as  rough 
 guidelines.  Each  system  will  have  to  be  approached  on  its  own 
 merits and required performance parameters. 

 It  is  a  relatively  standard  practice  to  hold  thermally  induced 
 distortion  to  λ/10  (@λ=10.6  micrometers)  at  incident  flux  densities 
 up  to  1  KW/cm².  Very  little  price  increase  over  a  passive  mirror  is 
 encountered  for  this  type  of  requirement.  The  price  will  rise  roughly 
 proportional  to  flux  density  for  this  distortion  level.  The  price  will 
 also  increase  roughly  inversely  proportional  to  the  allowed 
 distortion.  A  λ/40  mirror  will  cost  about  3-5  times  more  than  a  λ/10 
 mirror. 

 The  development  of  actively  cooled  mirrors  which  maintain 
 distortion  levels  below  λ/20  at  10.6  micrometers,  when  irradiated 
 with  flux  densities  of  3  KW/cm²  or  more,  requires  aggressive  cooling 
 technology.  This  technology  has  been  shared  and  used  by  a  small 
 number  of  organizations.  They  are  Garret  Airesearch,  Pratt  & 
 Whitney,  Hughes  Aircraft,  Ball  Aerospace,  Bell  Aerospace,  Boeing 
 Aircraft,  SPAWR  Industries,  and  Rockwell  International.  A  typical 
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 distortion  number  is  <λ/10  distortion  at  10.6  micrometers  with  >150 
 KW/cm² incident flux density. 

 Coolant  pressures  and  flow  rates  typically  extend  from  20  to  600  PSI 
 and  1  to  ≥50  GPM  respectively,  depending  on  the  mirror  size  and 
 allowable  thermal  distortion.  The  flow  varies  with  the  square  root  of 
 the  pressure.  Considerably  more  flow  is  required  than  may  be 
 initially  anticipated  in  order  to  maintain  a  low  distortion  level.  The 
 steady state distortion is a direct function of the flow rate. 
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 MIRROR TYPE AND SHAPE VS. COST 

 Simple  circular  mirrors  with  flat  or  concave  spherical  figures  are  the 
 lowest  cost  to  produce.  And,  surprisingly,  many  times  this  type  will 
 su�ce  when  di�raction,  coma,  astigmatism  and  allowable  imaging 
 tolerances  are  taken  into  account.  Next  time  an  f/5  o�-axis 
 parabolic  mirror  is  indicated,  the  user  may  consider  a  simple  f/5 
 spherical  mirror.  You  may  be  able  to  purchase  a  spherical  mirror  for 
 as  little  as  1/20  of  the  price  of  the  o�-axis  paraboloid  without 
 sacrificing performance. 

 There  are  other  money  saving  alternatives  to  purchasing  o�-axis 
 paraboloids.  Often  a  cylindrical  mirror  in  conjunction  with  a 
 spherical  mirror  may  correct  for  astigmatism  and  the  two  mirrors 
 may  be  purchased  for  less  than  one  o�-axis  paraboloid.  Two 
 appropriately  designed  spherical  mirrors  can  also  replace  an 
 o�-axis  paraboloid  while  eliminating  all  spherical,  coma  and 
 astigmatic aberrations, and enjoy significant cost savings. 

 The  basic  envelope  design  layout  of  a  mirror  should  avoid  tight 
 tolerances  on  overall  thickness.  Tolerances  should  be  at  least 
 ±0.005”  but  need  not  exceed  ±0.020”  in  most  cases.  The  optimum 
 overall  thickness  should  be  at  least  1/6,  but  less  than  1/3  of  the 
 diameter.  Water-cooled  mirrors  are  typically  thicker  than  standard 
 passive  mirrors,  and  appropriate  allowance  should  be  made  in  the 
 system  design  stages.  For  large  mirrors,  the  back  side  of  the  mirror 
 should  approximate  a  relatively  simple  flat  plane.  The  optimum 
 mounting  configuration  to  avoid  warping  is  by  means  of  a  small 
 diameter  bolt  pattern  in  a  slightly  protruding  boss  at  the  center  of 
 the  mirror  back.  The  boss  diameter  should  be  1/10  to  1/4  of  the 
 mirror  diameter  and  protrude  0.010”  to  0.050”  from  the  back.  The 
 mirror  can  be  warped/bent  10  fringes  or  more  quite  easily  by 
 improper mounting techniques. 
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 Design features which increase manufacturing costs include: 

 ●  Square  or  rectangular  mirrors  (prices  are  based  on  the 
 diagonal dimension). 

 ●  Annular  mirrors,  coupling  mirrors,  with  many  small  holes, 
 especially  holes  under  ⅛”  diameter  or  holes  with  more 
 than 2 degrees total taper angle. 

 ●  Mirrors  which  must  be  figured  over  more  than  80%  of  the 
 diameter. 

 ●  Mirrors  with  irregular  backs  or  mounting  surface 
 configurations. 

 ●  Mirrors which are too thin for accurate figuring. 

 Mirror  costs  rise  approximately  proportional  to  1.5  times  the 
 increase  in  diameter.  Prices  are  roughly  inversely  proportional  to 
 the  requirements  of  the  mirror  figure  and  rise  about  twice  the  rate 
 of the reciprocal RMS and scratch and dig specifications. 

 One  last  important  point  is  concerning  customer  supplied  mirror 
 blanks.  Mirror  producers  stipulate  many  salient  features  in  their  raw 
 material  in  order  to  ensure  high-quality  surfaces.  These  features  are 
 usually  not  specified  in  customer  supplied  blanks  and  the  producer 
 is  hard  pressed  to  guarantee  more  than  a  “  best  e�ort”  for  surface 
 quality.  He  may  have  to  charge  a  higher  price  than  he  would 
 normally  charge  to  supply  a  complete  mirror  using  his  own 
 material  because  he  cannot  accurately  anticipate  the  additional 
 work  required  to  guarantee  the  specified  surface  with  customer 
 supplied  material.  Customer  supplied  water-cooled  mirror  blanks 
 present  an  even  more  complicated  problem  because  of  the 
 possibility  of  a  void  in  the  face  plate  bond,  or  a  delamination  of  the 
 bond  after  the  mirror  is  partially  polished.  To  guarantee  mirror 
 quality  and  performance  the  producer  should  be  allowed  to 
 manufacture the complete mirror if at all possible. 
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 CARE AND HANDLING OF METAL MIRRORS 

 The  most  common  forms  of  mirror  damage  is  by  dropping  or 
 improper  handling.  All  too  frequently  a  low  scatter  mirror  will 
 remain low scatter until it is unpacked and installed in the system. 

 Some warnings against common faults include the following: 

 1.  Don’t  talk  or  breathe  over  a  mirror  surface,  and  NEVER 
 attempt  to  blow  o�  dust  particles.  The  acids  in  breath  moisture 
 and  saliva  can  etch,  oxidize  and  destroy  a  metal  mirror  surface 
 instantly.  Use  low  pressure  DRY,  filtered,  compressed  gas  to 
 remove loose dust particles. 
 2.  Don’t  allow  your  fingers  to  touch  a  mirror  surface.  Skin  oils 
 may  also  etch  surfaces  and  any  attempt  to  remove  fingerprints 
 is almost guaranteed to produce micro-sleeks as a minimum. 
 3.  Don’t  forget  that  pure  copper  mirrors  are  extremely  soft. 
 Treat them as soft uncured clay and you won’t be far wrong. 
 4.  Don’t  use  mineralized  tap  water  or  harsh  chemicals  to 
 clean  the  surface.  A  distilled  water  rinse  followed  instantly  by  a 
 dry  low  pressure  gas  will  remove  all  but  the  most  stubborn 
 particles. Never rub the surface. 
 5.  Don’t  mount  the  mirror  in  a  way  that  may  warp  the 
 surface.  A  λ/20  mirror  can  end  up  having  a  2λ  surface,  or  worse, 
 quite  easily  when  mounted  improperly  or  by  overtightening  the 
 mounting sc  rews. 

 A  mirror  should  be  packed  and  sealed  in  a  clean  environment.  It 
 should  be  opened,  used  and  stored  in  one  as  well.  It  is  realized  that 
 some  mirrors  are  used  in  desert  sand  storms  or  at  sea  and  are 
 sometimes  used  as  perches  or  targets  by  our  feathered  friends.  It 
 happens! 
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 To  clean  the  surface,  as  a  last  resort,  use  a  single  lens  tissue  well 
 moistened  with  water-free  methyl  ethyl  ketone  or  acetone(MEK  is 
 preferred)  and  drag  the  free  end  of  the  tissue  lightly  across  the 
 surface.  This  will  produce  micro-sleeks  in  soft  surfaces,  and  should 
 not be done unless absolutely necessary. 
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