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seconds. The latter days have a leap second added to keep UTC within a second of UT1,
which is based on Earth’s rotation (which is irregular and slowing down). The TAI - UTC
correction (number 2 in table 4.8) takes into account the number of leap seconds that have

been introduced up to the time of the observation.

UTC is based on the rotation of the earth, but this is irregular. Ephemeris Time (ET) was
introduced as a more stable time system because it is based on the apparent motion of the
sun. One second in ET was defined as 1/31556925.9747 of the average length of the
tropical year in 1900. When atomic clocks were introduced, the second was re-defined with
an interval equal to the ET second. When TAI was introduced, it was made equal to UT,
which by this time had drifted from ET by 32.184 seconds due to the difference between
the time systems based on the rotating earth and apparent motion of the sun. Terrestrial
Time (TT), also known as Terrestrial Dynamical Time (TDT), is now used instead of ET.
It is consistent with the theory of relativity for an observer on the surface of the moving
earth. The TT — TAI correction (number 3 in table 4.8) is a constant offset of 32.184

seconds which is required so thete is no discontinuity at the changeover to atomic clocks.

The next stage is to transform the TT to the solar system barycentre, or Barycenttic
Dynamical Time (TDB). When earth is at perihelion it moves faster and deeper in the sun’s
gravitational potential well, causing the TT to be slower than TDB. When earth is at
aphelion, the opposite occurs. The TDB — TT cotrection (number 4 in table 4.8) is a
periodic term determined by the orbital parameters of earth with respect to the solar

system barycentre.

The correction so far has calculated the time when a photon from the pulsar hits the WHT
on Earth as measured by a clock at the solar system barycentre. We need to know the time

when the photon hits the solar system barycentre as measured by a clock at the solar
“ system barycentre. This then removes the problem of photons arriving at different times
relative to each other due to Earth moving in its orbit around the Sun. This is done by
calculating the barycentric earth position/velocity vector and the geocentric position of the
telescope using SLALIB routines (Wallace, 2003). The two vectors are added to give the
batycentric telescope position/velocity vector. The pulsar position/velocity vector is also
calculated using SLALIB routines. The velocity components of the position ~ velocity

vectors are removed and the vectors normalised. The angle, 6, between the sun — earth
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vector and the sun — pulsar vector is calculated and this is used to calculate the arrival time
difference, A¢ between a photon arriving at the solar system barycentre and at the WHT on
the earth’s surface. Figure 4.4.8 shows a schematic of the sun — earth and sun — pulsar
vectors. The pulsar — earth and pulsar — sun angle, y, is very small because the pulsar is very
far away. Therefore the arrival time of a photon at the WHT and at point X on figure 4.4.8
is assumed equal, i.e. A = B. The arrival time difference between a photon arriving at the
solar system barycentre and at the WHT on the earth’s surface (number 5 in table 4.8) is
added to the TDB and gives the arrival time of the pulsar peak (number 6 in table 4.8)
observed by ULTRACAM at the solar system barycentre. The observed pulsar peak

cotrections are shown in table 4.8.

Solar system barycentre

Pulsar A X At l

Sun

1AU

Earth

Figure 4.4.8: Diagram of the sun — earth vector and the sun — pulsar vector. The angle
between the two vectors, 6, is calculated and used to determine the time difference, A7
between a photon arriving at the solar system barycentre and at the WHT on the earth’s
surface.

The Jodrell Bank ephemeris gives the arrival time of the centre of the first Crab-pulsar
main peak after midnight at infinite frequency (of the light the pulsar is observed in) on the
15" of every month. The pulsar frequency, v, and the rate of change of the pulsar

frequency, v, for each month is also given in the ephemetis. The quoted arrival time
accuracy in the Jodrell Bank ephemeris for August and September 2002 is 1 millisecond.
This determines the accuracy to which the observed pulse can be compared with the

ephemeris.
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Table 4.8: Timing accuracy results

! D (ITE) - time 52529.207465966096

2 TAI - UTC (seconds) 32

3 TT — TAI (seconds) 32;184

4 TDB —TT (seconds) -0.00149797986

5 Barycentre Travel time, A # -44.9998293
(seconds)

6 MJD (TDB) — time observed 52529.207687987771

at the solar system barycentre

To obtain the artival time of the Crab-pulsar radio-frequency main pulse we take the MJD
TDB for August 15%, 2002, from the Jodrell Bank ephemetis and add the number of pulsar
cycles until the MJD TDB is equal or very close to the observed MJD TDB (number 6 in
table 4.8). The difference between the observed and Jodtell Bank MJD TDB closest to the
observed value is the accuracy of the ULTRACAM time-stamp. Note that the MJD TDB
for September 15" 2002 could also be used and the process calculated backwards. The
pulsar period is. slowing and this affects the pulse arrival-time calculation, so the rate of
change of pulsar frequency needs to be incorporated into the calculation. The total number
of pulsat cycles, N , between the quoted Jodrell Bank MJD TDB to the observed MJD
TDB is given by the following series:

. 2 .o 3
No=vAe +v 2 L VA7 (4.15)
C 2 6 .

where v, is the rate of change of the rate of change of the pulsar frequeﬁcy and ¢, is the

epoch given by:

Ae¢ = TDB,, - TDB,,,, (4.16)
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where TDB,,, , is the TDB recorded by ULTRACAM time-stamp and TDB;,, , is the TDB

calculated using the Jodrell Bank ephemeris. The rate of change of pulsar frequency,v, is
given by:

av. | (4.17)

where P, is the pulsar period given by:

. ° d])
P=vyv—, 4.18
e (4.18)

The pulsar period P, is inversely related to the pulsar frequency v, and can be written as:
P=v", (4.19)

and the derivative of P with respect to pulsar frequency is therefore:
Lo, (4.20)
av

It is then possible to write:

P=-2. (4.21)
1%
~ The rate of change of the rate of change of the pulsar frequency v, is given By:
podv_dvd _dv, | 4.22)

where v, can be rewritten by rearranging equation 4.21 and combining with equation 4.20

to give:
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=-PP72, (4.23)

By taking the derivative of equation 4.23, we can write V as:

ﬂ:sz_s—.‘ﬂ)_
dpP dP

P2, (4.24)
The last term on the right-hand side of equation 4.24 is ignored because it is very small and

therefore insignificant, so:

* 2P’
V= P3

(4.25)

Table 4.9: Timing accuracy results

The MJD (TDB) is the artival time of the centre of the main radio pulse after midnight at the batycentre of
the solat system. The observed barycentric frequency, V, its first detivative V - dot at the arrival time, the
error in the quoted arrival time are also given. The number of pulsar cycles between the MJD (I'DB) in this
table and the observed MJD (TDB) is calculated and the time between this number and a whole number of
cycles is determined to give the timing accuracy of the ULTRACAM titme stamp.

August 15" 2002 September 15 2002
MJD (TDB) 52501.027142 52532.002024
(Days)
v 29.8152123201 29.8142110435
(Hertz)
v
-373842.19 -373809.73
(10 ™ second?
Error in ephemeris 1000 - 1000
(microsecond)
Number of cycles 72662861.997608870268 -7192861.019236300141
Timing accuracy. 0.000080198313 0.000645205714

(seconds)
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The results using thé August 15" and September 15" 2002 data from the Jodrell Bank
ephemetis are shown in table 4.9. The results show that the accuracy of ULTRACAM’s
absolute timing is approximately 0.6 milliseconds, where the observed pulse arrival times
precede the Jodrell Bank timings by this amount. The accuracy of the analysis is limited,
however, by the uncertainty of 1 millisecond in the ephemeris, so the absolute timing
accuracy of ULTRACAM should be quoted as 1 millisecond. To reduce this uncertainty
further, the Crab pulsar will have to be observed in a month that has a low arrival time

uncertainty in the ephemetis (e.g. due to Jodrell Bank observing it more frequency).

4.5 Mechanical

4.5.1 Flexure

 Itis vital that ULTRACAM exhibits low flexure so that each CCD temains co-aligned (see

section 2.5.1). The mechanical design analysis of section 2.5.3 predicts the flexure of the
double octopod to be (1.94 * 0.14) x 10 m. This value is for flexure over the entire length
of the double octopod and assumes rigid joints. The analysis in this section will calculate
the actual instrumental flexure and determine whether it is differential between the CCDs
(i.e. all three CCDs shift due to flexure in the same direction and by the same amount).
This will be done by using observational data to record the position of a star on each CCD
chip whilst ULTRACAM moves through different orientations.

The data used in this analysis is an observation of HS0039+4302 taken on 19™ September
2002. The observation began at 23:15 UTC and ended at 06:51 UTC, giving a total time of

* 07:36 on the target and 7521 frames. The x and y positions of the stats on each frame were

determined by Gaussian fitting. The point of least flexure is when the telescope points at
the zenith, and hence the flexure has been calculated relative to this value as shown in

figure 4.5.1.

Figure 4.5.1 shows that thete ate jumps in the flexure on all three CCDs. Examination of

other data obtained in May and September 2002 also shows these jumps and verifies that
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they always occur in all three arms of ULTRACAM. A distinctive feature of the jumps is
that they each shift by the same number of pixels in each arm and each x and y plane on
the CCDs, as shown in figures 4.5.2 and 4.5.3, which show plots of flexure in both the x
and y planes of each CCD.

52536.927 52536.977 52537.027 52537.077 52537.127 52537.177 52537.227
MJD (UTC)

[+ Red CCD + Green CCD  Blue CCD |

Figure 4.5.1: Instrumental flexure in each CCD plotted as a function of time. The sharp
jumps in flexure are thought to be due to flexure in the autoguider probe in the Cassegrain
A&G box.

A structural shift in ULTRACAM could cause the observed flexure jumps, but it would
then be unlikely that the jump is the same in all three CCDs. A more likely explanation is
that something has caused the telescope image to shift before it enters the ULTRACAM
collimator. This could be due either to flexure in the ULTRACAM collar or in the
telescope. However, the flexure in the mount collar has been calculated to be lower than
(1.8 £ 0.2) x 10 m (see section 2.5.13). This is an order of magnitude lower than the 2 — 3
pixel jumps (i.e. 26 — 33 x 10° m) shown in figures 4.5.2 and 4.5.3. The flexure jumps are
therefore more likely to be attributable to some feature of the WHT, such as flexure in the
autoguider probe; if the autoguider probe moves, the position of the guide star on the
autoguider CCD moves, forcing the telescope to move to compensate for the shift. This

telescope movement would cause the stars to move on the ULTRACAM CCDs. .
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Figure 4.5.2: Graph of flexure in the x-direction on each CCD chip versus time.
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Figure 4.5.3: Graph of flexure in the y-direction on each CCD chip versus time.
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The jumps in flexure were manually corrected in the data by adding offsets at each jump
point. Figure 4.5.4 shows the jump-corrected flexure graph for each CCD. The graph
shows that the remaining flexure appears to be higher in the blue than in the red. This
effect is most probably not due to flexure at all, but to atmospheric differential refraction.
As light passes through the Earth’s atmosphete it is refracted so that a star on the red CCD
appears at a different location on the blue CCD. Atmospheric refraction is always
perpendicular to the horizon and varies in strength depending on the airmass of the target,
which is also shown in figure 4.5.4. In section 4.2.4 it was shown that the x-axis of the
ULTRACAM CCDs are aligned to within 15.56° of East-West. Figure 4.5.3 shows that
there is almost no flexure in the y-axis, whilst figure 4.5.2 shows significant flexure in the x-

axis confirming that it is due to atmospheric differential refraction.

Values for atmospheric differential refraction are given by Filippenko (1982) as a function
of airmass (i.e. sec(z), where z is the zenith angle). Atmospheric differential refraction
versus sec(z) was plotted for each colour and the equation of the line calculated. Values of
atmospheric differential refraction were then generated for each colour band using the
equation of the line by inputting airmass values. The colour-dependent atmospheric
differential refraction values were converted from arcseconds to pixels and then subtracted
from the flexure values in the x-plane. Figure 4.5.5 shows the result, where the
instrumental flexure has now been corrected for jumps and atmospheric differential
refraction. The remaining flexure can be attributed to the mechanical structure of
ULTRACAM and is shown to be non-differential.

Figures 4.5.6 and 4.5.7 show graphs of the x,y positions of the star before and after jump
and atmospheric differential refraction correction. The jump and atmospheric differential
refraction corrected plot is now contained within a much smaller clump than the

uncorrected data. One notable feature of the x,y plots is that star positions are clumped
into pixel-size groups. This is due to a centroiding selection effect in the reduction software

(Tom Marsh — private communication).
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Figure 4.5.4: Graph of flexure versus time after corrections for jumps due to flexure in the
autoguider probe (see text for details).

52536.927 52536977 52537.027 52537.077 52537.127 52537177 52537.227
MJD (UTC)

[+ Red CCD + Green CCD » Blue CCD |

Figure 4.5.5: Graph of instrumental flexure versus time after corrections for jumps due to
flexure in the autoguider probe and atmospheric differential refraction.
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Figure 4.5.6: Graph of star x,y positions (no jump or atmospheric differential refraction
correction).
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Figure 4.5.7: Graph of star x,y positions corrected for jumps and atmospheric differential
refraction.
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Figure 4.5.8: Graph of flexure corrected for jumps and atmospheric differential refraction
versus star altitude, with straight-line fits to the data on each CCD.
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Figure 4.5.9: Graph of extrapolated instrument flexure versus altitude for each CCD. Two
sets of flexure values are plotted, one set cotrected and one set not corrected for
atmospheric differential refraction.
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Table 4.10: Instrumental flexure of ULTRACAM

The observed flexure includes conttibutions from atmosphetic differential refraction. The instrumental
flexure shows flexure inherent to ULTRACAM on the WHT only, with no contribution from atmospheric
differential refraction.

Red CCD Green CCD Blue CCD
| Pixels 472 + 1.06 853 +1.11 1559 +1.20
Observed
flexure x 10%°m 61.31 +13.81 11092 + 1438  202. 64 *+ 15.58
Gradient 0.052 0.095 0.173
Pixels 7.65+1.18 7.87 £1.10 746 £ 123

Instrumental g6, 99,45+ 14.53 10226 +14.28  96.99 + 15.93
flexure

Gradient 0.085 0.087 0.083

The data can now be used to predict instrumental flexure for orientations not achieved
during the HS0039+4302 observation. HS0039+4302 was observed from an altitude of
43.38°, through transit (at an altitude of 75.28°), down to an altitude of 41.80°. A plot of
flexure versus altitude is shown in figure 4.5.8 for the post transit part of the observation,
to which a straight line has been fitted. The data for the first half of the night has not been
used because thete is significant scatter in the early values due to poor seeing. Using the
straight-line fits and assuming flexure is linear over the range 0 — 90 degrees, extrapolated
flexure values covering the entire range that ULTRACAM can be orientated have been
calculated and plotted in figure 4.5.9. The plot shows instrumental flexure both corrected
and uncorrected for atmospheric differential refraction. Table 4.10 summarises the flexure
results from figure 4.5.9. Note that the results quoted are specific to ULTRACAM fitted to
the WHT and instrumental flexure may differ when ULTRACAM is fitted to other

_ telescopes (due to differences in the mounting collar and collimator used).

Table 4.10 shows that the theoretical flexure calculated in section 2.5.3' underestimates
instrumental flexure by an ordet of magnitude. One reason for this is the assumption that
all joints are rigid in the theotetical model, when actually the octopod struts are composite
parts which can introduce flexure at each joint. Moreover, the theoretical analysis was

simplified by only including the double octopod and mounting collar; the obsetved values



CHAPTER 4. COMMISSIONING 176

however, measure flexure at each CCD and are therefore also sensitive to flexure in the

CCD head mounts.

The figures in table 4.10 are very useful for planning observations on the WHT. The ranges
of flexure relative to each CCD ‘can be used to define CCD window sizes. The values in
table 4.10 give the observed flexure in each CCD as ULTRACAM tracks a star from an
altitude of 30° to the zenith. If the altitude range of an observation is known in degrees,
then multiplying by the gradient in table 4.10 will give the obsetved differential flexure in
pixels on each CCD. For example, if a star is observed through an altitude range of 22
degrees, the observed flexure would be r* = 1.14, g> = 2.09 and v’ = 3.81 pixels relative to
where the star had been positioned on the CCD at the start of the obsetvation.



Chapter 5

Development work

5.1 Introduction

After the commissioning run in May 2002, there were several areas where ULTRACAM
had to be enhanced before the next observing run (in September 2002). This chapter
details the work undertaken to develop ULTRACAM for subsequent observations.

5.2 Clear filters

Some ULTRACAM observations will require the maximum possible throughput. This can

be achieved by removing the SDSS filters, but this causes the position of the focal plane to

change, so consequently the CCDs would have to be re-focussed. This is not desirable

during an observing run as it would take considerable time. A suitable alternative is to

replace the SDSS filters with high throughput, broad-band clear filters which have the same

optical thickness (i.e. the product of the physical thickness and refractive index) as the
SDSS filters.

Replacing the SDSS filters with clear filters will cause significant ghosting in the blue and
green channels and very weak ghosting in the red channel. Figure 2.2.4 of the simple
ghosting model predicts that primary ghosts (i.e. the first ghost image originating from the
second surface of the dichroic beam-splitter) of light in the wavelength range 300 —
1100nm will be 1.8%, 1.7% and 0.13% for the blue, green and red channels respectively.

The primary ghost images in the blue and green channels ate so high because there are no

177
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SDSS filters to block the ghosts. This section describes the procurement of the clear filters
and the tests we performed using them in ULTRACAM.

Corner 1 Corner 2

Coiséi3 Corner 4

Figure 5.2.1: Filter positions where each thickness measurement was made.

The physical thickness of the SDSS filters needed to be accurately measured to calculate
the required thickness of the clear filters. This was not originally known accurately and each
filter was probably different. I took the filters to Stephenson Blake, a Sheffield-based
company that owns a contact probe micrometer. The machine operates by moving a probe
using accurate drives until it senses contact with the surface of the filters. Measurements
were taken at the corners and centre of each filter, as shown in figure 5.2.1. The resulting
thickness measurements (listed in table 5.1) are accurate to approximately 0.01mm, and the

probe is non-destructive and therefore does not damage the filters.

The information in table 5.1 was given to Asahi Spectra Co., the same company that we
procured the SDSS filters from, who used the data to calculate the thickness of UV-grade
fused silica requited to give the same optical thickness as the SDSS filters. As a
compromise for cost, the clear filters supplied by Asahi Spectra Co. were all the same
thickness based on producing the best results in the red channel. We decided to buy three
of these filters, knowing that if they were used in the blue and green channels that the

images would be out of focus and would contain ghosts. However, if an obsetvation
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specifically required clear filters in all three channels then the blue and green CCDs could

be re-focussed for the clear filters and the target counts could be extracted.

Table 5.1: ULTRACAM SDSS filter thickness

Dimensions in mm

(% 0.01) Corner1  Corner 2 Centre Cotner3  Corner 4
s 5.043 5.041 5.046 5.035 5.032
g 5.055 5.063 5.058 5.045 5.057
5.090 5.106 5.121 5.092 5.097
7 5.088 5.080 5.094 5.068 5.081
14 5.105 5.081 5.088 5.103 5.085

We tested the clear filters with ULTRACAM on the WHT on the night of 6® June 2003.
The aim of the observation was to combine the data on a very faint and heavily reddened
X-ray binary from all three CCDs to improve the signal-to-noise of the light-curve. As
expected the blue CCD data is out of focus, so much so that it is impossible to determine
the ghost images (figure 5.2.2). The green CCD data is in focus and the ghosting is cleatly
evident. There is no ghosting visible in the red CCD images and the data is in focus as

expected. Figure 5.2.2 shows ULTRACAM images in each channel with clear filters fitted.

When the SDSS filters are used in ULTRACAM most of the primary ghost image is
outside the pass-band of the filters and is blocked. This is also true for the light outside the
pass-band that is reflected at the first surface due to the less than petfect transmission

efficiency of the dichroics. Ghost images are not expected to form separate images in

"ULTRACAM because the dichroic beam-splitters operate in a collimated beam. However,

this is not the case. The last lens in the collimator is bigger than the first lens in the re-
imaging cameras and therefore the light beam within ULTRACAM converges slightly. This

results in ghost images from the second surface of the dichroic beam-splitters.
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Figure 5.2.2: ULTRACAM images in the blue (top), green (middle) and red (bottom)
channels with clear filters fitted.
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Also shown in figure 5.2.2 is a closer view of the ghost images in the green CCD. The
ghost images suffer from poor image quality because this light is travelling from the second
surface of the dichroic beam-splitter, meaning that the re-imaging camera is at the wrong

distance from the dichroic.

The total counts from the ghost images in figure 5.2.2 have been measured on the green
CCD. The total counts from the stars on the red CCD producing the ghost images on the
green CCD are also measured. This has been done to calculate the percentage intensities of
the observed ghost images for comparison with the dichroic model presented in figure
2.24. The éverage ghost intensity in the green CCD is 2.29 * 0.08 %, close to the
predicted value of 1.7%.

5.3 Focal-plane mask

In drift mode operation, certain sections of each window are exposed on the chip for
longer than other sections. Figure 5.3.1 shows this schematically. When the exposure of
frame 1 finishes, the window is frame-transferred into the storage section. The area
immediately above frame 1, represented as frame 2 in figure 5.3.1, shifts down the CCD
taking the place of frame 1 and begins integrating on the target. Similarly, above frame 2
thete are two other windows forming a stack on the CCD. Whilst frame 2 is integrating,

these other windows are also integrating on the sky.

This causes two problems. First, if a bright star is positioned above (i.e. at a latger y — pixel
number) the target window, then some counts from it will be recorded whilst the window
-moves over the star on its way to the bottom of the stack, producing a vertical streak in the
data. This effect can in some cases be eliminated by careful positioning of the target objects

on the CCD using the telescope Cassegrain rotator.

Secondly, the CCD cannot accommodate a whole number of windows in the j-direction
(see section 2.3.3). In figure 5.3.1, frame 4 is not fully accommodated by the CCD array.
The lower section of the window is exposed whilst the upper section is not. This results in

one section of the frame being'exposed for longer than the othet, resulting in the bi-modal
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background, shown in figure 5.2.3. The only way to reduce this effect is to define a pair of

windows that stack as close to a whole number of windows on the CCD as possible.
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Figure 5.3.1: Schematic of drift mode operation, with windows drifting down the imaging
section priof to integrating on the target in frame 1. Because a whole number of windows
can never be stacked, the bottom patt of frame 4 exists on the chip for longer than the top
patt.
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Figure 5.3.2: An ULTRACAM drift-mode image showing the bi-modal background level in
a pair of windows. The lower half of the windows are at a higher count level than the top
half because they have been exposed for longer.

The problems desctribed above prompted me to develop a mask that can be inserted to
cover the area of the CCD above the windows, thereby eliminating the streaks from stars in
the field above the windows and the bi-modal background level. The mask has been
designed to intersect the light path at the telescope focal plane, so that it is in focus when
inserted and therefore forms a sharply defined edge. The focal plane drift mask integrates
with the ULTRACAM mounting collar and is shown in figure 5.3.3.
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Figure 5.3.3: The focal-plane mask integrated to the ULTRACAM mounting collar.
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Figure 5.3.4: A full-frame ULTRACAM image with the focal plane drift mask inserted to
Y_START = 300 pixels.
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The focal-plane mask is inserted into the light path by a large, lockable linear translation
stage (the green unit in figure 5.3.3). The scale of movement on the linear stage is 1 mm for
every 16 pixels in the y — direction. The mask can focussed by a second translation stage
(the red unit in figure 5.3.3). There is an L-shaped bracket to join the two translation stages
and a plate to interface to the ULTRACAM mount collar. These are manufactured from
aluminium and are anodised black. The mask blade is machined-flat aluminium tool plate
with a bevel machined on the cutting edge. It is bead blasted and anodised black to reduce
scattered light. Figure 5.3.4 shows the focal plane drift mask inserted at Y_START = 300

pixels on a full-frame image.

Table 5.2: Raw mean bias subtracted counts using the focal plane drift mask

The focal plane drift mask has been inserted and retracted to test how well it reduces the accumulation of
background counts on the windows as they shift down the entire length of the CCD.

Raw mean counts

Drift mode Full frame mode
Mask Mask Outside of Under the
inserted retracted mask mask

Blue

LHS 343 1114 224 10
RHS 282 937 185 8
Green

LHS 1625 5388 36815 1191
RHS 1732 5800 39111 1246
Red

LHS 5369 17995 16087 | 592
RHS 5470 18583 16531 590

Data were collected during the daytime in June 2003 when ULTRACAM was fitted to the
WHT. Tungsten lamps and neutral density filters were used to evenly illuminate the CCDs
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whilst ULTRACAM operated in drift mode with and without the focal-plane mask
inserted. Data were also taken in full frame mode with the mask inserted. An analysis
window was defined that eliminates the bad rows and columns in each window. The mean
of each window was then calculated in drift mode with the mask retracted and inserted to
Y_START = 300 pixels. This has also been done for full-frame data. Table 5.2 shows the
result from the focal plane drift mask analysis.

Figure 5.3.5 shows an example drift-mode image with the focal plane mask inserted to
Y_START = 300. The bi-modal background level seen in figure 5.3.2 is significantly
reduced, but is just visible at a low level. This is because the lower area of the window
exists on the CCD for longer than the upper half and therefore still accumulates dark

current and possibly stray light.
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Figure 5.3.5: Example drift-mode image with the focal-plane mask inserted.



Chapter 6

Conclusions and Future Work

6.1 How successful was the project?

ULTRACAM was completed within the £292,034 budget awarded by PPARC and 3
months ahead of its 3-year schedule. Only one night (16 May 2002) was assigned by the
Isaac Newton Group for commissioning, but the instrument was fully operable and
gathering science data after just half a night (see — Feline et al. 2004). ULTRACAM
achieved all of its functional and performance requirements outlined in section 1.4, as

detailed below:

e Short exposure times of order of milliseconds have been achieved on-sky by the
CCD47-20 frame transfer CCDs operating in drift mode. The fastest the
instrument has run on-sky to date has been at a frame rate of 360 Hz (see section
2.3.4).

e Negligible dead-times have been achieved by the frame transfer CCDs. In
notmal operation the dead-time is 24 milliseconds, whereas in drift mode it is much
lower than this (0.5 milliseconds in the 360 Hz example described above).

¢ Simultaneous multi-colour observations have been achieved: by the three
channels created by the two dichroic beam-splitters and opposing detectors.

¢ Imaging capability has been achieved using CCDs. The field of view of
ULTRACAM on the WHT is 5 arcminutes.

¢ High efficiency has been achieved even with 14 optical elements in the light path.

The read noise is typically 4.3 and 9.8 electrons in slow and fast readout mode. The

187
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throughput of ULTRACAM is 49% in #, 65% in &, 49%, in 7, 66% in 7 and 42%
ing.

e Portability has been achieved by designing ULTRACAM to fit the smallest
telescope size and weight envelope that it will visit; the instrument weighs only 82-
kg and has an overall length of only 792 mm allowing it to mount onto the
Aristarchos telescope (as well as the WHT and VLT).

The success of ULTRACAM is reflected by the science data that it has produced and the
demand for the instrument. Currently 7 refereed papers have been written, along with
several other publications, and these are listed in appendix 1. A total of 61 nights on the
WHT have been awarded to ULTRACAM, to date (spanning the period May 2002 —
August 2004). These observing proposals originate from collaborators at the Universities of
Sheffield, Southampton and Warwick and from the UK and overseas astronomy

community. The successful observing proposals are listed in appendix 2.

A further mark of success is that on 17 September 2004, ULTRACAM was officially
approved to mount on the visitor focus of the 8.2 m VLT in Chile during period 75 (Aptil
— September 2005). This makes ULTRACAM not only the first UK instrument on the
VLT, but also the first visitor insttument on the VLT. ‘

6.2 Future work

The ULTRACAM project has been awarded an additional £67, 000 by PPARC to mount it
on the Aristarchos telescope and the VLT. The money has been used to procure
ULTRACAM collimators for each telescope and will fund the manufacture of
ULTRACAM - telescope interface collars. A collaborative atrangement with the
Aristarchos telescope will provide the instrument team an allocation of 37 nights per year
on the telescope. This is on the condition, howevet, that ULTRACAM remains mounted
on the Aristarchos telescope at all times other than when it is required on a larger telescope
(e.g- WHT ot VLT). This will ensure that ULTRACAM will spend the majority of its time

on a telescope gathering data and not in an instrument store.
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Further funding has also been awarded to the ULTRACAM project by the EU to adapt a
LoW—Iight-Level CCD (LLLCCD) to replace one of the ULTRACAM detectors to
petform spectroscopic observations. The LLLCCDs offer a reduced readout noise of less
than one electton rms (Jerram et al), which makes them ideal for low light level

observations, such as spectroscopy.

At slow readout speeds (e.g. kHz pixel rates, such as used in ULTRACAM) typical CCDs
exhibit a readout noise of 3 electrons, whilst at fast readout speeds (MHz pixel rates) the
readout noise is typically 10 or more electrons (Basden et al 2003). The readout noise
originates in the output electronics used to convert the electrons to ADUs (counts). In an
LLLCCD, the array and output electronics are largely the same as a conventional CCD
except that the serial register is extended to apply an on-chip gain to the otiginal signal (see
figure 6.2.1). The extended readout register uses high electric fields to cause avalanche
multiplication; acéelerating electrons collide with other electrons in the semiconductor
releasing them from their bonds. By the time the original electrons from a pixel have
reached the output amplifier a shower of electrons exists. Therefore, if 1 photon is detected
in a pixel, it will be amplified during the gain stage, read out and be accurately identified as

signal and not noise.

Image Area
Store Area
Charge
Detection =
Node Output
¢ ‘/(\mplifier
[T - >
Readout Register Gain Register

Figure 6.2.1: Layout of the frame transfer E2V LLLCCD.
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The amount of gain between each pixel shift along the serial register is small, typically 1% —
2%, so there are many pixels in the extended serial register to give sufficient total gain
(Basden et al. 2003), e.g. a typical mean gain of 6629 has been quoted for the CCD65 from
E2V Technologies. As the gain is increased, the effective readout noise decreases. However
this is limited by the dynamic range of the CCD. The full well capacity of the CCD can be
exceeded by the charge built up by the gain process. This restricts the number of observed
photons that the detector can be exposed to and therefore limits the brightness of the

observed object and/ or the integration time.

The gain process is statistical and the total number of final electrons is a probability
distribution, as shown in figure 6.2.2. The probability distribution has a mean input of »
photons (1 — 4 in figure 6.2.2) multiplied by the mean gain g and a variance of n¢. There is
uncertainty in determining the number of input photons from the final detected signal
because of overlap between the different probability distributions in figure 6.2.2.
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Figure 6.2.2: Probability distribution of output electrons for input photons n = 1, 2, 3, 4.
(Basden et al. 2003) .

Readout mode strategies for astronomical LLLCCDs have been investigated by Basden et
al (2003). The recommended strategy is to have a low signal input so that one or less
photons are detected per pixel per frame. Any detectable signal above the noise is assumed
to otiginate from the target source. This is ideal for spectroscopy since light levels are
usually low by the time it has passed through the grating and is incident on the detector.

Other strategies for regimes where the signal input is >1 photons involve setting threshold
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levels. The threshold levels are defined by estimating the most likely input number of
photons for a given output. However, uncertainties in the predictions arise because the
gain and mean light level is not accurately known. This is a considerable problem for
photomettic studies because although the readout noise during the obsetrvation is reduced,
the calculated absolute photometric data will have uncertainty associated with it because

the input signal is not known accurately.
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Appendix 1~ Papers resulting from ULTRACAM data

Jeffery, C. S.; Dhillon, V. S.; Marsh, T. R.; Ramachandran, B. Multicolour high-speed
photometry of pulsating subdwarf B stars with ULTRACAM, 2004, MNRAS, 352, 699].

Feline, W. J.; Dhillon, V. S.; Marsh, T. R.; Stevenson, M. J.; Watson, C. A.; Brinkworth, C.
S. ULTRACAM photometry of the eclipsing cataclysmic variable OU Vir, 2004, MNRAS,
347, 1173 ‘

Shahbaz, T.; Dhillon, V. S.; Matsh, T. R.; Zutita, C.; Haswell, C. A.; Chatles, P. A.; Hynes,
R. I.; Casares, J. Multicolour observations of V404 Cyg with ULTRACAM, 2003, MNRAS,
346, 1116

Feline, W. J.; Dhillon, V. S.; Marsh, T. R.; Btinkworth, C. S. ULTRACAM photometry of
the eclipsing cataclysmic variables XZ Eri and DV UMa, MNRAS, in press

Beard S.; Vick A.; Atkinson A.; Dhillon V. S.; Marsh T. R.; McLay S.; Stevenson M. J.;
Tierney C.; The Ultracam Camera Control and Data Acquisition System", in "Advanced
Telescope and Instrumentation Control Software II", Lewis, H., SPIE 4848, "Astronomical

Telescopes and Instrumentation", Waikoloa 2002.
Other publications include are:

"New instruments give UK astronomers control of the time domain". RAS Press Notice
PN04-03, Date: 9 February 2004, Issued by Peter Bond, RAS Press Officer (Space

Science).

192
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"Multicolour observations of V404 Cyg and J1118+480 with ULTRACAM". Poster at
CfA conference on X-ray timing

"Multiwavelength obsetvations of eclipsing polars". Cape Workshop on Magnetic CVs
paper

"ULTRACAM successfully commissioned on the WHT". ING bulletin article

"New Telescope Camera Tatrgets Fast-Spinning Hearts of Distant Galaxies". By Robert
Myers, Special to SPACE.com

"100 Photogtaphs in the Blink of an Eye". PPARC press release.
www.ppatc.ac.uk/Nw/Press/ultracam.asp

Appendix 2 — List of successful ULTRACAM obsetving

proposals

Marsh (Warwick). Stochastic variability of accreting white dwarfs
Littlefair (Sheffield). The quiescent accretion disc in the dwatf nova IP Peg

Dhillon (Sheffield). ULTRACAM observations of the transiting extrasolar planet
HD209458b

Aerts (Nijmegan). Asteroseismology of the pulsating sdB star PG0014+067

Jeffery (Armagh). Mode identification from multicolour photometry of the pulsating sdB
star PG0014+067

Casares (IAC).Echo tomography of flourescence lines in Sco X-1

ING. ULTRACAM service time
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Marsh (Warwick). ULTRACAM observations of detached white dwatf/M dwarf binary

stars

Roques (Meudon). Search for small Kuiper Belt objects by stellar occultations

ING. ULTRACAM service time

Shahbaz (IAC). High time-resolution imaging of the black hole X-ray transient J0422+32
van der Klis (Amsterdam) & 2 & Optical analogues of X-ray timing phenomena in X-ray
binaries using ULTRACAM and RXTE

Dhillon. U\LTRACAM observations of the transiting extrasolar planet HD209458b
Mathioudakis (QUB). High frequency oscillations in active cool stars

Marsh. Stochastic variability of accretion discs

Fitzsimmons (QUB). The 13th/14th November stellar occultation by Titan

Shahbaz (IAC). High time-resolution optical studies of quiescent X-ray transients

Marsh. ULTRACAM observations of interacting binary stars

Jeffery (Armagh). Colorimetric mode identification in pulsating subdwarf B stars

O'Brien (Amsterdam/ESO). Optical analogues of X-ray timing phenomena in X-ray
binaries using ULTRACAM and RXTE

Shahbaz (IAC). High time-resolution optical studies of quiescent black hole X-ray

transients
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van Kerkwijk (Uttecht/Toronto). The nature of magnetars: ULTRACAM obsetvations of
the anomalous X-ray pulsar 4U 0142+61

Dhillon. ULTRACAM commissioning
Marsh. Magnetic braking and solar cycles in detached binary stars

Dhillon. Coordinated optical and X-ray observations of the eclipsing polar HU Aqr



Bibliography

Acutime 2000 reference sheet, Trimble Navigation Limited.
Atkinson D.; 2001, (CCD) Application documentation issue 1.
Atkinson D.; 2001, Ultracam System Maintenance Document (CCD) issue 1.

Baldwin J. E.; Tubbs R. N.; Cox G. C.; Mackay C. D.; Wilson R. W.; Andersen M. 1.; 2001,
Astronomy and Astrophysics, 368, L1.

Basden A.G.; ’Haniff C. A; Mackay C. D. 2003. Monthly Notices of the Royal
Astronomical Society. 345, 985-991.

Beard S.; 28 August 2002, Advanced Telescope and Instrumentation Control Software II,
4848-23.

Benford D. J.; Voellmer G. M.; Chervenak J. A.; Irwin K. D.; Moseley S. H; Shafer R. A,;
Stacey G. J.; Staguhn J. G.; 2002; Thousand - element multiplexed superconducting
bolometer atrays.

Benn C.; 1999, WHT observers guide.

Benn C.; 2001, WHT obsetvers guide.

Benn C.; 2002, WHT observers guide.

Brown T. M.; Charbonneau D.; Gilliland R. L.; Noyes R. W.; Burrows A.; 2001, Ap ], 552,
699 - 709.

Cabrera B.; Clarke R.; Miller A.; Nam S. W.; Romani R; Saab T.; Young B.; 1999,
Cryogenic detectors based on superconducting Transition-Edge Sensots for time-enetgy

resolved single-photon counters and for dark matter searches, Physica B.

Cades A.; Vidrih S.; Gali¢i¢ M.; Carramifiana A.; 2001, Astronomy and Astrophysics, 366,
930.

Carter D.; 1995, Change due to uncollimated light, Appendix D of the observers guide,
ING.

Carter D.; 1996, ING observers guide.

196



BIBILIOGRAPHY 197

Charbonneau D.; 2001, Scientific frontiers on reseatch of extrasolar planets, ASP

confetence seties.
Cheng, K. S.; Ruderman, M.; Zhang, L.; 2000,Ap]J, 537, 964

Cocke, W. J.; Disney, M. J.; Taylor, D. J.; 1969, Nature, 221, 525.
Clampin; M., 1997, Instrument Science Report, ISR 96-31

Cumani C.; Mantel K.-H.; 2001, Expetimental Astronomy, 11, 145.
CVI Laser; www.cvilaset.com/static/tech_dichroic.asp.
Daugherty, J. K; Harding, A. K.; 1996, ApJ, 458,278

De Bruijne J. H. J.; Reynolds A. P.; Perryman M. A. C,; Favata F.; Peacock A, 2001; Pre-
print arXiv:astro-ph/0108232.

Deeming T.J.; 1975. Fourier analysis with unequally spaced data. Astrophys. Space Sci, 36,
137 -158.

- Dhillon V. S.; 1997. Statlink user note 167.
Dravins D.; 1994, ESO Messenger No. 78,9 — 19.

Dravins D.; Faria D. Nilsson B.; 2000, Avalanche Diodes as photon-counting detectors in
astronomical photometry, SPIE Proc. Vol. 4008, 298 — 307.

Elliot J. L. et al; 1998 Icarus 77, 148-170.

ESO 0.5 m Telescope, La Silla, Photometer — charactetistics web page Is.eso.org/lasilla
/Telescopes/2p2T/EO0p5M/Photometers/photometers.html,

Feline W. J.; Dhillon V. S.; Marsh T. R.; Stevenson M. J.; Watson C. A.; Brinkworth C. S.;
ULTRACAM photometty of the eclipsing cataclysmic vatiable QU Vig, 2004, MNRAS,
347, 1173.

Feline W. J.; Dhillon V. S.; Marsh T. R.; Stevenson M. J.; Watson C. A.; Brinkworth C. S.
Erratum: ULTRACAM photometry of the eclipsing cataclysmic variable OU Vir, 2004,
MNRAS in press.

Feline W. J.; Dhillon V. S.; Marsh T. R.; Brinkworth C. S.; ULTRACAM photometry of the
eclipsing cataclysmic variables XZ Eri and DV UMa, 2004, MNRAS in press.©

Fellers T. J.; Davidson M. W.; Charge-Coupled Device (CCD) Linearity, National High
Magnetic Field Laboratory

Fordham J. L. A.; Kawakami H.; Michel R. M.; Much R.; Robinson J. R.; 2000, MNRAS,
319, 414.

Fordham J. L. A.; Vranesevic N.; Carramifiana A.; Michel R;; Much R.; Wehinger P.;
Wyckoff S.; 2002, Ap], 581, 485. '



BIBLIOGRAPHY 198

Filippenko A. V.; 1982, PASP, 94, 715.

Frogel J. A.; 2002, Image quality at selected astronomical observatories, Lawrence Berkeley
National Laboratory. :

Fukugita M.; Ichikawa T.; Gunn J. E.; Doi M.; Shimasaku K.; Schneider D. P.; 1996, Ap],
111, 1748.

Gilliland R. L; 1992, Astronomical CCD observing and reduction techniques, ASP
conference series, volume 23.

Hewish, A.; Béll, S. J.; Pilkington, J. D. H.; Scott, P. F; Collins, R. A; 1968, Nature, 217,
709.

Hippel T.; Winge C.; 2002, User guide, Acquisition camera detector, Gemini obsetvatory.
Howard N. E.; 2002, Opsci Application Note OAN-006, Photon Transfer Technique.
Hynes R.; 2001, MNRAS, 323, 1.26.

Jeffery C. S.; Dhillon V. S; Marsh T. R.; Ramachandran, B.; Multicolour high-speed
photometry of pulsating subdwarf B stars with ULTRACAM, 2004, MNRAS, 352, 699].

Jerram P.; Pool P.; Bell R.; Burt D.; Bowring S.; Spencer S.; Hazelwood M.; Moody I.;
Catlett N.; Heyes P.; The LLLCCD: Low Light Imaging without the need for an intensifier.
Marconi Applied Technologies, Chelmsford, Essex, UK.

Janesick J., Elliott T., 1992, Astronomical CCD observing and reduction techniques, ASP
conference seties, volume 23.

Kern B.; 2002, Ph.D. Thesis, California Institute of Technology.
Kotar J.; Vidrih S.; Cade? A.; 2003, Rev Sci Instrum, 74, 3111 (astro-ph/0303368)
Koren B.; 2001, SPIE’s OEMagazine, August, 34.

Lyne A. G,; Jordan C. A; Roberts M. E.; 2003. Jodrell Bank Crab Pulsar Timing Results,
Monthly Ephemeris.

Marsh T. R.; Horn K.; 1998, MNRAS, 299, 921 — 928.

Marsh T. R.; 2004, Pipeline data reduction softwate help notes.

Mather J.; Seery B.; Stockman P.; Bely P.; Butg R.; Burt J.; Geithner P.; Greenhouse M.;
Hunter D.; Isaacs J.; Ferguson H,; Long K.; Petro L.; 1999, NGST Reference Design
Requitements, Recommendations And Guidelines, NGST MONOGRAPH NO. 5

McLean L S.; 1997, Electronic imaging in astronomy, Detectors and instrumentation.
Wiley-Praxis series in astronomy and astrophysics.

Middleditch, J.; Pennypacket, C.; 1985, Natare, 313, 659.



BIBLIOGRAPHY 199

Nave R.; 2004, Anti-Reflection Coatings, hyperphysics.phy-astr.gsu.edu/hbase/phyopt/ant
iref.html.

Nolan P. J.; Fundamentals of college physics, 2" edition, William C. Brown Publishers,
1995.

Orion Optics. www.otionoptics.co.uk/hilux.htm
Pacini, F; 1971, Ap], 163,17

‘Pacini, F.; Salvati, M.; 1983, Ap], 274, 369

Pacini, F.; Salvati, M.; 1987, Ap]J, 321, 445
Parker Q. A., Bland-Hawthom J., 1998, PASA, 15 (1), 33.

Peacock T.; Verhoeve P.; Rando N.; Etrd C.; Bavdaz M.; Taylor B. G.; Perez D.; 1998,
Astronomy and astrophysics supplement seties, 127, 497.

Perryman, M. A. C,; et al, 1999, Astron. Astrophys, 346, L30.

Pirgon O.; Wolstenholm G.H.; Yates B.; 1973, J. Phys. D: Appl. Phys. 6 309-321.

Rando N.; Andersson S.; Collaudin B.; Favata F.; Gondoin P.; Peacock A.; Perryman M.;
Verveer J.; Goldie D. J.; 1999, First astronomical results of S-Cam, 8" International

workshop on low temperature detectors.

Rapkin E.; 1997, Photomultipliers and how they operate, http:/www.intl-isotope-
soc.otg/techl.htm.

Redfern M.; Shearer A.; O’Kane P.; O’Byrne C.; Wouts R.; Read P.; Carter M.; Jordan B,;
Cullum M,; 1992, Gemini, newsletter of the RGO, 38, 1.

Roark R. J.; Young W. C.; Formulas for Stress and Strain, 1975, McGraw-Hill Kogakusha,
Ltd. p324.

Romani R. W.; Miller A. J.; Cabrera B.; Figuera-Feliciano F.; Nam S. W.; 1999, ApJ, 521,
L153 - L156.

Rutten R. G. M.; Gribbin F. J.; Ives D. ], Bennett A.; Dhillon V. S.; 1997, User rhanual,
_ Drift-mode CCD readout. Isaac Newton Group, La Palma. -

Sanwal D.; Robinson E. L.; Stiening R. F.; AAS Meeting #193, Session 112. Pulsars II.
112.04. (http:/ /www.aas.otg/publications/baas/v30n4/aas193/226.htm)

Schott, Mainz, Germany. Schott.com
Shearer A,; et al, 1997, A/, 487, L181.
Shearer A; et al, 1998, Ae’)’A, 335, L.21.

Shearer A.; Golden A.; 1999, ASP Conference series, Vol.



BIBLIOGRAPHY 200

Siegmond O. H. W.; 2000, Microchannel plate imaging detector technologies for UV
instruments, Space science laboratory.

Sinnott R. W.; Sky and Telescope, Feb, 1994, 91
Simons D.; Longitudinally averaged R-band field star counts across the entire sky. Gemini

Technical Note, August 1995.
Smith J. A,; et al, 2002, Ap], 123, 2121.

 Stathalis R. A,; Johnston H. M.; 2002, User manual, RGO spectrograph. Anglo-Australian

Observatory.

Straubmeier C.; Knabach G., Schrey, F., 2001, Pre-print arXiv:astro-ph/0109181.
Wallace, P. T.; et al. 1977, Nature, 266, 692.

Wallace P. T.; 2003. Statlink uset note 67.61.

Wilson et al.; 1999, 309, 379. MNRAS.



