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Abstract 

The properties of convex grams fabricated by electron-beam  lithography are investigated.  Three 

grating  types  are shown. The first is a  single-panel,  true  blazed  grating  in  which the blaze  angle 

stays  constant  relative to the local surface normal. This grating  provides high peak efficiency, of 

approximately 88% in the first order and 85% in  the  second order. The second  grating has two 

concentric  panels, with each  panel  blazed  at  a  different  angle. This type  allows  flexibility in 

matching the grating  rmponse  to  a &ired form.  The third type has a  groove shape that departs 

from the sawtooth  blazed  profile in order to increase the second order bandwidth. All these types 

are very difficult or impossible to produce  with  conventional  techniques. The gratings  compare 

favorably  with  conventional  (holographic and ruled) types in tenns of  efficiency  and scatter. 

Simple  scalar models are shown to  predict  accurately the wavelength  response. These gratings 

allow the optical  designer to fully realize the considerable  advantages of concentric  spectrometer 

forms. 
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1. Introduction 

Spectrometer  forms  utilizing  concentric  optical  systems'"  have been identified as offering a number 

of  advantages.'  Of the various  concentric forms, the Offi~er spectrometer6*'  stands  out  for  its 

compact  size,  use  of  only  three  reflective  surfaces, and excellent  optical  correction. This 

spectrometer  form  is  very  well suited to the requirements of pushbroom  imaging 

A typical  Offner  spectrometer  ray  trace  is  shown  in  Fig.  1.  The  grating  is  the  aperture  stop,  and  is 

on the second mirror. The design is telecentric, with a nominal  magnification  of - 1. The primary 

and tertiary mirrors can sometifnes be part of the same curve,  but  decoupling the two curvatures 

and separations  can be important  for  good  optical  currection  at  low  f-numbers. The example  shown 

in  Fig.  1  achieves nearly diffraction-limited  image  quality and submicron  distortion  over the 

wavelength  band 0.4-lpm, with  an  f-number  of  2.8,  slit  length  of  1.2cm  and  spectral  resolution  of 

3nm using  12pm  square  pixels  and lo00 spatial  pixels. The design utilizes  only  centered  spherical 

surfaces.  Similar performance is  possible with designs  spanning  the  range  from the uv to the IR up 

to 12pm.  Non-imaging  versions,  where  distortion  and  large  field  are  not  important,  can be made 

extremely  compact  and  match  a wide variety of  focal  plane  array  formats. 

The  advantages  of  the  Offner  spectrometer  form are made  possible  by the convex  grating. 

Gratings formed on  curved  (usually  concave)  substrates are of  course  not new, and some  of their 

pemharities have been e~plored.'~*'~ When the curvature  of the substrate  is  significant, it is 

common  practice to  change the slope  of the diamond  cutting  tool so as to  maintain  an 

approximately  constant  blaze  angle. This results  in  a  multipanel  grating  (each  panel ruled with a 

fixed tool  angle),  which  typically has a  spectral  resolution  equal  to  that of one panel  since  it is not 

possible  to  control  exactly the phase  change  between  panel^'^. This problem  is  exacerbated  in the 

Offner design, in which the blaze  angle  is  typically  low,  on the order of a few  degrees,  but  the 

curvature of the substrate  is  considerable.  Depending  on the f-number of the system, the arc which 
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the  grating  must  cover  is  generally  more  than a few  degrees.  Thus,  the  variation in the  blaze  angle 

for a fixed ruling tool  would be much  greater than the blaze  angle  itself,  unless  the  grating  were 

ruled  over  several  panels. 

Holographic  gratings do not  suffer  from  this  problem,  but  cannot  generally  match  the 

efficiency  of  their  ruled  counterparts,  unless  ion-etched  to  produce a groove  profile  that 

approximates  that  of  the  ruled  grating.  However,  for  the  type  of  grating  described  above, the 

direction  of the etch  must  change  for  nearly  every  groove,  thus  adding  a  significant  technical  hurdle 

to this  technique. I 

Electron-beam @-beam) lithography offers a way of making  gratings  on  such  convex 

substrates  that  is  considerably  more  flexible than ruling or holographic  techniques. 1618 In  this 

paper, we report  experimental  results  obtained  from  such  gratings, as well as a brief  comparison 

with  traditional ruled and  holographic  gratings. The E-beam  technique  can  produce  gratings with 

no  variation in blaze  angle  across the entire  grating  surface,  independent  of  substrate  convexity  up 

to  a  certain  limit.  It  also  offers the possibility  of  controlling the shape of the groove  in order to 

achieve a desired  diffraction  efficiency  curve, and to  construct  multipanel  gratings  with  an 

arbitrary  panel shape, number  of  grooves,  groove  spacing  etc. 

Excimex  laser  writing or ablation  is  also  a  technique  that  is  potentially  comparable with E- 

beam lithography in teams of However the blazed grating structures reported 

suffered  from  groove  irregularity  that  limited the peak efficiency  to  around 70%.” 

2. Summary of the E-beam fabrication method. 

“6’8 involves  first  coating the flat or low  sphericity  substrate with a  thin (2 - 3 pm) film 

of  polymethyl  methacrylate (PMMA, Plexiglas)  using  a  standard  semiconductor  fabrication  spin- 

coater.  The  grating  pattern  is  written  by  an  electron beam lithography  tool  using,  typically,  a 50 
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kV, 2 mA, 0.5 pm  waist beam. In order to  produce  flat,  blazed  surfaces, it is  necessary  to 

compensate  for both (a) the nonlinear  response  of the PMMA  and (b) the E-beam 'proximity 

effect',  i.e.,  exposure  produced by electrons  that  are  back-scattered  from deep within  the  substrate. 

This is  accomplished  by (a)  careful  calibration and (b) deconvolution  of the experimentally 

determined delta  plus  Gaussian  instrument  function. The exposed  patterns are developed  in  pure 

acetone  for  roughly  10  seconds.  Final  groove  depth  is  adjusted  to the design  value  using 

incremental  development  steps  interspersed with physical depth measurements.  When  working with 

curved  substrates, the pattam ii subdivided  into narrow annular  regions  that can be exposed 

adequately  at  fixed  E-beam  focal  distance.  Coincident  with  changing  the  focal  distance,  the  E-beam 

electronic  deflector  circuits  must be adjusted both for  scale and rotation.  Again  careful  calibration 

is  necessary.  It  is  found  that  adequate  precision  can be realized  over  a  region  that  varies k25 pm  in 

height. The equipment and method  limitations with respect  to  total  sag  have  not  been  investigated, 

but the maximum  surface  sag  is  currently  believed  to be around  2mm.  Figure 2 illustrates the 

quality  of  gratings  that  have  been  produced  using  these  techniques.  It  shows  atomic  force 

microscope (AFM) data that include the boundary  between  zones  having  different  blaze  angles (see 

section 5). A fine (sub micron)  'picket  fence'  of  residual PMMA separates the regions.  It  is  the 

result  of  imperfect  pattam  matching and/or exposure. 

3. Grating specifications and test setup. 

The gratings  were  produced  according  to the specifications  of  the  Grating  Imaging  Spectrometer 

(GIS)  planned for the New  Millennium  Earth  Orbiting  1 (N"EO1) mission. The GIS  is  an Offner 

spectromer that has a lcm long  slit and operates  at  an f-number of 7.5 (though the basic design 

form  is  compatible  with  considerably  lower  f-numbers).  It  covers the wavelength  band  of 0.4- 

2.5pm,  typical  of  such  spectrometers.  In or& to  achieve  a  compact  design the entire  wavelength 
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band  is  covered  by a  single  spectrometer  unit. The grating  is  thus  used in the  first  (1-2.5pm)  and 

second (0.4- 1 pm)  orders  simultaneously.  These  wavelength  bands  and  their  separation are 

primarily determined by  the  spectral  response  of the focal  plane  arrays. The two orders are 

separated  with  a  dichroic mirror; focal  plane  interference  filters further aid  in order and 

background  rejection. 

Although we are not concerned with the exact  design  of the GIS  spectrometer,  its 

specifications  provided  a  starting  point for the design  of the gratings  reported  here; they also  serve 

to show the utility  of the gratings in a  real  application. The basic  grating  parameters are given  in 

Table  1.  Because  of the high f-number, it  was  imperative to achieve high diffraction  efficiency  over 

as broad  a  band as possible. 

The grating  test  setup  is shown in Fig. 3. Light  from  a  monochromator  slit  was  input  to the 

Offner spectrometer,  which  in this case  utilized  a  single mirror in place  of separate  primary  and 

tertiary. The slit  image was recorded  on  a  photode€ector,  in  front  of  which  is an apeature ( o r  slit) 

slightly  larger than the input  slit  image, so as to  exclude  light  from other orders.  Two  separate 

photodetectors were needed in order to cover  the  entire  spectral  range: a large-area  Si  photodiode, 

and a large-area  thermoelectrically  cooled  PbS  detector.  Appropriate  order-blocking  interference 

filters  were also used. 

The momchromator (CVI Instruments  Digikrom 240) has an  f-number  of  slightly under 7, 

and an  approximately  telecentric design, thus  matching the 0- spectrometer form. In  order  to 

obtain  diffraction  efficiency  measurements, the gratings  were  replaced by a mirror of  the  same 

curvature and coating.  Thus  the  diffraction  efficiency curves shown  below  represent the diffractive 

properties  only,  rather than the reflectivity of the  coating  (relative  efficiency). 
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4. A true blazed grating  on a convex  substrate. 

The first  test  gratings  produced with this  technique  were  true  single  blaze  gratings, in which  the 

blaze  angle  stays  constant with respect  to the local  grating  normal.  Such  a  grating  cannot be 

produced  by  ruling  unless the tool  angle  is varied continuously for every  groove,  which is very 

difficult. For a  sawtooth  facet  profile,  the  blaze  angle 8 is the angle  between the grating  normal  and 

the  facet normal. It  is  given  by  the  well-known  equation 

e= (a- py2 (1) 
? 

where a and p are the angles  of  incidence and diffraction  respectively.  The  dependence of 8 on the 

angle  of  incidence means that  even  with a plane  grating  incident  light  must  be  collimated  (constant 

a) in  order  to  have  true blazed grating  action.  With  a  convex  substrate  this  condition  is  certainly 

not  satisfied  automatically,  except  that  in  concentric designs the angle of incidence  on the grating 

typically  varies  within  narrow limits. In this particular  case,  ray-tracing  results  revealed  a  variation 

in the angle  of  incidence  of  less than 0.7" across  field  and  aperture. This greatly  simplifies  the 

understanding  of the results,  since  it  allows  us  to  simulate the behavior of such  gratings  through 

i 

simple  planar  models. 

We present the results  from  two  representative  gratings  below. The experimental  first 

order  diffraction  efficiency  of the first  grating  is  shown in Fig. 4. As can be seen, the results are 

very  well  fitted  by a  theoretical  curve of the form2122 

where Di is  the  relative  efficiency  of  the i* order, DOi the  corresponding peak efficiency,  and A. the 

blaze  wavelength in the first order. In fitting this  curve,  we  allow A. to vary in  order  to  obtain the 

best  fit. This accounts  for  experimental  uncertainty  in  the  exact  value  of this wavelength,  which  is 
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controlled by the  depth  of  the  groove. This uncertainty  is  typically less than  1oOnm.  We  may also 

note  that  the  above  curve  is  consistent with the  rule  of thumb that  the  efficiency of the  grating 

drops  to 50% of its peak value  at -2/3 $ and  at -915 $. 

The  second order efficiency  of  another  single  blaze  grating  is  shown  in  figure 5. These 

results  are  again  fitted  with Eq. 2, for i = 2. The remarkable  theoretical  fit  shown  in  figures 4 and 5 

confirms that the  grating  behaves as a  true  single  blaze  one,  and  demonstrates  the  capability  of  the 

E-beam technique to manufacture  such  a  grating  on a convex  substrate. 

It  was  possible to co& the second order peak efficiency of a  single  blaze  grating  using 

an unexpanded  HeNe  laser  incident  on the grating  at  the  angle  that maximized the efficiency.  Since 

the second order blaze wavelength  is very close to 633nm, the angle  of  incidence  was also close to 

the  one  intended for the  application. The peak efficiency  thus  measured  was 88%. All gratings 

tested  gave  second order efficiencies between the minimum  of 8 1 % shown  in  Fig. 5 and the 

maximum  of 88% obtained with the  laser. 

5. A dual-blaze grating 

The requirements  of the NM-EO1  project  in terms of  broadband  response  could  not be matched by 

a  single  blaze  grating.  Specifically, the second order bandwidth of a  single  blaze  can be seen to be 

inadequate for the 400-1ooOnm region (this is  inherent  in the groove  profile  rather than an  artifact 

of the method). Also, in the first o r d e r ,  it  is  required that the response  at 2500nm remain as high as 

possible.  But with a  single  blaze  grating  it  is not possible  to  push the blaze peak towards  longer 

wavelengths  without  losing  completely the response  at the short  end, as the curve  of  fig. 4 

demonstrates. To achieve  these requirements, the grating  area  can be split  and  each  region  blazed 

at a different  wavelength. 
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The E-beam technique  allows  complete  flexibility  in the design of the  area shapes, which  is 

important in certain  applications,  for  example,  in  controlling the distortion  (centroid  location) 

accurately.  For this application  we  chose  a  grating with two  concentric  blaze  areas.  The  middle 

section  occupies  approximately 33% of the total area  and the outer  ring  the  remaining 67%. The 

two  blaze  wavelengths  were  intended to be lO0Onm (middle)  and 1800nm (ring). 

Figure  6  shows the first order efficiency  of this grating,  and  Fig.  7 the second order. The 

theoretical fits are provided by the equation 

D = D0i ( 0 . 3 3 0 ~  + 0.67&) ( 3 )  

In this equation, the subscripts  a  and b stand for the two different  blaze  areas, D is the total 

diffraction  efficiency, D~ and ai the first ( o r  second) order efficiencies of the  middle and  outer 

sections  respectively, as given  by Eq. 2 for  each order (i = 1,2). Again, the blaze  wavelengths  were 

adjusted  slightly  to  account for inaccuracies in the fabrication. The values  used  were  970nm  and 

174Onm. The peak efficiency (DO) for each  blaze  was  taken as 88% in the first order and 85% in 

the  second order. 

While  not  perfect,  the  theoretical  fit  is  still  remarkable. This confirms  that the two  blaze 

areas  can be added  incoherently (Eq. 3 )  for the purpose of  measuring dieaction efficiency,  and 

provides  a very simple  way  of  designing the response  of  such  gratings  (provided the pitch  and 

blaze  angle are such  that  scalar theory suffices).  Thus this grating  provides  a high efficiency  over  a 

broad  wavelength  range. 

The E-beam technique  provides an additional  unique  advantage  in  that  it  is  capable  of 

controlling the average  diffracted  phase  fiom  the  different  blaze  areas. For a ruled grating,  the 

rulings  between two different  blazes will tend to match  at the peaks (Fig.  8(a)).  However,  with the 

E-beam technique it is  possible  to  control the average  height  separately  from the groove  angle  and 

depth, thus  resulting  in the profile shown in  Fig. 8(b). In this latter  case, the mean heights are 

matched, thus leading to a  zero  mean  phase  difference  between  the  two  blazes. Of course,  such 
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matching  is  subject  to  fabrication error, but the mean phase  difference  can  still be made 

considerably  smaller than would be the  case with a ruled grating. 

With the grating  at  the  stop, as in  the Ofher design,  any  difference in intensity  between  the 

two  blaze  areas  represents  a  pupil a w a t i o n ,  and  therefore  can  have  an  appreciable  effect  on the 

point spread  function (PSF), and possibly  also  on  the  distortion  characteristics  which are crucial 

for imaging spectrometry  applications. The effect  is further complicated  because the mean  relative 

phase  of  the  two areas  also  enters the calculation.  Fourier  transformation  of the grating  profile 

reveals  that  for  a  single  blaze &ea the mean diffracted  phase  alternates  between  zero and a 

whenevex the diffraction  efficiency goes to  zero.  If the mean heights  of  the two blazes are matched 

exactly,  then they add  in  phase  within the area of overlap  of  the  main  lobes  of the diffraction 

efficiency  curves. This holds  in both the first and the second order. If the heights  are  not  exactly 

matched,  then the residual  mismatch  translates  into  a  phase  difference  between the two  areas, 

which  scales  inversely  with  wavelength. 

The following  four  figures  illustrate the procedure. The presentation  of  these  results  is 

easier if we restrict the wavelength  range for each order to be the one  intended  for the NM-EO1 

application ( 1 - 2 . 5 ~  in the la order, and 0.4-1pn in the 2& order). 

Two dual blaze  gratings  were  produced. The mean heights  were  matched  within AI10 for 

the first one, and AI5 for the second (h = 632.8nm). This second  grating  is the one  whose 

diffraction  efficiency was shown  in  Figs.  6 and 7. In  Fig. 9 we  show  the  relative  efficiency of each 

of the two  blaze  regions  separately.  These  curves  are  produced  using Eq. (2)  for  each  blaze  and 

order, and using the blaze  wavelengths  identified  earlier. The relative  phase  difference  is  shown  in 

Fig.  10,  for  the two actual  gratings  produced, and also  for a grating  with  a  profile  corresponding to 

Fig.  8(a).  It  is  to be noted that this  phase  difference  would be zero for a perfect mean height match. 

For  the  grating with the peaks matched  (Fig.  8(a))  it  can be seen  that the phase  difference  is -E 
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over a  significant  fraction  of the wavelength  band. This would  have a  detrimental  effect  on  the 

PSF. 

In  the  second order, the phase  is  somewhat  more  complicated.  First,  the  relative  blaze 

efficiencies  are  shown  in  Fig. 1  1. It  can be seen  that  the  efficiency  of the second  (long h) blaze 

drops to  zero  at  the  short  wavelengths.  Between the two  zero  crossings it has  an  average  phase  of 

x .  This accounts  for the discontinuity  in the phase  difference  plot  of  Fig.  12.  In this case,  even  a 

perfect mean height  match  cannot  eliminate the phase jump. However,  the  net  effect  of this on  the 

PSF  is lessened by the fact  that the corresponding  intensity  of the second  blaze  is  low  over the 
? 

region  of  destructive interference. 

The importance of the above  discussion  is that it provides  a model for  predicting the effect 

of the grating  blaze  areas  on the pupil  function,  in terms of both intensity and phase. This 

information  is  critical  in  determining  correctly the PSF and MTF of  the  spectrometer. 

6. A dual-angle blazed grating 

The dephasing  and  apodization  problems  caused  by  the two blaze  areas are absent  in  a  single  blaze 

design. However, a  single  blaze  design  did  not  have  the  necessary  broad  band  response,  especially 

in the second order. An altehnative way  of  broadening the second order band is to modify the 

groove shape away from the sawtooth  profile. This will in  general reduce the peak efficiency. The 

profile  that  was tried is shown in Fig. 13, which  justifies the name “dual  angle”. The flexibility 

afforded by the E-beam technique  in  modtfylng the groove  shape  to a desired profile  should be 

evident  here. 

The diffraction  efficiency  of this grating is shown  in  Fig.  14. The figure  also  shows 

theoretical curves, which  were derived from the Fourier  transform  of  the  grating  profile.  Only  two 

free  parameters  were  used  for the fitting  of  both orders simultaneously. The first  parameter  is  the 
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groove depth, uncertainty in which  corresponds  to  a  small  fabrication error, as  explained 

previously. This was  also  used  to  account  for  the  angle of incidence  of  the beam. The  second 

parameter  is a peak efficiency  factor  of  0.85, by which both theoretical  curves  were  multiplied so 

as to match the experimental peak efficiency.  It  can  be  seen  that the theoretical  curves  give an 

excellent  fit. 

This grating  provides  an  acceptable  efficiency down to 4OOnm, which  was  impossible  to  do 

with the single  blaze  (compare  with  Fig. 5). In  fact,  a  slight shift of  the  blaze peak towards the 

longer  wavelengths  would  have’been  possible, as the efficiency  below 4OOnm is  expected  to  show  a 

secondary peak This would  also  improve  the  efficiency  around 1ooOnm. Unfortunately,  time  and 

material  constraints  prevented the fabrication  of  a  second  dual-angle  grating. 

7. Other  characteristics 

7.1. Polarization sensitivity. The gratings  were  tested in the second order since  that  is  where the 

polarization  is of greatest  concern  for  imaging  spectrometry. A high quality sheet  polarizer  was 

used  in  front  of the photodetector,  but the setup of  Fig. 3 was otherwise  undisturbed. All gratings 

tested  showed  a small sensitivity to polarization  in the short wavelength end The dual blaze  grating 

exhibited  about 35% difference between s and p polarizations  at 45Onm, but  considerably  less 

(~10%) over the longer  wavelengehs. The dual-angle  blaze  was the most polarization-sensitive of 

all the gratings due to the finer  structure  within  each  groove.  The  results  for this grating  are 

reproduced  in  Fig. 15. 

7.2. Scatter and Ghosts. Comparison with ruled  and  holographic  gratings  revealed  extremely  low 

scatter.  These  measurements  were peaformed at  632.8nm  wavelength,  using  a  focused  HeNe  laser 

in place of the input  slit, as shown in Fig.  3. A phot&ector  with a lOOpm slit  in  front of it was 

used to m u r e  the undesirable light between orders and  compare  it with the main orders. While 
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the  Offner  spectrometer  and  folding mirrors undoubtedly  contributed  to  scatter,  our  aim  was  to 

compare  between the E-beam  grating  and  gratings  made  through  more  conventional  techniques. 

Specifically,  we  had  available  for  comparison both holographic  and ruled gratings  of  the  same 

specifications, the latter  being a three-panel  design with some  inevitable  blaze angle variation 

within  each  panel. 

The  scatter  (also  called “grass”) from the E-beam  gratings  was  not  measurable with our 

setup,  whereas  scatter  from  both the ruled  and  holographic  gratings  was  clearly  measurable.  In the 

case of the holographic  grating,’the primary cause  of  scatter may have  been imperfections in the Al 

coating.  Nevertheless, the experimental  results  were  sufficient  to  show  that  scatter  is  of  no  concern 

with the E-beam  technique. This is  also  confirmed  by  the high degree  of  regularity  of the grating 

grooves as shown  in  Fig. 2. 

The E-beam  gratings  showed  regular ghosts at a spacing equal to  one-quarter the spacing 

between orders. The maximum  ghost  intensity  measured  was 0.2% (relative  to  the  second order 

intensity  in  HeNe  light).  These ghosts are  caused by the so-called  subfield  stitching,  which  is  a 

characteristic of the way the electron beam is  scanned in order to cover the entire  aperture as the 

grating  is  written.  There are also some discontinuities  over  larger  areas,  called  fields,  which 

genaate very weak satellites (orders close  to the main ones).  The  intensity  of  the  satellites  could 

not be measured  but it was estimated to be at  least  an order of  magnitude  smaller than that  of the 

ghosts. However,  in both cases the ghosts and satellites  were weaker than the equivalent amount  of 

parasitic  light  generated  by the conventional  gratings  (using the same  slit  in  front  of  the 

photodewtor), thus  demonstrating  the high quality of  the  E-beam  gratings. 

8. Comparison with a ruled grating. 

In  this  section  we  compare  briefly the diffraction  efficiency  of the dual  blaze  grating with a ruled 

grating  that  was  manufactured  to the same specifications.  The  ruling was over  three  panels. A 
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simple  calculation  of the blaze  angle Erom Eq. 1, taking into  account  the  angles  of  incidence and 

diffraction as well as the  substrate  convexity,  reveals  that  the  blaze  wavelength  would be expected 

to vary  between 1  and 2.4~m approximately  within  each  panel,  assuming  a  fixed  tool  cutting  angle 

for a  single  panel and appropriate  adjustment  from  one  panel  to the next. This shows  that  the 

substrate  convexity is considerable. 

The diffraction  efficiency  comparison  is  shown  in  Fig.  16,  where  we  have  included both 

first  and  second order results  for  brevity. The exact  theoretical  treatment  of the ruled grating  is 

complicated  because it  is  essenhally  non-periodic. An incoherent  approximation  can be obtained 

using Eqs. (2)-(3), with a  large  number  of  partitions. Whether the ruled grating has more than one 

panel  is  irrelevant  in the sense  that the appropriate  blaze  angles  from  each  of  the  panels  can be 

taken  together. The resulting  theoretical  curve  is  shown  in  Fig.  16. To produce  it,  it  was  assumed 

that the grating was divided into  ten  different  blaze  areas with peak blaze  wavelengths  spanning the 

range 900-216Onm spaced  14Onm  apart,  each  occupying a  tenth  of the total  grating  area,  and  with 

an arbitrary peak efficiency  chosen  to  match the experimental  curve.  These  parameters are 

consistent  with the expected  blaze  angle  variation  across this grating.  Inclusion  of  more 

wavelengths does not  change the result  significantly. This simulation  is  only  intended  to  show  that 

a  reasonable  approximation  to the behavior  of a  rather  complicated  diffractive  element  can be 

obtained with simple means. 

From  the  comparison it may be seen  that the diffraction  efficiency  of  a  convex ruled 

grating  can  approximate but not match  that  of an appropriately  designed dual panel E-beam 

grating. With the exception  of a small  dip  in  second  order  efficiency, the E-beam grating  efficiency 

is  everywhere higher. Interestingly,  for  imaging  spectrometry  applications  relying  on  solar  reflected 

spectrum and a  Si-based  photodetector, the shape  of the second  order  diffraction  efficiency  of the 

dual blaze  grating leads to  a  flat  signal-to-noise  curve  and  thus  is  considered  preferable.6  Different 
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shapes  can  of  course be obtained  by  changing the blaze  wavelengths andor the  relative  blaze  areas 

as desired. This flexibility  cannot be matched by either  ruled or holographic  gratings. 

9. conclusions 

The E-beam lithography  technique has produced  convex  gratings  that  compare  favorably with 

ruled  and  holographic  ones  in  every  respect. In addition,  the  technique  provides  significant  and 

often needed flexibility  in  grating design True  blazed  gratings  can be produced  on  curved 

substrates.  More than one b l d  areas can be incorporated with equal  ease. There is  complete 

flexibility  in the shape of these areas, as well as in controlling the mean diffracted  phase  difference 

between them. There  is  also  flexibility  in  modifying the groove  shape. The diffraction  efficiency of 

gratings  thus  produced  shows very good  agreement with simple  scalar  models. 

Extensions  of the techniques are underway in order to  increase the permissible  sag of the 

grating  substrate,  increase  the  possible  groove depth, and  reduce the writing  time.  With  these 

extensions, the technique will be capable  of  producing  gratings  for  low f-numbex spectrometers 

that  span the range  from the ultraviolet  to  the thermal infrared. Thus  the  advantages  of  concentric 

spectrometer designs can be fully  realized. 
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Table 1 

Grating Parameters 

Curvature Clear aperture  Angle of incidence pitch hrange h range 

(mm") (mm dim) (degrees) (Pm) 1 st order 2"d order 

1 . 4 6 ~ 1 0 ~  9 -25 20.7 1-2.5  0.4-1 
3 
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Figure Captions 

Figure  1. A typical O k  spectrometer. The grating  is  on the convex  secondary mirror. "he slit  is 

at the top  left of the figure,  perpendicular  to the plane of the paper.  The  grating  grooves are also 

perpendicular  to the paper.  The  object and image  planes  are  not  identical  although  they are very 

close in this case. The spectrometer  volume  (including  conjugates)  is  14x1  lx7cm. 

Figure 2. AFM scan of typical Bating grooves.  The  blaze  angle  is  only  about 2". It  is  highly 

exaggerated for clarity.  The  picture  shows the area around the boundary between  two  grating 

sections with different  blaze  angles. The graph  shows the profile of the section marked by a dark 

line  at the bottom  right  part of the figure. 

Figure 3. Schematic of the experimental setup for the  evaluation of convex  gratings. 

Figure  4.  Relative  diffraction  efficiency  of  a  true  blazed  grating  on  a  convex  substrate  (first order). 

The solid  curve  is  derived  from  equation (2). 

Figure 5. Relative diffraction efficiency of a true blazed  grating  on  a  convex  substrate  (second 

order). The theoretical  curve  is derived from  equation (2) and is  chosen  to  match the experimental 

points  in  peak  efficiency. 

Figure 6.  Relative  diffraction  efficiency of a dual blaze  grating in the  first order. The theoretical 

curve  is derived from e q .  (3). 
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I 

Figure 7. Relative  diffraction  efficiency of a dual blaze  grating  in the second  order  (same  grating as 

for fig. 6). The theoretical  curve  is derived from eq. (3). 

Figure  8.  Profiles of dual blaze  gratings.  (a) with peaks aligned (b) with equal average heights. In 

the  first  case, there is a mean phase  difference  between the two blaze areas that  depends  on the 

height difference Ah. 

Figure 9. Relative  efficiency d the two blaze  areas in the first Order. The curves are normalized to 

unity peak efficiency. 

Figure  10.  Relative  phase  difference  between the two blaze areas in the first  order. The two  bottom 

curves  represent the actual  gratings  manufactured. The topmost  curve  (triangles)  represents  a 

grating with the peaks matched, as in  figure  8(a). 

Figure 1 1.  Relative  efficiency of the two blaze area in the second order. The  curves are 

normalized to unity peak efficiency. 

Figure 12. Relative  phase  difference  between the two blaze areas in the second or&. The top two 

curves shown represent the two dual blaze  gratings  that  were  manufactured with approximately 

matched  average heights. The bottom  curve  (triangles)  shows the phase  difference for an ideal 

grating with perfectly  matched  average heights. 
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Figure  13.  Groove  profile  of  a  dual-angle blazed grating.  There  are  two  different  linear  segments. 

The slopes  and  groove  depth are highly exaggerated for clarity.  The  actual  values  for  the  slopes of 

the two  segments  were  approximately 1.5" and 2.8". 

Figure  14.  Relative  diffraction  efficiency  of  a dual angle blazed grating  in  the  first and second 

orders. The experimental  points are shown  by  the  symbols.  Squares:  first order, triangles:  second 

order. The solid lines show the theoretical  fit obtained by  a  Fourier  transformation  of the groove 

profile. ? 

Figure  15.  p  vs. s efficiency  for the dual angle blazed grating  in  the  second order. The average 

efficiency, as calculated from these two curves,  matches the 2nd order curve of  figure 14  with  a few 

percent mor. 

Figure  16.  Comparison  of  diffraction  efficiencies  between  a ruled, three-panel  grating  and  a dual 

blaze E-beam grating. The second order efficiency is shown  up to loOOnm, and the first order 

efficiency beyond that  point.  Triangles:  dual  blaze, squares: ruled. A theoretical  curve  (solid  line) 

to the ruled grating  efficiency  is also shown. 
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Figure 11 
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Figure 13 
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Figure 14 
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