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SUMMARY

This application note analyses the behaviour of refractive transition zones on the performance of
imaging homogenisers. A homogeniser can be constructed from two lens arrays in a fly’s eye
configuration. A lens array consists a series of lenslets. Ideally, there should be a sharp transition
from one lens to the next with no degradation in the clear aperture. However, due to manufacturing
tolerances and other imperfections, there is always a transition zone between one lenslet and the
next, which ultimately compromises the clear aperture of the lens.
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The unique nature of the PowerPhotonic production process means that instead of a ‘dead’ zone,
there is a smooth refractive concave ‘transition’ zone from one lenslet to the next that allows light
through.

For a PowerPhotonic two lens fly’s eye homogeniser, the impact of this transition zone is shown to
be negligible with power losses of less than 0.6% with an 800um pitch lens array with 40um
transition zone.
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THE IDEAL 1D HOMOGENISER

A 1D homogeniser comprises two cylinder lens arrays of pitch p at focal length separation f. The ray
transfer matrix M is given by:

0 7 Equation 1
M = 1
—— 0
f
So that
X, = f0; Equation 2
0o = —x;i/f

Hence ray position is transformed into angle and vice versa. The output far-field distribution is
therefore the input near-field distribution averaged modulo one lens pitch. When the input near-
field distribution averaged modulo one lens pitch is uniform, then the output far-field distribution is

uniform over angular range - ¢, to +¢, i.e. a full width of ®, where ®, = p/f = 2¢, .

The above holds only for input rays within the input acceptance angular range of - ¢; to +¢; i.e. a
full width of ®; where ®; = p/f = &, , and ignores effects due to diffraction.

Function of the two lenses
The imaging homogeniser can be thought of in terms of the function of the two lenses, as follows:

e The job of the first lens is to direct all rays within the input acceptance onto the second lens
e The job of the second lens is to image the intensity distribution at the first lens onto the far field

This is shown in the diagram below:

Fly's eye 1 Fly's eye 2
FE1 FE2

)

i
0
-

Plate separation = f (of lenslets)

Spot size (D) determined by Angular range governed by
input beam divergence and aperture size of FE1:
focal length: D = 2f6 0 =P/2f

Pitch (P) should be chosen to
ensure that spot underfills
lenslets at FE2:

P>D

Figure 1: Schematic showing properties of Fly’s eye homogeniser
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EFFECTS AT LENS BOUNDARIES: IDEAL PHASE-SPACE MODEL

Dead zones and transition zones

In practise, lens shape will not be maintained all the way to a line boundary between lenses, and
there is a region usually called the dead zone where either form error may depart significantly from
the ideal shape or where scatter loss is large. Where the dead zone is a smooth refractive surface, it
can be considered as a transition zone. The effect of dead zone/transition zone on input and output
surfaces is different.

Exit lens dead zone/transition zone

The effect of an exit surface dead zone or transition zone of width A, = 2a, is to reduce the input
acceptance (angular range) by A,/f, as shown in Figure 2. There is no impact on the output
divergence profile as long as the input is underfilled i.e. 8; < (p — Ay)/2f. This is the case
regardless of whether the dead zone is smooth (transition zone) or rough (dead zone).

0;

Xo = f6;
p/2f

b0 =p/2f —a,/f

Xi
———————————————— 0, =x;/f 10)F---

1(6,)

6o

--- -_————

e
1
1
1

Figure 2 Effect of output dead zone
Blue: input acceptance fully filled
Green: input acceptance underfilled
Yellow region is input angular range affected by output dead zone
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Input lens dead zone

The effect of the input lens dead zone/transition zone is illustrated in the schematic below:

Ideal Case Dead zones
: N m N
Light hitting each lenslet imaged Light hitting the red region is
onto the corresponding lenslet in scattered away and hits random
array 2 lenslets on array 2 and is

effectively lost

FE1 .- FEZ

Light at edges is lost

Far field

Transition zones

T~

1 il

Light hitting the green region
which is smooth and concave is not
scattered but either hits the
corresponding lenslet or the
nearest neighbour

FE1 FE2

7‘ 1\ Region B

| V_

Light from Region A moves to Region B,
reducing the steepness of the edges

Figure 3: Schematic illustrating the effect of dead zones and transition zones on performance of

Fly’s eye homogeniser

Where the input lens has a dead zone that is lossy or highly scattering, this reduces efficiency by an

amount corresponding to the area fraction of the input dead zone i.e., Loss = A;/p = D. This also

reduces the output divergence accordingly.

When the input lens dead zone is concave and smooth, then the refracted light can still find its way

to the second lens. The phase space diagram and output far-field for this (for uniform input

illumination) are shown in Figure 4.
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1(6,)

Figure 4 Effect of smooth concave input dead zone
Blue: input acceptance fully filled
Green: input acceptance underfilled

The effect of a smooth concave dead zone is therefore to soften the edges of the beam by an
amount that depends on how well-filled the input acceptance is. In the extreme case, where the
input acceptance is fully filled, the power lost from the output angle of full width @, is four times
smaller than in the case of a lossy or scattering dead zone, and this power is shifted to just outside
d,.

In the more general case, when the input acceptance is underfilled, the power shifted outside of @,
is reduced in proportion to the input divergence, and the overall divergence broadening is also
reduced. If all the power in the trapezoid is considered useful power, then the effective loss is
reduced to L = (4;/p)? = D?, which is typically small or negligible.
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2D HOMOGENISER

The ideal 2D homogeniser

The 2D imaging homogeniser comprises a pair of spherical lens arrays at focal length separation,
where each lens array is identical and is tessellated, typically in a square, rectangular or hexagonal
array.

When the input near-field distribution averaged modulo one lens cell is uniform, then the output
far-field distribution is uniform over an angular range defined by the unit cell dimensions divided by
the focal length. This holds only for input rays within the input acceptance angular range, which is
the same as the output angular range, when both input and output lens arrays are identical.

Effect of dead zone/transition zone

The effects of dead zone/transition zone on input acceptance and output divergence profile for a 2D
homogeniser are analogous to the 1D case.

In a 2D homogeniser, where the transition zones occupy area fractions D, and D,, in the x and y
directions, and occupy only a small fraction of the overall area, then behaviour is approximately
separable into the product of the 1D case x and y dependences, and loss is approximately:

e Dead zone (scattering): Loss = Dy + D,,

e Transition zone (refracting): Loss = D2 + D§
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Effects at lens boundaries: Raytrace modelling

The prediction of the phase-space model can be verified by ray tracing. The optical system that was
used for the modelling analysis is shown in the schematic below:

Fourier lens

Fly's eye 1 Fly’s eye 2 Far field

FE1 FE2

e

Plate separation = f (of lenslets)

Figure 5: Schematic of optical model used in ray tracing

The source used was a diode source with a Gaussian distribution in both position and angle. The size
and divergence were adjusted so that it extended over 3 lenslets in each direction and so that it
filled the central portion of each lenslet in the second array (FE2).

The modelling of the arrays is discussed in the next section. A paraxial lens was used for the Fourier
lens to generate the far field distribution in the end plane. Detectors were placed at each element
so that the evolution of the beam and light distribution could be traced. To separate the effects of
the central portion of the beam which should perform close to the ideal case from the edge effects,
apertures were used to pick out the sections of the beam which were of interest.

The surface shape of the lens array, including the effects of smooth transition regions, was
generated in Matlab as a grid sag file and then imported into Zemax. Identical data is used for each
array and the 2 arrays are spaced by the focal length of the array.

Typical case with square array

The pictures below show the expected performance with the following characteristics:

e Fused silica, radius of curvature = 8.7mm, f =19.29mm @ 940nm
e  Pitch =800um

e Typical smooth transition zones, width approximately 40um
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65.6150
£9.0535
52.4920
45.9305
39.3690
32.8075
26.24860
19.6845
13.1230

€.5615
0.0000

D Image: Irradian

29/08/2013

Detector 8, !ISCG Surface 1: S

Size 3.200 W X 3.200 H Millim ete!s, P)Xels 51 W X 51 H, Total Hits = 1000000
Peak Irradiance : 6.5615E+001 Watts/

[ Total Power : 1.0000E+000 Watts

FE1

65.8256
59.2430
52.6605
46.0779
39.4953
32.9128
26.3302
19.7477
13.1651

6.5826

0.0000

Detector Image: Incoherent Irradiance

29/08/4013

Detector 9, NSCG Surface 1: FE1
Size 3.200 W X 3.200 H Millimeters, Plxels S1 W X 51 H, Total Hits = 1000000
Peak Irradiance : 6.5826E+001 Watts/cm’

Total Power : 1.0000E+000 Watts
FEZ 279.6892
251.7203
223.7514
195.7825
167.8135
139.8446
111.8757
83.9068
55.9378
27.9689
0.0000

Image: In Irradiance
29/08/2013

Detector 7, NSCG Surface 1:
Size 3.200'W X 3.200 H Hxllnner.ex:, Pxxel: 51 W X 51 H, Total Hits = 996561
Peak Irradiance : 2.7 2

Total Power : 9. 9656:—001 Watts

Far field centre
0.0623
0.0554
0.0484
0.0415
0.0346
0.0277
0.0208
0.0138
0.0069
0.0000
Detector Image: Incoherent Irradiance

29/08/2013

e 35§G41u§ggcs ﬁllffmziiﬁﬁf Plxels 51 WX 51 H, Total Hits = 979822

Peak Irradiance 9206E-002 Watts/cm’

Total Power §:33850-001 maves
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Far field all

0.0677

0.0609

0.0541

0.0474

0.0406

0.0338

0.0271

0.0203

0.0135

0.0068

0.0000

Detector Image: Incoherent Irradian

29/08/2013

Total Power

Detector €, NSCG Surface 1: FF scatter

Size 44.000 W X 44.000 H Millimeters, Pixels €1 W X 61 H, Total Hits = 993495
Peak Irradiance : 6.7684E-002 Watts/cm"2

: 9.9349E-001 Watts

Far field Cross-section

o.om2 -

0.0ma -

o.omes -

[RETES

0.0515 -

o.0a3

Incoherent Irradiance

o.oms

o.omes [

0.01208

0002282
-2

52 BT Y [} 0 8 132 116 n

¥ coordinate value

Incoherent Irradian

29/08/2013

Total Bover

Peak Irradiance :

Detector 6, NSCG Surface 1: FF seatterColum Center, X = 0.00002+000
size 44.000 WX 44000 % uillineters, Pixels 6 W X 61 &, Total Eits = 333435
6.76842-002 Hattsfom*

: 9.945-001 Hatts

Fly eye v5
Configuration 1 of 1

Table 7: Performance of square lens array in a typical case

In this case, the paraxial limit of the beam size was calculated to be a diameter of 41.4mradm in the
far field. 98% of the light falls within this region. Increasing the region looked at to a diameter of
44mm to include the whole of the step down from the top hat increased the amount of transmitted
light to 99.4%. This indicates that only 0.6% of the light is scattered away by the 2D fly’s eye array.

The quality of the top hat is good and close to the ideal case illustrated earlier.

The phase-space model indicates an expected loss of 2 X (40/800)% = 0.5% for a 40um transition

zone. This compares will with the value of 0.6 obtained from raytrace analysis.
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