Optik 124 (2013) 2539-2543

Contents lists available at SciVerse ScienceDirect

Optik

journal homepage: www.elsevier.de/ijleo

The design of astigmatism-free crossed Czerny-Turner spectrometer
Yan An®P, Qiang Sun?, Ying Liu?, Chun Li?, Zhao-Qi Wang%*

2 Opto-electronics Technology Center, Changchun Institute of Optics, Fine Mechanics and Physics, Changchun 130033, PR China
b Graduate School of the Chinese Academy of Sciences, Beijing 100039, PR China
¢ Key Laboratory of Opto-electronic Information Science and Technology, Ministry of Education, Institute of Modern Optics, Nankai University, Tianjin 300071, PR China

ARTICLE INFO ABSTRACT

Article history:
Received 8 March 2012
Accepted 18 July 2012

The first-order astigmatism-free conditions in crossed Czerny-Turner (C-T) spectrometer are derived. To
our best knowledge, there is no report about this kind of research. For the requirements of the optical
parameters of the relative aperture of 8 and the working wavelength ranging from 780 nm to 1020 nm,
according to the derived formula, the astigmatism-free crossed C-T spectrometer is built up with ZEMAX
software. The correspondent coma-free crossed C-T spectrometer is also built up. The two initial struc-
tures of crossed C-T optical systems are then optimized, and the performance merits are compared. It
is shown that, the astigmatism-free crossed C-T spectrometer has a superior optical performance, with
the RMS of spot diagram only 12-52% that in the correspondent coma-free crossed C-T spectrometer.
This indicates that the astigmatism-free crossed C-T spectrometer possesses not only a better energy
concentration along the slit direction, which is beneficial to spectrometers requiring larger condenser
capacity, but also a smaller spot diameter along the direction perpendicular to the slit, which implies a
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higher spectrum resolution achieved.
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1. Introduction

The Czerny-Turner (C-T) spectrometer satisfying the coma-
free condition is one of the most commonly used mountings in
micro-spectrometers. It possesses advantage of avoiding the sec-
ondary and multiple diffractions, usually existing in Ebert-Fastie
spectrometer, by means of two mirrors separated. So it has wide
applications in the detection of weak signals such as Raman spec-
trum [1] and in the detection of atmospheric remote sensing such
as atmospheric limb imaging [2]. The original C-T spectrometer
showed a symmetric arrangement with two off-axis mirrors ori-
ented oppositely which can partially correct the aberrations. After
that, Shafer showed that the coma can be corrected by unsym-
metrical arrangement satisfying the condition of Shafer equation
[3,4]. It could be no necessary to consider the impact of astigma-
tism in one-dimensional spectrometer with the photomultiplier
tube as the detector. However, for the signal collection with
high-speed linear CCD and CMOS, which are sensitive to energy,
the astigmatism height at image plane caused by different focal
lengths for tangential and sagittal beams is a fatal shortcoming.
So extensive literature are reported trying to correct the astigma-
tism for classical C-T spectrometer, such as placing an additional
convex mirror in front of the entrance slit [5], using toroidal
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mirrors to compensate the astigmatism [6], placing an off-the-
shelf cylindrical lens in front of the detector [7]. In particular,
McDowell proposed the zeroth-order divergent illumination con-
dition, valid for single wavelength, that the astigmatism of grating
was used to compensate the astigmatism of two spherical mirrors
[8]. After that, Austin further proposed the first-order divergent
illumination condition to eliminate the astigmatism, valid for a
wide spectrum band [9]. There is no additional optical compo-
nent in Refs. [8,9] as compared with other techniques, and the
astigmatism elimination is achieved by adjusting structure param-
eters.

For weak signal detection, the optical system with a strong con-
denser capacity is required. The condenser capacity of the classical
C-T spectrometer is determined by the grating size that is restricted
by the system miniaturization. In a comparison, the crossed C-T
spectrometer has the advantage of stronger condenser capacity as
well as lower stray light. The design of the crossed C-T spectrome-
ter is usually under coma-free condition, which is with a quite large
residual astigmatism.

In this paper, the first-order divergent illumination conditions
to eliminate the astigmatism for the crossed C-T spectrometer are
derived, and the calculation equations of the structure parameters
are provided. Then a ray-tracing design of the optical system of the
spectrometer of F/8 working in wavelength range of 780-1020 nm
is presented, which is compared with its counterpart of coma-free
crossed C-T spectrometer. To our best knowledge, there has been
no this kind of research reported yet.
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Collimating Mirror

Fig. 1. The layout of crossed C-T spectrometer.

2. Divergent illumination conditions of crossed
Czerny-Turner spectrometer

2.1. Zeroth-order divergent illumination condition

The zeroth-order divergent illumination condition for the cor-
rection of astigmatism of classical C-T spectrometer at single
wavelength was proposed in Ref. [8]. The sagittal image distance
Ss and the tangential image distance St can be expressed as:

S — RiR,S (1)
r 2S(Ry sec 0, + R, sec 64(cos? o/ cos? ) — RiRy(cos? a/ cos? B)

RiR>S
25(R1 sec 92 + R, sec 9] ) —R1Ry

where S is the distance between the entrance slit and the colli-
mating mirror, 61 and 6, are the incident angles of the collimating
and the focusing mirror respectively, Ry and R, are the radii of
the collimating and the focusing mirror respectively, and « and
B are the angles of the incidence and the diffraction of the grating
respectively. With the condition of Sy=Ss we have:

RiR>((cos?® a/ cos? B)—1)
Ry (sec 0, — cos 0,) + Ry(sec 01(cos? a/ cos? B) — cos ;)

S = (2)

S$=0.5x

(3)

Eq. (3) is also valid for the crossed C-T spectrometer, because the
light propagation order in the two structures is the same: starting
from the entrance silt, via the collimating mirror, the grating and
the focusing mirror, and finally reaching the image plane.

2.2. First-order divergent illumination condition

For the crossed C-T spectrometer, we derive the first-order
divergent illumination condition with the similar method as Ref.
[9]. The optical configuration of the crossed C-T spectrometer is
shown in Fig. 1, where L, is the distance of entrance slit to colli-
mating mirror, L is the distance of collimating mirror to grating,
Lgrand L"gf are the distances of grating to focusing mirror for central
and adjacent rays respectively, Lz and L,,”: are the distances of focus-
ing mirror to image plane for central and adjacent rays respectively,
B1 and B are the angles forming by diffraction beam and horizontal
line for central and adjacent rays respectively, 0 is the tilted angle
of image plane, b is the displacement on image plane between the
central and adjacent rays, O is the center of focusing mirror, X is the
intersection of incident ray on grating, A and A’ are the intersections
ofthe central and adjacent rays on focusing mirror respectively, and
B and B’ are the intersections of the central and adjacent rays on
image plane respectively. The diffraction angle changes as wave-
length, which makes the astigmatism varying as wavelength. It is
the key point to make astigmatism independent of diffraction angle
by adjusting the distances and angles mentioned above, which is

the first-order divergent illumination condition. The formula can
be expressed as:

dsp _ dss _ diy
g~ dB  dp
It can be seen from Eqgs. (1) and (2) that the tangential image dis-
tance St, the sagittal image distance S and the incident angle of
focusing mirror 0, are related to diffraction angle, then we have:

(4)

dSs 355 d@z (5)

dpy ~ 06, dBy

dST BST 8ST d@z

dor _ o1 001 6

dp: = op1 T 9, dpy ©
Substituting Egs. (5) and (6) into Eq. (4) we have:

do, 0Sr/9p1 7)

dBy ~ 0Ss/90, — 3S1/90;

In order to get df,/df; in crossed C-T spectrometer, we need to cal-
culate the sum of the vectors around the path XAOA'X'. According
to Fig. 1, we establish the two dimensional vectors herein:

XA = Lgr(cos By, sin By) (8)
XA = Lys(cos f, sin B) (9)
OA = Ry[cos(B1 — 02), sin(B1 — 62)] (10)
OA' = Ry[cos(B) — 65), sin(B; — 65)] (11)
AB = Lg[— cos(Bq — 26;), —sin(By — 26,)] (12)
AB =1L, [— cos(B; — 26,), —sin(B] — 265)] (13)

BB’ = b[sin(B; — 265 + 0p), — cos(B1 — 26> + 6p)] (14)

With the vector equation of XA+AO+O0A’+A’X=0, we get the
following equations:

Lgs cos By — Ry cos(B1 —62) + Ry cos(B — 0, of COS B;=0
(15)
Lgr sin By — Ry sin(Bq — 62) + Ry sin(f] — Lgf sin ;=0
(16)

We differentiate Eqgs. (15) and (16) with respect to 8] and then
replace 8 with 1, we have:

dL

f

—= = L,r tan 6 17
dh =L tan b, (17
do, _ Lof

dﬂ] =1- Ry COSQZ (18)

Similarly, with the vector equation of OA+AB+BB +B'A’
+A'0=0, we get the relationship between the distance from focus-
ing mirror to image plane and the diffraction angle:

Ry cos(B1 —063) — L cos(By — 262) + b sin(By — 26, + 0p)

+Ljil cos(B) —265) — Ry cos(B; —05) (19)
Ry sin(By — 62) — Ly sin(Bq — 263) — b cos(By — 26, + 6p)

+Lle sin(fB] —205) — Ry sin(B; — 05) =0 (20)

Again, we differentiate Eqs. (19) and (20) with respect to £/, and
then replace 8 with By, we have:

2Uyly
dp: > (21

db
—— =sec Op ( Lf+ R, cos 6,



Y. An et al. / Optik 124 (2013) 2539-2543 2541

100H|—+The Classical Structure |
->-The Crossed Structure %

D X
o O

[\ BN
(== =)

Normalized dispersion(%o)

20 -10 0 10 20 30 40 50
Incident angle(®)

Fig. 2. Variations of the normalized linear dispersion as incident angle of grating for
two types of C-T structures.

dLﬁ 2LgrLg
a =tan 6p (Lﬁ_Lgf_chosez +Lgf tan 6, (22)

It can be seenin a comparison with Ref. [9] that Eqs.(17)and (18)
are the same as that for classical C-T spectrometer, implying the
distances between adjacent optical components in both structures
are same. However, Eqs. (21) and (22) are different from that for
classical C-T spectrometer, indicating that the linear dispersions
and the tilted angle of image plane are different for both structures.
The linear dispersion can be expressed as:

d_pdb __m db (23)
dA oA d,B1 d cos ,31 dﬂl

where m is the diffraction order and d is groove spacing of the grat-
ing. With Eq. (23), the linear dispersions for two structures can be
calculated, and the normalized linear dispersions as a function of
incident angle of grating are shown in Fig. 2. Where the cross curve
represents the normalized linear dispersion of classical C-T struc-
ture and the hollow circular curve represents that of crossed C-T
structure. It can be seen that as the incident angle of grating varying
from —16° to 44°, the linear dispersion of crossed C-T structure is in
arange between 0% and 100%, while that of classical C-T structure
is in a range between 25% and 45% which is more stable.

2.3. The structural solution

Firstly, with the common variable factor df,/dB;, we solve the
simultaneous equations of (7) and (18) to acquire the distance
from grating to focusing mirror Lg. The partial derivatives can be
obtained from Eqgs. (1) and (2):

@ _ ZSSLSCR1 sin 91 (24)
392 - ZLSC(Rl sec 02 + Ry cos 91) —RiR;

Sy _ —2StR>(2Lsc sec 61 — Ry)cos? « tan Bsec? B (25)
0B~ 2Lsc(R; sec B + Ry cos 6; cos? a/ cos? B) — RiR; cos? a/ cos? B

St —2S7LscRy sec 6, tan 0, (26)

90, ~ 2Lsc(Rq sec 0, + R, cos 65 cos? a/cos? B)—RiR; cos? o/ cos? B

Secondly, we use the zeroth-order divergent illumination con-
dition of Egs. (1)-(3) to determine the distance from entrance silt
to collimating mirror Ls. and the distance from focusing mirror to
image plane Lg. Finally, we evaluate Eqgs. (4) and (22) to determine
the tilted angle of image plane 6. Since there is no constraint on Lcg,
we set Leg = Lsc x cos 01 for convenience, and then we can determine
all the anastigmatic parameters of crossed C-T spectrometer.
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Fig. 3. The sagittal and tangential image distances of off-axis mirror.
3. The theoretical calculation of residual astigmatism

The first-order divergent illumination condition for the
astigmatism-free crossed C-T structure guarantees astigmatism at
center wavelength to be fully corrected and makes astigmatism in
a certain range of wavelengths independent of the angle of diffrac-
tion. Therefore there still exists residual astigmatism blur at other
wavelengths. Fig. 3 shows the sagittal and tangential imaging of
an off-axis mirror with the object at finite distance, where R is the
radius of the mirror, [ is the object distance, 6 is the incident angle of
the mirror, I and [s are the tangential and sagittal image distances
respectively, D is the effective aperture of the mirror, and ALy is the
astigmatism blur height at tangential plane. It is clear from the geo-
metric relationship of similar triangles that the astigmatism blur
height can be calculated by:

Is —1t

Aly==7—D (27)
S

I and Is can be obtained by following equations:

1 1 2

T T, "Rcoso (28)

1 1 2cosé

1YL R (29)

Thus, as long as the effective aperture and the incident angle
of the focusing mirror of the spectrometer are given, the residual
astigmatism blur height at any wavelength can be calculated.

4. The comparison of structures and results of optimization
4.1. The comparison of two structures

Considering the theoretical formulas in Section 2, under the
conditions of the grating of groove spacing d =1/450 Ip/mm, wave-
length range from 780nm to 1020nm, radius of 100 mm for
collimating and focusing mirrors, and the relative aperture of 8,
as listed in Table 1, we simulate the astigmatism-free crossed C-
T structures as the incident angle of grating varying. It is shown
that in a range of the incident angles of grating from —10° to 0°,
a rational astigmatism-free crossed C-T structure can be formed.

Table 1

The design parameters of the optical system.
Wavelength range (nm) 780-1020
Central wavelength (nm) 898
Grating of groove spacing (Ip/mm) 1/450
The radius of collimating mirror Ry (mm) 100
The radius of focusing mirror R, (mm) 100
F-number 8
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Table 2
The initial parameters of astigmatism-free crossed structure and coma-free crossed
structure (unit mm).

Astigmatism-free crossed structure Coma-free crossed structure

i) ~3.86 ~3.86
01(°) 8 8

02 (°) 8 8

Lec 435 50.0
Leg 4158 423
Ly 396 423
Ly 60.2 50.0

Fig. 4. The astigmatism-free crossed C-T spectrometer.

We set the incident angle of grating to be —3.86°, which is an angle
to form a satisfactory symmetrical crossed C-T structure, and cal-
culate the other parameters. The results are listed in Table 2. For
comparison, we also form a coma-free crossed C-T structure with
the same design parameters shown in Table 1, and calculate other
initial parameters according to Ref. [10]. The results are also listed
in Table 2. Figs. 4 and 5 show the layout of the astigmatism-free
and the coma-free crossed C-T spectrometer respectively.

With simulation software, the specific effective apertures and
the incident angles of the focusing mirror at any wavelength for
each of the optical structures can be acquired. Then the astigmatism
blur height is calculated according to formula (27) with the sample
interval of wavelength of 10 nm. Fig. 6 shows the theoretical astig-
matism blur height as a function of wavelength in two structures,
where the cross curve represents the coma-free structure and the
hollow circular curve represents the astigmatism-free structure. It
can be seen from Fig. 6 that the astigmatism in the astigmatism-free
crossed C-T structure does not completely eliminate overall. This
is because the astigmatism-free design can eliminate the astigma-
tism only on the central wavelength and make the astigmatism in a
certain range of wavelengths independent of the diffraction angle.
As the wavelength increase or decreases from the central wave-
length, the astigmatism blur height increases and forms a V-shaped
curve. For the coma-free crossed C-T structure, there is residual

Fig. 5. The coma-free crossed C-T spectrometer.
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Fig. 6. The astigmatism blur height as a function of wavelength for two structures.

astigmatism blur height on the overall wavelength, which is much
higher than that in the astigmatism-free C-T structure.

4.2. The practical optimization

ZEMAX is used to optimize the astigmatism-free and coma-
free crossed C-T spectrometers, and the spot diagram is adopted
to evaluate the performance of the two structures. Fig. 7 shows
the spot diagram in the astigmatism-free crossed C-T spectrome-
ter. It can be seen that the RMS is respectively 33.14 wm, 8.39 wm
and 18.35 wm at wavelength of 780 nm, 898 nm and 1020 nm. Fig. 8
shows the spot diagram in the coma-free crossed C-T spectrometer.
The RMS is respectively 55.89 pm, 44.39 wm and 35.57 pum at the
three typical wavelengths. Fig. 9 shows the RMS value as a function
of wavelength with the sampling interval of 10 nm. It can be seen

0BT: 0.0000, 0.0000 DEG + @.7800
SURFACE: IMA IHA: 0.000. -2.099 MM
SPOT DIAGRAM
UNITS ARE pm
RMS RADIUS : 33.136
GEOQ RADIUS : 50.118
(a) At wavelength of 780nm
0BT: ©.0000, 0.0000 DEG + 0.8980
SURFACE: IMA INAR: 0.8, 0.890 MM
SPOT DIAGRAM
UNITS ARE pm
RMS RADIUS 8.390
GEO RADIUS : 21.274
(b) At wavelength of 898nm
0BT: .0000, 0.0000 DEG + 1.0200
SURFACE: THA IMA: 0.000_4.105 MM
SPOT DIAGRAM
UNITS ARE pm
RMS RADIUS 18.345
GEO RADIUS : 34.1@05

(c) At wavelength of 1020nm

Fig. 7. Spot diagrams of astigmatism-free C-T structure at typical wavelengths.
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Fig. 8. Spot diagrams of coma-free C-T structure at typical wavelengths.

—+— Astigmatism-free |
—-Coma-free

800 850 900 950 1000
Wavefront(nm)

1050

Fig. 9. The RMS of spot diagram of two optical systems after optimization.

in a comparison between Figs. 6 and 9, that the astigmatism blur
height decreases dramatically by the optimization procedure. The
maximum RMS value decreases from 300 wm to 36 wm in the wave-
length range of 780-1020 nm for the astigmatism-free crossed C-T
structure, and it is from 600 pm to 60 pm for the coma-free crossed
C-T structure. The ratio of the RMS value of the spot diagram of
the astigmatism-free crossed C-T structure to that of the coma-free
crossed C-T structure is shown in Fig. 10. It can be seen that the
RMS of the astigmatism-free crossed C-T structure is much smaller
than that of the coma-free crossed C-T structure, with the small-
est percentage of 12% and the largest percentage of 52% in the

100

80r :

601

40+

Ratings(%)

950 800 850 900 950 1000 1050
Wavefront(hm)

Fig. 10. The ratio of RMS of spot diagram between two structures.

working wavelength range. This result shows that the astigmatism-
free crossed C-T spectrometer achieves a much higher spectral
imaging resolution along the direction perpendicular to the slit and
a much better energy concentration along the slit direction.

5. Summary and conclusions

We have derived the first-order astigmatism-free conditions
in crossed C-T spectrometer, and designed the astigmatism-free
crossed C-T spectrometer with the required optical parameters
according to the derived formula. The correspondent coma-free
crossed C-T spectrometer is also built up for a comparison. It is
shown that the astigmatism-free crossed C-T spectrometer has
a superior optical performance to the correspondent coma-free
crossed C-T spectrometer, with the RMS of spot diagram being
12-52% in the whole wavelength range. This indicates that the
astigmatism-free crossed C-T spectrometer possesses not only
a better energy concentration along the slit direction, which is
beneficial to spectrometers requiring larger condenser capac-
ity, but also a higher spectrum resolution along the direction
perpendicular to the slit.
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