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Chapter 1 HAARP Optics Design

1.1 Overview:
The objectives in the design of the HAARP optics were as follows:

(i) Variabie field of view, from 180° to ~ 100, with telecentric optics so as to
allow the use of narrow-band interference filters (~ 2.0 nm bandwidth).

(i) Interchangeaole filters (S-position filter wheel).

(iv) Maximum sensitivity and resolution.

(v) Minimum vignetting.

Normal camera lenses have large ray angles to the principal ray throughout their optical
path, and so are unsuitable for use with narrow-band interference filters (see Figure 1.1). The
shift of ransmission wavelength with filter angle increases as the angle squared, so that larger
ray angles rapidly requires much wider filters. To overcome this problem, telecentric systems
can be designed, where the principal ray of all image-forming cones across the field of view
cross the image plane parallel to the optical axis. Thus the maximum ray angles through the
filter are determined only by the F number of the lens.

For low-light-level imaging, it is desirable to operate at the lowest F numbers possible.
Lower F numbers mear higher ray angles through the filter, and so require wider-band filters.
However narrow-band filters are readily availabie at much larger diameters than the imaging
detectors, so that high F number images at the filter can be re-imaged 10 low F number images
at the detector. [The Lagrange Invariant is conserved: r.sin o = constant, where r is the
image size and « is the half-angle of the image-forming cone.]

Thus the philosophy of the HAARP optical system was to use the largest diameter
filters readily available (< 4") at the desired bandwidths (~ 2.0 nm) to fill the filter area with a
higher F number telecentric image, and then to re-image at low F number onto the detector. In
this way we can effectively forrmn monochromatic images of wide-angle fields (up to 1809 fish-

eye) onto a 25 mm image intensifier cathode, at an effective F numbers as low as F1.2.




1.2 Fisheye Lens Considerations:

Much of the operation of the HAARP instrument will be with a fisheye lens (180° field
of view). The following describes properties of various configurations of such lenses:

A lens that covers a hemispherical field of view (180 degrees) is usually called a fish-eye lens. These
lenses have inherent large distortion because it is not possible to form an image of a hemispheric field onto a
plane without distortion. This distortion should not be considered as an aberrution, but a necessary result of the
projection.

There are five projection systems that have been used in fish-cye lens design. If the angle of an
incident ray from an infinite object is ¢ and the coordinates of the image point be r(¢), then the projections are
as follows ( f is lens focal length):

r = f. tan ¢

1

2 4 = 21 .tan (9/2)
3. T = f.o

4 r = f.sing

5 r = 21 .sin(0f2)

Projecuon ] is that of a normal camera lens.

Projection 2 is called slereographic projection. A small circle on the hemicphere with its centes at the
lens is projected as a circle on the image plane, but the dianeter of a circle at the edge of the image (8 = 1809) is
2x as large as the image of an equally large circle at the pole (¢ = 0°). This projection is similar to our
psychological perception of the whole sky.

Projection 3 is called equidistant projection, and is preferred for measurcments of zenith and azimuth
angles because of the lincar relaton between r and . However the image of a small circle is not a circle, and is
approximately elliptical with the major axis aligned azimuthally.

Projection 4 is called orthographic projection. The area of an image is proportional to illumination by
the object on a plane parallel to the fi)m surface.

Projection § is called equisolid projection, and the solid angle d€2 is proportional 1o the corresponding
area of the image. This projection is preferred for measunng relauve areas of the sky (for cxample, % sky

covered by clouds).

Almost all commercially available fish-eye lenses for 25 mm and medium format
cameras are of the equidistant projection type, which minimizes contraction of the image near
the edges of the field.

1
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Figure 1.1: Shows a ray diagram for a typical fish-eye lens with F number equal to 4.0
The cone angle at the center of the image is £7.10 about the principal ray. At the edge of
the field of view (image diameter = 70 mm), the cone angle is only +4.0° about the
principal ray; the decrease from 7.19 is indicative of the vignetting of the lens at large
ficld angles. At the edge of the field, the image-forming cone spans a range of angles from
17.30 - 25.39 10 the principal axis.

Clearly it is nut possible 10 use a narrow-band interference filter in this situation, as

transmission would vary significantly across the image.

Notc: The shift in wavciength of peak ransmission for paralicl light incident or: a filter at angle 0

(radians) is given by:
O - - 92 where p® is the effective
A 2n*2 refractive index.

Similarly, 1he shift in peak transmission for a cone of light of semi-angle a (radians) incident on a

filter with the conc axis at normal incidence is given by:

AA—-:' Lﬂz
A

2 2p*2




1.3 Commercial Lens Types:

There are a number of commercial "medium-format” camera lens ranges that give
appropriate image sizes for the HAARP optics. Table 1 below compares these possibilities;
here Efficiency is a measure of the total light collected by the lens into the image format of the
lens (or throughput) , so is proportional to Image Area divided by F number (or d2/F#).
Consideration of the various options leads to the selection of the Pentax 6x7 series as being
overall most suitable for this application.

1.4 Telecentric Optics:

The exit ray cones from a commercial fisheye lens are made telecentric by the addition
of lenses near the image plane. Figure 1.2 shows the right-hand part of the ray diagram of
Figure 1.1, with the addition of two plano-convex elements [B in Figure 1.2} to produce a

telecentnc configuration.

%—ﬂ_*
/——-"‘"’"’/ o

A
\

|

Figure 1.2:  Telecentnc element configuration

Notes: 1. A single bi-convex lens would result in considerable spherical aberration.
2. A single plano-convex Icns would have a very small radius of curvatwre to achieve the required
(small) focal length, and would have considerable sphencal aberration (but less than Case 1).
3. Two plano-convex lenscs allows rcasonable surface curvalure, and further reduce sphenical
abcrraton comparcd to Case 2.
4. Three plano-convex Ienses would lcad to a further small improvement in sphencal aberration,
but is not justified 1n tesmss of reduced ransmission and cxpensc.
S. The oricntauon of the two plano-convex lenses is chosen W share refraction approximately
cqually betwcen the four surfacces, Icading to less aberrations than any other two-element
configurauon.
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The effective focal length of the two plano-convex elements is chosen to equal the distance
from the exit pupil (A in Figures 1.1, 1.2] of the lens to the principai plane of the two-lens
combination [B in Figure 1.2]. Thus the principal rays of all image-forming cones ate
refracted parallel to the principal axis of the lens.

This is the so-called telecentric configuration. This allows the use of narrow-band
interference filters, with a maximum ray angle through the filter determined by the F number of
the lens (e.g., 7.1° for F4.0). Note that the image size is slightly smaller than that formed by
the primary lens itself.

1.5 Variable Field of View:

Different primary lenses are used to achieve a range of fields of view, but in each case
appropriate telecentic elements and spacings must be selected (see Figure 1.3). For the
HAARP instrument, all primary lenses are in the same commercial series (Pentax 6x7 format),
and these are mounted onto telecentric lens housings with the appropriate plano-convex
elements and spacings. These combined primary lens/telecentric lens assemblies are then
interchangeable, in that they all give the same image size and same telecentric cone angle, so
that the following optics is the same for all.

1.6 Accuracy of Telecentricity:

The telecentnicity achicved is not perfect, but vanies across the image. Figure 1.4
shows the deviation from perfect telecenticity for the fisheyc lens of Figure 1.1, with various
combinations of two plano-convex telecentric elements. The z:ro crossover point can be set
anywhere, and 1s normally chosen to be at about 0.75x the image radius so as to minimize the +
deviauons. (To achieve better telecentricity than the * 10 shown would require specially

designed aspheric elements.)
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Figure 1.3: Shows typical ray diagrams for some other lenses with smailer fields of view.
Telecentric elements may be chosen for each of these lenses (but focal lengths and spacings

differ for each primary lens).




Deviation of Exit Cone from Perfect Telecentricity
(Fisheye Lens)
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Figure 1.4: Shows deviation from perfect telecentricity for various focal lengths of the
combined plano-convex telecentric elements. Appropriate choice of focal iengths (- 87.5
mm) and spacings limits deviation 10 S +1 degree.

1.7 Re-imaging Optics:

The re-imaging optics to the image intensifier is shown schematically in Figure 1.5.

W
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Figure 1.5: Re-imaging optics schematic




The rays making up individual image-forming cones would continue to diverge after
the primary focal plane (C in Figure 1.5), and portions of each ray cone would be lost from the
following optics. Consequently a field lens (D in Figure 1.5] is inserted just after the filter

. position. To minimize aberrations, an achromatic doublet is used in the orientation shown.
The focal length of this lens depends on the final image size desired. The camera lens [F in
Figure 1.5] is placed near the common pupil of all the ray cones from the image. To minimize
aberrations (especially field curvature), it is desirable to use the camera lens at near its infinity
focus. Consequently a close-up lens (E in Figure 1.5] is placed in front of the camera lens,
with its focal length chosen to be the same or slightly longer than that of the field lens. Again,
to minimize aberrations, an achromatic doublet is used with the orientation shown. The field
lens and close-up lens configuration is shown in Figure 1.6

- iy
B I s ~— \

Figure 1.6: Field lens and close-up lens
The focal length () of the camera lens [F in Figure 1.5) and its separation (L) from the
primary 1mage plane is determined by the required final image size (d) on the detector. if D is

the primary image diamecter, then:

D = f/L

D is fixed by the choice of primary lens format (nominally 92 mm for the Pentax 6x7 medium-
format lenses (but this diameter 15 reduced shghtly because of the telecentric elements, see




Figure 1.2). Specificaton of d defines f/L. f can then be chosen according to various other
requirements, such as:

(i) Values of f available in commercial camera lenses.
(i) To minimize optics size, choose a small f. .
(iii) To minimize field curvature, choose a larger f.
(iv) To maximize sensitivity, choose f so lowest F number lens can be used.
(v) f must also be chosen so that the whole final image diameter can be covered at the
chosen F number.
(vi) f should not be so small that L is too small for the procurement of a
practical close-up achromat with the required diameter.

Note: Typical example:
1. d = 24 mm (to fit an 25 mm image intensifier).

Then using a Pentax primary lens,

dD = 24/89 ~ 0.27 (telecentric plano-convex lenses reduce the
normal 92 mm image diameter to §9 mm)
If f = 50 mm, then L ~ 185 mm, and
if f = 85 mm, thenL ~ 315 mm

If F is the F number of the primary lens, and all of the light is ve-iznaged to a
final iinage size d, then the required F number of the camera lens (so as to collect all
available light) is

FCam < F xdD

In the above case with F = 4.5 and d/D = 0.27, a F1.2 camera lens would
be required. In general if space allows, it is best to choose the longer focal length

camera lens so as to minimize image curvaturs (see following).




1.8 Field Curvature:

There will always be some residual field curvature. This is reduced if longer focal
length camera lenses are chosen, but this is not always possible or desirable. The curvature can
be significantly reduced if a field curvature correction lens (a planc-concave element, G in
Figure 1.5) is placed just in front (1-2 mm) of the final image plane. For maximum resolution,
this field curvature corrector is desirable if allowed by physical restraints at the detector. The
focal length of the field curvature correcting lens for minimum field curvature was determined
by trial and error, and for the HAARP optics is f = -100 mm. A comparison of ray diagrams
with and without the field curvature correction lens is shown in Figure 1.7

Figure 1.7: Field curvature correction




1.9 Image Intensifier:

The image intensifier used is a 25 mm Gen II Inverter tube (Figure 1.8) This type of
intensifier is superior to proximity-focused tubes for gain and resolution, and is also
considerably less expensive. If near infra-red images were desirable, then a hybnd tube
consisting of an Gen Il (GaAs) proximity tube coupled to a single-stage inverter tube is also
available and interchangeable with the present tube.

The cathode is a thinned tri-alkali (for improved blue quantum efficiency) and the
output phosphor is a P20 (for good time response, with a decay time to the 10% level of ~ 1-2

msec).

The intensificr is housed in a custom-designed thermoelectric cooler, that cools just the
cathode (1o reduce dark noise) but leaves the phosphor at ambient (so as not to increase
phosphor decay time). Cooling is to about 20°9C below ambient, which gives a 10:1 reduction
in thermal dark current.
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-900 v
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L ~2500 v / £
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-
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N
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DISTGRTION CORREL 110N RING
ANODE CONE

The electrostatic image-inverting generat.. 12 image tube

Figure 1.8: Schematic of a Gen Ii Inverter tube




1.10 Relay Optics:

The output image from the image intensifier has to be coupled to the CCD, with 2
reduction in size from 24 mm to 19 mm {CCD size is 10.2 x 10.2 mm). This coupling could
have been achieved with either & fiber optics taper or with relay lenses, and there are
advantages and disadvantages to each approach.

The relative efficiencies of fiber optics and relay lens depends on the image
magnification ( m, < 1) required:

(a) For a fiber optics taper with magnification m, the coupling efficiency is given by
T x m?2 where T is the fiber optics transmission
(b) For a non-vignetting relay iens, the coupling efficiency is given by:
T/[ m2 + 4xF2 x 1+ m)2 ] where T is the lens transmssion
and F is the F number of the relay lens (system) onto the detector. Usually
m2 « [4xF2 X (1+ m)2] and may be neglected, giving T /[ 4xF2 x (1+ m)2 ]
In both cases, T ~ 0.8, and the following Table compares coupling efficiencies:

Coupling Efficiency of Fiber Optics Tapers and Relay Lenses
m Fiber Optics Relay Lens

F=¢7 F=10 F-=14

1 0.800 0.090 0.047 0.025
05 0.200 0.172 0.086 0.045
033 0.987 0.224 0.111 0057
0.25 0.050 0.256 0.127 0.065
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1t may be seen that although fiber optics is much more efficient for 1:1 coupling, its
advantage quickly decreases as magnification decreases (as is common when coupli.:g from
image intensifiers 1o CCDs), and for m £0.33, relay lenses may be as efficient or even more
efficient.

There are many other factors that eater into the choice between fiber optics and relay
lenses:

(i) If the detector is to be cooled, it may not be desirable to use fiber optics coupling, as the
added thermal load will make CCD cooling difficult. The best solution in this case may be to
conl the complete CCD camera/fiber optics/intensifier combination.

(i) If commercial CCD cameras are to be used, it may not be possible to use fiber optics
coupling, as most to not come with the option of a fiber optics faceplate on the CCD. Specialty
scientific cameras with fiber-optics faceplate CCDs are much more expensive than
commercially available cameras.

(11) Fiber optics may be necessary if theic are physical size and/or weight 1estrictions, as
relay lenses are considerably Jarger and heavier. Similarly, fiber optics will be advantageous if
there arc shock or vibration conditions.

(iv) Fiber optics will generally reduce resolution more than relay lens systems.

The following considers aspects of relay lers coupling:

For high etficiency and high resolution image transfer, simple lenses or even achromats
are unsuitable, as they v.ill suffer from large field curvature (as well as other aberraucns). A
compeund lens (such as camera or enlarging lens) that is designed for ¢lose conjugate
applications can be used, but generally the effective F number will be high so the coupiing will

be inefficieni.

Typically two lenses are used:

(i)  acollimator lens o collect light from the image intensifier output screen;
(i) a camera lens to image the light onto the CCD detector.
This arrangement allows bech lenses to be used at their infinity conjugate, and so maximizes

coupling efficiency and minimizws aberrations.




Normal camera lenses (e.g. Nikon, Canon) cannot be used in tandem configuration as
serious vignetting results. A specially designed collimator lens (that "overfills” the camera
lens) is required, such as those available from Rodenstock. Normal camera lenses can then be
used as the final imaging lens, though Rodenstock also supplies high-speed camera lenses
especially designed for use in tandem configuraton with their collimator lenses. (See Figure
1.9).

The ratio of focal lengths of the camera and collimator lenses determines the image
magnification, as follows:

m = Focal length of camera lens
Focal length of collimator lens
~ 0.4 for the HAARP configuration.

The fastest available relay lens pair is 2 Rodenstock 100mm/F1.5 coupled to a Rodenstock
42 mm/F0.75.

If Fcam is the F number of the camera lens, and F¢gli is the F number of the

collimator lens, then for the relay lens system (o have no vignetting, the requirement is that
Fcam/Feol ¢ m

For the HAARP configuration, m = 0.42 and F¢gl} = F1.5, so we require Feam <
U.63 The camera lens used (42 mm/FQ.75) almost meets this requirement, accepting a F1.8
cone frorn the collimator lens (thus using 70% of the light collected by the collimator lens).
Fast camera lenses like this have very short back focal distances (~ few mm), so it was

necessary to specially design the lens mount configuration for the Photometrics CCD camera.
1.11 Anti-Fogging:

There 1s always the possibility with cooled detectors that some surfaces may fog or ice
up in humid environments. Consequently the capability of dry N2 flushing has been built into
the HAARP instument. Both sides of the cover glasses in front of the image intensifier, and
the front of the CCD cover glass (the back side is in an evacuated environment) can be flushed.

Expeniments have shown that flushing for ~ 1 minute will rapidly remove any condensation.
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Figure 1.9: Reclay lens considerations




1.12 Shutters:

There are two shutters in the instrument, one in front of the intensifier lens, and the
other between the two relay lenses. This allows independent determination of intensifier and
CCM noise characteristics. In addition, there is a light sensor built into the input side of the
relay lens shutier. This allows pre-monitoring of the output of the image intensifier; this
information can be used to adjust exposure time or high voltage setting of the intensifier, so as
to keep the image well placed within the dynamic range of the CCD detector, and to determine
if the image inteasifier is near its AGC (automatic gain control) mode.

1.13 High Light Protection Light Sensor:

A sensor is built into the front of the filter wheel to measure the ambient light level. If
this higher than a preset limit, the iniage intensifier will not be allowed to tum cn.
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: Inst { Perfi i Calibrati
2.1 Advanced Technologies CCD Head
2.1.1 Advanced Technologies Delivered Specifications

Figure 2.2 contains the original performance specifications as set by Advanced
Technologies 6,24/92. There were six images supplied with the camera that are useful for
reference (Figure 2.3):

Low-level resolution image  Hi-level resolution image Dark Noise image
Lo-Gain Bias Mid-Gain Bias Hi-Gain Bias

It was noticed that the Bias settings were unnecessarily high and were limiting the dynamic
range of the instrument ( 100/4096 = 2.5% ). In the dark-noise integration, one can notice
the intrinsic pattern of dark-noise buildup for these CCDs.

Upon taking images with the HAARP Imager and cormparing them to the MIP and ASIPII
imagers, it was noticed that the HAARP CCD images were flipped and rotated 90 degrees
CW as Figure 2.1 shows:
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Figure 2.1: CCD Onentations 9/23/92

2.1.2 Advanced Technologies RMA 11/17/92:

The HAARP CCD Head/Electronics was returned to Advanced Technologies to fix the
above problems. The CCD was rotated 90 degrees inside the vacuum chamber and the
biases were lowered to increase the dynamic range of the ADC. Figure 2.4 contains the
calibration images from this RMA.
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