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Focal spot estimation for concave diffraction gratings
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Two simple formulac arc proposed, which estimate the width and the height of the focal images generated by & concave holo-
graphic grating under point source illumination. The results are compared with focal spot diagrams evalualed for some flat field
spectrograph gratings and monochromator gratings. Good correlation is observed between analbytical estimations and ray tracing.

1. Introduction

In the last two decades concave gratings find an
impressively increasing application in optics. There
are at least two reasons for such a high interest: (i)
in many cascs concave gratings allow to reduce dras-
tically the weight and the dimensions of spectro-
graphs and monochromators; (ii) holographic re-
cording is a very flexible procedure and makes it
possibic to produce, if not universal, at least, spec-
ialized gratings, welt adapied for solving specific
classes of problems. Concave gratings perform their
dispersion function due 1o the groove periodicily, and
their imaging function due to the concave reflecting
substrate, combined with period and groove form
variations over the illuminated area. The imaging
ability is connected only with the dimensions (width
H™ and height #™) of the meridional focus spots,
while the resolving power depends also on the dis-
tance between them.

In practice, spot dimensions are exactly predicted
by the ray tracing, i.e. by numerical grating model-
ing. In such a way the aberration sources are taken
into account simultancously as a complete set. Since
in most practical cases the operating conditions are
far from the diffraction limit, this geometrical optics
approach gives sufficiently correct information about
focal spot form and dimensions [1-3].

Together with the ray tracing an analytical ap-
proach is developed in the literature [4,5]. It is based
on the analysis of the aberration function and on its
expansion in power series upon the meridional w and

sagittal / prating coordinates. Although approxi-
mated (only the first 5-6 cxpansion terms - j.e. only
the strongest aberrations - are considered) this ap-
proach has its advantages: {i) it allows 1o fingd ex-
plicit general connections between substrate and
groove characteristics on onc hand and focal spot.
form and dimcnsions on the other hand: (ii) dem-
onstrating the role of diffcrent parameters it assists
the intuition; (iit) being relatively simple and ex-
plicit, it cnsures estimating of the expected grating
behavior in a fast and convenient manner. ,

The aim of the present communication is to pr0°:_
pose two simple formulae, describing the dimen-
sions (width and height) of the focal imdges of a’
meridional point source, as well as 1o compare these
results with complete numerical ray tracing.

2. Preliminary remarks

The general ideas of the analytical approach to -

concave grating aberrations are formulated in detail
in some excellent papers [4,6]. Unfortunately, the
notations are still far from a commonly accepted
unification. In order 10 prevent misunderstandings
and give a self-consistent presentation we declare here
our version of the basic expressions.

The location of source, grating, image and coor-
dinate systems is shown in fig. }. The point source
A.and its ideal imagé B, are assumed to lie in the
meridionat plane. The aberration function §F is ex-

panded in serics with the following cocfficients [6] "
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Fig. 1. Operating scheme of a concave grating, A, polychromatic
point source in the meridional plane xOy. By, ideal image of A.
B, one aberrated image point included in the ray tracing real im-
age of A. w, 1, image (aberration, deviation) coordinates in the
tmage plane.

SF=WF gy + Pl F e + 1P F
H{w Frog+ fwl Fiag 4. ()

where Floo=0 determines the diffraction angle,
Fie=0 and Fy0=0 determine the meridional and
the sagittal focal distance respectively, The coeffi-
cients have a common general structure,

Fo=Ma—-miN,,

A being the wavelength and m=+ | the diffraction
order. The first (mounting) part .M, 4 describes only
the mounting scheme, while the second {groove ) part
N, characterizes the form and the location of the
grooves, Moreover, Lthe mounting pan can be ex-
pressed further as a sum of 1wo terms with identical
form, differing only in the coordinates included,

Mo =Mo(A)+3,(8,) .

Here A means the coordinates (r,, @) of the point
source, and By the coordinates (r,, #) of its ideal im-
age. In the simplest case of a spherical substrate with
a radius of curvature R we have [4)

Mi(A)= ~sina '

cos’a  cosa

Mun(A)= =% - 228,
i

Mon(A)= ~ = 28,

12

OPTICS COMMUNICATIONS

1 June |9§2

sin feosla cose
Miga(A) = Cr ~ R )

sine [ | cos @
anu(A)ﬂ——(;“— R )

1
The groove pant ¥4 can be expressed in a similar
manner for the case of holographic recording as a
difference between two terms with identical form,
the first of them including the coordinates of the re-
cording source C {r, y) and the sccond one the co-
ordinates of the recording source D (ry, 8):

A”ma =‘\PUU(C) = Nyu( D) .

The quantities ¥, (Q) are simply related to M (Q),
namcly

l\’.ﬁa(Q)='1[<A»(Q)/la, .

where /o is the recording wavelength and Q is any
point represented by its polar coordinates. .

In the image planc a new coordinate system is in-
troduced (fig. 1); its meridional and sagittal axes are
denoted by 1 and v respectively. The real focal spot
is considered as a sct of points {B{u, v}} cach of them
originating from the intersection between the ray
APB (diffracted at the grating point Ptw, 13} and
the image plane. A sufficiently exact connection be-

tween the image coordinates and the aberration

function is given by the expressions [7]
v 9
F —= — (8F) .

If we consider only the cases cos f= 1 we obtain the
following equations, .

u/ry=Fiog +wFaq+ 3w Fyp0 + 13F0,
U/ﬁ,:nu:‘g;a'*’W[Fug. R

Fyoo and Fyy are the meridional and the sagittal as-
tigmatism, Fipo and Fise are the classical and the
mixed coma. )

The free term Fyqp is always set equal "o zero by
locating the origin of the image coordin:te system
exaclly in the ideal image B, The respictive ray
AOB,, diffracts at the grating center and sz tisfies the
dispersion equation there: sin a+sin f=111/d,, the
peried for holographically recorded gratings being
calculated from the formula d,=214/(sin y—sin d).
In the common case the most significant from the
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remaining lerms are the astigmatic ones. For im-
provement of resolution minimization of spot width
is required. It can be achieved by zeroing the coef-
ficient Fyy,, i.e. by placing the image plane and the
detector exactly on the meridional focal curve, at a
distance rb' where Fuy, (8 }=0. Further on all the
quantitics satisfying /)= Fan =0 get an upper in-
dex M (mendional focus). Now the image coordi-
nites arc described by the system '

uMiryt = “ r:&lm"’!flf"?{’o- ’ (2)
I L G Wy . L W T (3}

3. Spot dimensions estimation

The spot dimensions are determined by the limits
of the interval, where 1™ and ¢™ vary, when w and
{1ake all possibic values between — @72 and @/2 (O,
grating diameter),

Let us analyze the width H'™ of the meridional
focal spot, using expression (2) for the meridional
deviation ¥, In order to find an upper estimate we

“shall 1ake the absolute values of the aberration coef-

ficients in eq. (2) and form the modified coordinate
(u™)* as follows :

(“H)‘/rb"'ﬁw ”‘mui"‘” iFlm

Since w and / are included here only to their second
power, the quanlily (#™)* is not ncgative. When
w=/=0, it reaches its minimum which is equal 10
zero: (uM)3 =0, When wew,. =i=/,, = @®/2 the
quanlity («M)* reaches evidently its maximum,
which is positive: (™)., >0. Thercfore the spot
width estimate W™ can be expressed as

HM_(” ma:"(uM ;-nn:(uM r-mu»
i.e.
WR =B (D/2)X (3 Filo |+ 1F Yo l) . (4)

The spot height is determined by the sagittal im-
age deviation ». We take again the absolute values of
the coefTicients in eq, (3), forming in such a2 manner
the modificd coordinate (pM)*,

(M) fry =1 F | +wi| Fi

According to this formula when w=/=0 we have

-
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" the general formula for (t™)*
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(vM)7=0. When w and [ vary between — @/2 and
@2, (vM)* takes positive as well as negative values
between its maximum (p™)%,,> 0 and its minimum
(#™}2.. <0, The spot height can be evaluated as a
sum of thesc limiting values taking them as posi-
tively defined quantitics

M = M)+ 1 ™) o]

We only overstate this estimation, but in the same
time we significantly simplify the final expression
substituting both addends by a new quantity
(v™}* chosen to satisfy simultancously the condi-
tions '

(™ 2 M)na and (M) M) hal

The quantity just introduced can be evaluated from
assuming that

w=w . =l=0,.=®/2 Therelore
IM Z(UM)' )
“th‘[(q)/z)“ 1’uf+(¢’/7) FFlzu”- (3)

4. Results and discussion

Both estimation formulae (4}, (5) need some
comments. Let us go back to the series expansion of
the aberration function (1). In the common case its
terms decrease with increasing indices and coordi-
nate power. Thercfore we have to consider one spe-
cific term only when all the preceding terms tend to
Zero.,

Fn is made always equal to zero by a proper an-
gular tocation of the detector (at the dispersion po-
lar angle f in respect 1o the grating normal, f=
arcsin(sin a—md/dy)). The meridional astigma-
lism Faq is also made usually exactly or nearly equal
10 z¢ro by a proper finear location of the detector (at
the meridional focal distance r or in its vicinity).
The remaining aberrations are sagittal astigmatism
Filo and coma F¥,, Fi,.

The spot width expression (4) includes only clas-
sical and mixed coma terms, they are of onc and the
same order of magnitude and have to be considered
simultancously. However, the spot height expression
#H™ includes two addends of different order. In the
comimnon casc the astigmatic term exceeds the com-
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atic one, Practically all the concave gratings are de-
signed 1o have zero sagiltal astigmatism for one or
two points in the operating spectral region, There-

fore the following recommendation can be made

concerning JM: (i) at all the wavelengths where
F i, # 0 one has 10 consider only the first, the astig-
matic term: (ii) at one or two wavclengths 1* where
Filo(2*)=0 and in their vicinity one has to con-
sider only the second, the comatic term; (i) when
Fi,#0 constderation of the comatic addend can
lead to unwanted overstating of the spot height
estimation. :

Looking for specific exaniples we decided to apply
the proposed formulae ta three spherical holo-
graphic gratings denoeted further as I, Il and 111 and
described in detail in ref, {8) (casc !} and inref, [9}
{cases [ and 111}, They are designed for the two most
popular modern spectral devices, flat-ficld spectro-
graph (cases | and I} and Seya-Namioka mono-
chromator (case HI). The recording is performed at
the wavelength 457.9 nm. All the samples operate in
first order in the interval 350-900 am,

Grating 1 has a blank diameter ©=92 mm and ra-
dius of curvature R=2]0.8 mm, the groove period
in the center being o, =1.26}35 um. The astigmatic
coefficient F3, vanishes only one time, at 4 )* =
570 nm. :

Gratings I and 11l have blanks with diameter
@=75 mm and radius of curvature R= 500 mm, as
well as groove period in the center dy=1.611 um. In
the case Ii, Fo decreases to Zero {wo limes, at
A7=425 nm and 13 =710 nm. while in the case 11
this happens only once, at 1*=625 nm.

The results are demonstrated in fig, 2 (case 1), fig.
3 (case 1) and fig. 4 (case ). The ray-tracing dia-
grams in fig. 2 are entircly evaluated by us, the dia-
grams in fig. 4 are 1aken from ref. [9] and coincide
with our tests, the diagrams in fig. 3 are partially
taken from ref [9] (for 350, 625 and 900 nm ), par-
tially included by us (for 425 and 710 nm),

The images of a polychromatic point source gen-
erated by spectrograph gratings (eases ! and I} have
typically small astigmatic extension {moderate height
to width ratio) and therefore can be presented in one
and the same scale in vertical and horizontal direc-
tions, fig. 2 and fig. 3. This is not conveanient, how-
ever, for the astigmaticatly dominated images given

14
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Fig. 2. Comparison between ray tracing diagrams {points) and
analytical dimension estimtations {rectangles) in the spectro-

graph grating case [ for differene wavetengths. Scale is vairg only
{or the spot dimeastons, but nug fur the scparating distances,

f Q.1mm

350 425 523 710 800

WAVELENGTH [nm]

Fig. 3. As fig. 2, but in the specirograph grating case i1,

" 04mm S O.4mm " O.imm
350 823 $00
WAVELENGTH (nm)

Fig. 4. As (1. 2, but in the monochromator grating case 111,
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by the monochromator grating 111, requiring differ-
ent scales for each spot in fig. 4.

Each focal spot is combined with an ¢stimating
rectangle according to formulac (4) and (5).

Although not cxhausting all existing cases, the cx-
amples presented and examined here permit 1o con-
clude that the formutae (4) and (5) are adapled for
easy, fast and realistic estimation of focal spot di-
mensions, at least far from grazing incidence (cos f
= | is always assumed), Sometimes the ray-tracing
spots are shightly greater than the estimation. Two
comments can be made for this suvation: ™) Such
small deviation does not play a significant rele, only
a few rays with small density hit the image pline out
of the rectangular frames, i.c. a very weak light in-
tensity can be expected there. (ii) In the cases, where
such fin¢ effects are essential, the method proposed
here is obviously insufficicnt and one must use the
full aberration function, (i.e. the ray-lracing) as an
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exact modcling of the imaging properties. The ap- |

proximation in the formulac proposed here is the
price for their simplicity and convenience.
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