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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
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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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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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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:

QTNI
~MIP HAARP

(0.0} (0.0
gttm L
L F R Top :' I Bttm
Le1g -
Tap : R
(S11.511 (511.511)

MIP image is flipped HAARP image is flipped
around horizontal axis around horizontal axis

and rotated 90° CW
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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CAMERA PERFORMANCE TESTS
Open-Loop Temperature: __*C Regulated Temperature: ____°C

Dark Current _‘/_Q’P —NON-MFP Mode : e/ at *C at galn factor

Bias Mean Level: 1220  ADU atx ¢ gain factor
Well Capacit, at A/D Converter Limit: 200 _ke- at X2 gain factor

Reduced Full Well Capacity in MPP Moder=200 ke- at X2 gain factor

GAIN/NOISE MEASUREMENTS
HZ 8y tem
A/D Counversion Pactor
Measured at 1X Gatn: _ 85 _ e./ADU Notse: S ¢ .
_u-Verified at 2X Gain 4/ 9.5 Notse: YO e-
_<Aertfied at X Gain 24. Y Notse: 26 _ -
FINAL VACUULI TESTS

+~"Final Pump and Bake Cycle Performed (/e Hours)
———— rinal Water Vapor Test Performed

e Final Hellum Leak Test Performed

— == Vacuum Valve Packed With Crease

~= - Final Vacuum Leak Check Performed

FINAL VOLTAGE SETTINGS
Vod____ +Veh___ -Vsh___
Ved___ +Vvp___ Vwp__
Vog ____ +OR__ .. O

Comments

N
Testing performzd by NI, f‘y\/’ Date L-2Y~92
Approved by Date

Figure 2.2a -- Advanced Technologies CCD Specifications 6/24/92
Performance Tests
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CUSTOMER

ATC-5 TEST REPORT

KED

ATD JOB NUMBER

AT 2320

CAMERA HEAD SERIAL NUMBER 2

ELECTRONICS UNIT SERIAL NUMBER

COOLING UNIT SERIAL NUMBER __&/ A~

FINAL ASSEMBLY AND TEST BY

Qedldle

DATE L-AY-&G 2

CCD TYPE PrsyL

CCD SERIAL NUMBER

CCD PARAMETERS
VOD1 2/l
vOD2 26.0
VRD 12 -5
VoG >
VSL ~ 4.88
VSH 5,13
VPL -7, 53
VPH +3 05"
VSWL ~4.97
VSWH + 536
VTGL -7, S5
VTIGH +3.71
VRH .60
VRL —. 0
VIG B
VID [
vsSuB -2
Puon ) ~ 3.0l K

Figure 2.2b -- Advanced Technologies CCD Specifications 6/24/92
Voltage Settings
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2.1.3 CCD Flatfield

A flat-field image was acquired on the PM516A to check for non-uniformity in the CCD's
perfermance. The following sctup was used:

' CCD Hegad
'B < — —> | [] e
K

1- Lght Source
2 Aperture w/no Lens

123 3. Shutter

Figure 2.5 shows a 1-second exposure taken with this setup. The first image is the flat-
field lookdng at the full dynamic range of the CCD. The second image expands the detail
to look at the CCD vanatons in more detail.

(Full Dynamic Range: Biack =, Whitc = 4095] {Sucich: Black = 1600, White
Figure 2.5 -- CCD Flat-Field images

o

= 1650]

There are dust shadows on this image that result from very small paracles of dust on the

vacuurn window, These shadows do not appear on the resultant rmage with a lens as the

window 1s not 1 an irnuge plane. Figure 2.6 shows a plot through the ismage of column
261




Num Points: 511

1796.01

Pixel Value:

1393 N . .
(261,0) Pixcl: (261,512)

Figure 2.6 -- Colurnn Plot from Flat-Field Image

From the plot in Fagure 2.6 and the expanded flat-field irnage, we can see that there are
certain patterns that are intinsic to the CCD that appear when looking at the flat field in
great detail. Notice the periodic horizonta! line pattern that can be seen.

2.1.4 CCD Resolution:

A resolution chart was projected onto the CCD using the 42mm Rodenstock relay lens
(and the back shutter of the instrument for exposure control. The iris of the back shutter
was closed to about 1/4 aperture. Since the Rodenstock has a maxitnum image size of
1 1mm which is smaller than the 14.4mm diagonal of the CCD, and in this case the lens is
completely filled, you can notice the blurring of the lens at it's edges in the resolution
image in Figure 2.7. This does not affect our images as the intensifier image does not
completely fill the 42mrn lens image circle.

The theoretical limit of the CCD resolution is determined by the number of pixels in the
image. The PMSI6A uses 512 pixels across it's image area, each with a dimension of

20x20pm giving a 10.2mm CCD size. Thus, the maximum resolution for a line-pair
(black/white) for this CCD is 256 line-pairs or 25 lp/mm.




[T

Figure 2.7 -- CCD Resolution Image

2.1.5 CCD Baas Settings

The Bias voltage is a 'zero-offset’ voltage that is applied to the summation-amplifier on the
CCD before 1t is converted at the Analog to Digital Converter (ADC) and assures that we
are operaung above the threshold of the electronics. The bias is somewhat arbirarnily set
by Advanced Technologies along with the other clocking voltages (documented in
Sections 2.1.1 and 2.1.2) and should not be changed in the field.

Initial Bias Settings (6/24/92) were: 1.0: 105 MID: 103 HIGH: 114

These were lowered as discussed in Section 2.1.2 to improve the dynamic range of the
instrument:

RMA Bias Setungs (11/7/92): LO: 42 MID: 42 HIGH: 61
Biases were closely watched dunng the calibration of the nstrument as there seems to be

some fluctuation 1n their values. Bias wnages were archived duning the Mean-Variance

calibration (Secuon 2.1.7) and were found o be:

MYV Bias Readings (7/13/93): 1.O: 13 MID: 11 HIGH: 23




Figure 2.8 -- Mid Bias image from 7/13/93 (Tccd = -29.5C)
(stretched: black = 10, white = 15)

Figure 2.8 shows an expanded image of the bias at Mid Gain. As in the flat-field image,
we again see horizontal patterns that are intrinsic to the CCD readout.

A column plot from a HI CCD gain Bias image in Figure 2.9 also shows the horizontal
patterns intrinsic to the CCD.

COL Plot:

3o _Num Points: 512

? H A "*W‘Mﬁwv-w

Pixel Vuluc:
e
'—

O|___.__,_.h,_.__~__4._ ———— ——

(284.0) Pixel: (284,512

Figure 2.9 -- Column plot from HI Bias image (8/27/93)
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Bias Readings (8/27/93): LO: 15.74 MID: 13.2  HI: 24.48

On 9/1/93, we looked at the BIAS levels verses time. The following results were found:

! ie Camer IAS readin \%
' CCD Temp  LO Bias MID Bias HI Bias
-28.5C 1.1 +/-.8 0.19 +/- .5 8.23+/-1.6
-29.5C 278 +/- .8 1.03 +/- 1.0 9.77 +/- 1.6
-29.5C 3.61 +/- .9 1.73 +/- 1.1 10.8 +/- 1.6
-29.5C 5.45 +/- .8 3.264+/-1.2 12.6 +/- 1.6

Powered Down/Up and found MID Bias: 5.42 +/- 1.2

Let Camera sit for 20 minutes and take BIAS readings revetitively
CCD Temp  LO Bias MID Bias HI Bias
265C 104 +/-.8 8.2 +/- 1.2 18.5 +/- 1.6
265C  10.6+4/- .8 8.4 +/- 1.2 18.7 +/- 1.6
260C 109 +/- .8 8.4 +/- 1.2 19.0 +/- 1.6

These results show quite a bit of drifang in the BIAS ievels until they seem to settle down
to a finai value with time. This is probably due to the temperature inside the CCD
Electronics head where these voltages are set. The fact that the BIAS level is slightly
different for each session points o three things:

(i) BIAS levels should be watched closely and recorded intermittently during data
acquisition sessions.

(i) If possible, the instrument should be given time to stabilize (~20 minutes)
before data acquisition starts.

(iii) The overall trend of BIAS levels migrating down from ~40 (11/92) to ~13
(8/93) is cause tor some concern and should be watched closely. It the BIAS levels keep

decreasing from these levels (approaching 0), the camera should be returned to Advanced
Technoiogies for a new calibratuon.

27



2.1.6 CCb Dark Noise

The PMS16A CCD is powered in Multi Pin Phased (MPP) mode which decreases the
dark count by about a factor of 30. This is achieved by using a boron implant in the CCD
wells. Figure 2.10 shows a dark integration image with a CCD temperature of -25°C
hich is a normal operating temperature of the FAARJ’ imager. Nodce the characterictic
pattern of dark noise irtegration intrinsic to the CCD cnip. '

CCD Temp: -25.0C Exposure: 4 minutes HI Gain [25¢-/ADU] 1ix1 Binning
Scale: Black 80 ADU  White 225 ADU

Figure 2.10 -- Dark Noise Integration
Temperature Dependence

Dark Noise for the HA ARP camera head was measured verses temperature. Cooling the
(CCD reduces the dark count by about a tactor of 10 for every 20C temperature reduction.
The following data for CCD dark noise acquisition was taken with the CCD gain set at HI

and using 1x1 binning:




Elacirons/sec

Temp | Exposurc | Mecan RMS Mean Normalized Elecuons
©) (sec) (ADU) | (ADU) - Bias Mean [sec
31 20 1953 269 1930 23160 2412.50
4 120 473 69 450 900 93.75
-12 120 257 37 234 468 48.75
-19 240 250 36 227 227 23.65
-25 240 147 21 124 124 12.92

This curve is shown in Figure 2.10. Examing the above results confirms the rule of thumb

for cooling viz: a factor of 2 decrease for every 6°C, or a factor of 10 decrease for every
20°C.

10000 ———
. T - .
1000 — —————
100 4rzrme - -
10 - = = T
| __ S R _ -
Y SN SH R SRS IS -
.30 -20 -3 0 ¢ 10 20 30 40

Temperature (C)

Figure 2.11 -- CCD Dark Count .vs. Temperature




2.1.7 HAARP Mecan-Variance Calibration

The electron charge in the CCD wells creates a voltage that is amplified by the CCD
electronics and converted into digital units using a 12 bit Ans Hg to Digital Converter
(ADC) at a pixel rate of 1.1MHz. The Mean-Variance calibra on is a method used to
determine the actual Analog to Digital Converter gain and noisc characteristics. This
indicates how many electrons in the CCD well correspond to an Analog to Digital Unit or
ADU. The basic principle of this calibration is as follows:

Linear ADC conversion:  ADU =Gain x Ne  where N, = number of electrons
RMS noise of conversion: @ = Gain x VN,

Variance is defined as RMSZ2. Therefore, the rato:

Varance = (Gaim?xNe

Mean Gain x N,

The ratio of Variance / Mean gives the gain in units of ADU/electrons. The ratio of
Mean / Vanance therefore gives us:

electrons/ADU

g | Technologies Calibration Method:

Four wnages are collected with the CCD camera: two independent Bias images and iwo
independent Flat-field images. To do this, the KEO lab was set up as:

13 feet
> I I] cco
PM516A

L Rodenstock
Opal 42mm Lens

Glass




The following definitions were made:

Images taken: Biasl, Bias2, Imgl, Img2

MEAN: Mean of (Imgl - Biasl )

2IMG_RMS: Rms of (Img2 - Imgl ) (Photon Shot-Noise of images)
VARIANCE: 2IMG_RMS2/2 [Variance of one image]
GAIN: MEAN / VARIANCE {uriits: electrons/ADU]
2BIAS_RMS: Rums of ( Bias2 - Bias1 )

READ NOISE: ( 2BIAS_RMS /sqrt(2) ) X GAIN

Results of 7/12/93 Calibration for HAARP CCD Head:

CCD Head: ATC-2 AT220 SN:2 Temperature: -31.0°C
Low Gain:
Mean: 1432.90 ImgRMS: 5.6 Variance: 15.68 BiasRMS: .969
MidGain:
Mean: 2627.06 ImgRMS: 10.32 Variance: 53.25 BiasRMS: 1.108
HiGain:
Mean: 2140.97 ImgRMS: 13.06 Variance: 85.28 BiasRMS: 1.327
CCD Gai Gain (¢-/ADU) Read Noise (¢-
Low 91.38 62.61
Mid 49.33 ' 38.65
Hi 25.10 23.55
= 226°
Gain _____Calibration Image Mean RMS
Low BiasLow.Img 13.22 0.616
Mid BiasMid.Img 11.02 0.788

Hi BiasHigh.l1 1g 22.98 0913




In HI and MID gains, the ADC saturates before the CCD well at 4095. At LO gain, the
CCD saturates at 2395 (not including the BIAS level). This gives us the full-well potental
of our CCD:

2395 x 91 e- ===>217,945 e- PMS516A full well depth

At MID gain, the ADC sarurates at 200,165 e- or very nearly the full well depth of the
CCD. AtHI gain, the ADC saturates at 101,850 e- or about half of the CCD well depth.

For 1x1 binning, then, we can characterise the use of these gains. When we want to match
the dynamic range of the CCD most closely with the ADC, we should operate at MID
gain. When we are counting very few photons and want the greatest sensitivity of the
instrument, we should operate at HI gain, understanding that the dynamic range of the
instrument is halved. However, when struggling for every photon, dynamic range is not
usually an issue.

LO gain is setep for use in larger binning situations. We typically coilect data in 2x2
binning to conserve on acquisition time and archival space. The summation well on the
PM3516A has four times the well-depth of a pixel, so that when we bin 4 pixels together
(2x2), the summaton well can handle the increased dynamic range ( 870Ke-). LO gain
has a dynamic range (in 2x2 binning) of 4095 x 91e- which is: 370Ke-. This is roughly
double the dynamic range of the MID gain, but one should note that for 2x2 binning, the
ADC will still saturate before the summation well (4 pixels deep), so the full dynamic
range of 2x2 binning is not realized.

These gains were confirmed radiometrically using a C14 Light source for companison. A
sequence of images using the 486.7nm filter and the intensifier at a constant gain were
taken for each of the CCD gains and added together giving:

HIGan MID Gain LO Gain
Image stats: 15428 ADU 7515 ADU 4089 ADU
CCD Gain:  25e-/ADU 49e-/ADU 91e-/ADU
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MIRDAO  HILO —~— HIMID
Rato of stats: 1.84 3.77 2.05

Ratio of Gains: 1.86 3.64 1.96
The correlation between these two measurements is extremely close as is to be expected.

) 1.8 Centering the § in the CCT

Because of mechanical tolerances and the difficulty of physically centering the CCD inside
the vacuum chamber exactly along the optical axis of the instrument, it was noticed during
calibration that the image was not centered in the CCD. From the images taken during the
first part of the calibration, it was decided that the image needed to be moved about 20
pixcls to the left, or about .015".

CCD Housing Modification: The CCD housing was modified to allow the CCD head to
move inside and two access holes were drilled in the front of the housing to access the
mounting screws on the CCD head cover plate.

CCD Head Modification: The cover plate holes were slotted to allow movement of the
CCD head with respect to the cover plate thus moving the orientation of the CCD with
respect to the optics axis (the Rodenstock 42mm lens screws into the cover plate).

To adjust the position of the image in the CCD, remove the CCD head from the CCD
housing. Remove all the 4-40 screws from the CCD cover plate on the front of the CCD
head except the two honzontal screws as shown in Figure 2.12.

Looking at the front of the CCD Head

B J}—Remove screws

<}— Leave two screws tightened

Figure 2.12 -- CCD cover pla’e screws
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With just these two screws holding the cover plate to the CCD head, re-install the CCD
head into the CCD housing and take an image. Using the two access holes in the front
panel of the CCD housing, slightly loosen the two screws and move the CCD head in the
desired direction and re-tighten the screws. Take another image. Repeat this process until
the image is centered, and tighten the two screws down tight. Remove the CCD head and
tighten in the remaining 4 screws in the cover plate. Re-install the CCD head in the
imager.

2.2 Relay Lens Optics

As discussed in Section 1.10, a Rodenstock 100mm collimator lens is placed in front of
the intensifier output image and is coupled to a Rodenstock 42mm camera lens which re-
images onto the CCD. Rodenstock computed the Modulation Transfer Function for the
HAARP sewp (Figure 2,13) using three different spatial frequencies ( 95 Ip/mm, 48
lp/mm, and 24 lp/mm ). The results are shown in Figure 2.14.

D) (0555

26mm Irencfgr Wﬂwmnock Vacuum Window
10mm -Heigon
with P20 Phosphor a2mm Fo 75

Figure 2.13 -- HAARP relay lens configurauon for Rodenstock measurements

There is an intminsic loss of light from the phosphor in the lens coupling determined by the
solid angle subtended by the collimator lens. The piot from Rodenstock gives an angle of
8.53 for the maximum from the focal plane to the edge of the image. Since light from the
phosphor exits over a full 180 degrecs, the lens at I'1.5 only uses 10% of the photons
emitted from the intensifier output. From the Rodenstock piot, one can see that there is
also vignetting in the lens combination of 7% (98 - 91)).




MODULATION-TRANSFER FUNCTION FOR

XR-Heligon 10Cmm F 1.5 ,bdraw.no.3801.257.20 | ON 4307 - 9001
+ TV-Heligon 42nm  F 0.75,draw.n0n.3801.212.22 | C - -0.047
. I Phosphor : P 20 Separation : 10 mm )
BETA'= -0.4242 BLENDENDURCHMESSER = 55.02 -
SCALE F-STOP DIAMETER
. ORTSFREQUENZ ¢ 95. 48. 24. 1/mm .
SPATIAL FREQUENCY: F~NUMBER

'd

A)
pZOp(‘I‘)(LM 446.0nm 498.0nm $50.0nm 602.0nm 634.0nm
(Relative) BEW : %) 3.6 16.8 65.4 95.3 87.6 43.8 25.3 13.6 5.8

{Output)
= e BEUGUNGSTHEORETISCHER WERT SAGITTAL
DIFFRACTION LIMITED VALUE = = ------==--- MERIDIONAL
100 HEEL 0.3 0.5 0.7 0.9 1.0
3 MODULATION TRANSFER FUNCTION ,E
90 4 . . . . 4
80 | - - . . |
b0 p e H.\\ o SRR |
-------------- -\--}\
60 . . - e . 1
Tl |28 1p/mm
50 v, . . SOl
..... —
L —~_
40 -+ —o““. \...:\ :‘//-’:
el R TSI N [48 1p/mm
30 J . R L
— o T
20%¢ T T T S ¥
10%} . e 3 e
__________ [
Q —. -
Y (Uist. francaver of Int) -3, 78 -6.206 -8.76 -10.64 -12.51
Y
Y' « O (MITTE) 1.59 2.651 3.710 4.497 5.2%8

Y' « O (AX1S)
(Dist, fram aater of D)

WINKEL (GRAD) 2.58 4.29 5.99 7.26 8.53
ANGLE (DEGREL)

HELLIGKEIT (&) 98 97 96 96 91
LIGHT INTENSITY (%) (Relstive Vignetting)

VERZEICHMUNG (0/00) 0.23 0.27 -0.28 -1.04 -8.16
DISTORTION [ 7.1%)

Figure 2.14 -- Rodenstock Relay Lens MTF Calculations




2.3 Shutter Modifications

The HAARP imager uses two Melles-Griot shutters. During calibration of the imager, the
back shutter started failing intermittently. KEO examined the rear shutter and found what
we determined to be a flaw in the shutter design. The coupling ring tends to rise in the
upper right hand side when the relay arm pulls the ring CCW (opening). This rising action
causes friction in the mechanism and creates a starting inertia that the relay can not always
overcome. It was found that applying a very light amount of pressure to the outside part
of the ring at this point (see Figure 2.15) relieves the friction and allows the shutter to
operate freely. It was noticed that there was wearing in the ring and metal flakes where
the ning is held down by the washer.

(_uManual Arm
AN\

Retaining washers

Figure 2.15 -- KEO Modification to Melles-Griot Shutter

To fx this, KEO fabricated two plastic lips (one for each shutter) tc replace the metal
washers. The plasuc lip fastens down in the same position as one washer and extends over
the coupling nng applying a little pressure on the ring. This seems to have solved the
shutter failures. In the future, teflon holders could be made if the plastic lips become
unreliable.
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2.4 PhotoDiode Calibration

The HAARP imager has a photo-diode placed in the back shutter (SH2) of the instrument
to measure the average brightness of the intensifier phosphor. This measurement gives us
an idea of how bnght the ymage is and, more importantly, whether the image intensifier is
operating in AGC (automatic-gain-control) mode and thus not operating with lincar gain.
A typical image intensifier output curve is shown in Figure 2.16.

The HAARP imager uses a EG&G VACTEC VTB9413R photodiode. This photodiode
has an IR rejecton filter on it and has a spectral response (peak 1s S80nm; range is 320nm
- 720nm) similiar to the output of the intensifier P20 phosphour. A photodiode was
chosen for this application because of it's relatively fast nse/fall times.

The photodiode output 1s amplified by an ADS15 inside the shutter housing (see Section
3.11), and then 1o the KEO Imerface board where it's gain can be adjusted using the
potentiometer VR4, This potentiometer is used to set the output voltage going into the
controller's ADC to peak near SV when the intensificr is in AGC mode. Thus, by reading
this ADC value, the controlier can monitor whether the intensifier is vperating in it's hinear
range or not. (It turns out that for auroral applications, a typical image does not push the
intensifier output anywhere's near the AGC limit).

Image Intensitier Gsin Charactaristics
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' i H
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Figure 2.16 -- Typical Image Intensifier Output Curves
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The MIP imager used a VTB9413 photodiode, which has a glass window instead of the IR
rejectien window. This photodiode has a much higher output than the HAARP imager's
VTB9413B. To accomodate this difference, a 5.11K€Q resistor had to be added in parallel
to the 19KSQ resistor R11 on the KEO Interface board to increase the gain for the AD515
output (see the schematic in the Hardware Chapter). The output at very low light-levels
from the ADS15 was found to be greater than O volts which produces a negative voltage
at the input 0 the ADC (producing 0 ADU's). This limits the photodiode's very low-light
level resolution as can be seen in the calibration data. A zero-offset potentiometer could
be added o the AD515 amplifier card if necessary.

The following is the Photodiode calibration data for 8/27/93:

Intensifier Gain: Minimum

r Setp Relative ADS15Output | ADC Input ADC Ouput
Gain: Min Iluminance (mV) ) (ADI))

Int Off: 2.1 -0.056 0
Shuuer Clsa 38 -0.084 0
Shuiter Open 0 33 0.076 0
LS #10 1 0.7 -0.33 0
LS #9 2 -3.5 0.039 2
LS #8 4 -10.8 0.162 9

LS #7 8 -27.7 0.45 24
LS #6 16 -58 0.966 51

LS #5 32 -122 2.053 108

LS #4 64 -2073 3.5 185

LS #3 128 -242.6 4.1 217

LS #2 256 -258.9 438 231

LS #1 512 -268.6 4.54 240

LS #0 1024 -274,6 4.64 245

Intensifier Gain: Maximum

Setup Relative ADS515 Output ADC Input ADC Ouput
Gain: Max Illuminance (mV) '\ (ADU)
Int Off: 2.1 -0.057 ({]
Shutter Clsd 39 -0.085 0 )
Shutter Open 0 2 0.54 0
1S #10 | -36.1 0.592 31
LS #9 2 -101.2 1.699 90
LS #8 4 -196.2 3.31 17
LS #7 3 -250.6 4.24 223
LS #6 16 -2h8 4.53 239
LS #5 32 -279.3 472 249
LS #4 64 -287 4.85 255

:



The plots in Figure 2.17 show the curves for the above data. Notice the linear region and
the gradual approach to the AGC mode.

AD51S Output (mV} Normalized

(Volts) Normalized

ADC Input:
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Figure 2.17a -- PhotoDiode Output: AD515
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Figure 2.17b -- PhotoDiode Output: 68HC11 ADC Input
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Figure 2.17¢ -- PhotoDiode Output -- ADC Quput

PhotoDiode Output: PE4 .vs. ADU - HAARP 8/93
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Figure 2.17d -- PhotoDiode Ouput -- ADC Linearity




2.5 Image Intensifier Performance

The HAARP imager has a 25mm Gen-2 Inverter intensifier with an S20ER photocathode
and a P-20 phosphor.

2.5.1 VARO Specifications

SERIAL NO. 9301115

25MM 2ND GEN INVERTER WITH P-20 PHOSPHOR
PART 4 510-3697-302

WHITE LIGHT PR @ 2854°K: 295 pA/lumen

PHOTOCATHODE SENSITIVITY:

WAVELENGTH PHOTOREG PONSE
(nm) (ma/watt)
900 1
830 12
800 17
700 28
600 41
550 47
500 S50
450 51
400 66
350 69

EBI (Equivalent Background Input) 1.6 x 10-11 (lumens/cmz)

NC 2
@ 5 X 107% INPUT ILLUMINATION: 90,000
INPUT CURRENT 16 milliamps
@ 5 X 10”5 INPUT ILLUMINATION: 6,665
INPUT CURRENT 1% milliamps
QUTPUT BRIGHTNESS
@ 5 X 10™% INPUT ILLUMINATION: 1.2 F.L.
INPUT CURRENT 14 milliamps
8 5 X 1073 INPUT ILLUMINATION: 1.2 F.L.
INPUT CURRENT 14 milliamps
€ 5 X 1072 INPUT ILLUMINATION: 1.4 F.L.
e 10 x 102 TNpUT ILLUMINATION: OFF
CATHODE AND SCREEN QUALITY: OK
CENTER RESOLUTION: 32 LP/MM

Figure 2.18 -- VARO Intensifier Specifications
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2.5.2 P20 Phosphor Spectral Curve
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