


















ULTRASPEC on the 2.4-m TNT 3513

Figure 7. Pictorial representation of the readout sequence in drift mode with three pairs of windows, i.e. nwin = 3, as implemented in ULTRASPEC. In contrast
to the standard windowed mode shown in Fig. 5, the two drift-mode windows must have the same vertical position and size. Exposed windows form a vertical
stack in the storage area. The storage area has 1037 rows, implying that the vertical gaps between the windows can never all be the same. To maintain uniform
exposure times and intervals between exposures, therefore, a pipeline delay, tpipe, is added to sequences 1 and 2 (see appendix A of Dhillon et al. 2007b for
further details). On completion of sequence 3, the cycle begins again by returning to sequence 1.

disadvantage of this mode is that the duty cycle becomes very poor
(1 per cent in the case of a 0.1 s full-frame exposure in slow readout
mode).

4 PE R F O R M A N C E O N T H E TN T

ULTRASPEC saw first light on the TNT on 2013 November 5 (see
Fig. 8) and the first scientific paper, reporting on the drift-mode
observation of lunar occultations, has recently been accepted for

publication (Richichi et al. 2014). In this section, we detail the
performance of ULTRASPEC on the TNT.

4.1 Image quality

In order to assess the image quality of ULTRASPEC on the TNT,
we observed the open cluster NGC 6940. After carefully focusing
the telescope in each filter, we rapidly cycled through the u′, g′, r′,
i′, z′ filters, taking images of the cluster in each filter.
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3514 V. S. Dhillon et al.

Figure 8. Left: first light with ULTRASPEC on the TNT – a full-frame image of the Nautilus Galaxy (NGC 772). The image was taken on 2013 November 5
and is composed of three separate exposures in g′, r′ and i′, each of 180 s duration. The field of view is 7.7 arcmin, with north approximately to the top and
east to the left. Right: an example light curve obtained with ULTRASPEC on the TNT, showing an eclipse of the white dwarf by the M-dwarf in the detached
binary NN Ser. The system has a magnitude of r′ = 21.8/16.9 in/out of eclipse (Parsons et al. 2010) and is believed to host two planets (Marsh et al. 2014).
The data were obtained in the KG5 filter with an exposure time of 2 s.

We astrometrically calibrated the images using Astrometry.net
(Lang et al. 2010) and then determined the plate scale in each filter,
finding the same value in all five filters: 0.452 ± 0.001 arcsec,
as designed. This meets one of the original requirements of the
optical design – a plate scale independent of wavelength in the
330–1000 nm range. Moreover, we found no evidence for image
shift as a function of wavelength, with the stars occupying identical
pixel positions in each filter.

We then measured the FWHM of all of the stars in each image
and produced a map of image quality in each band. The seeing
was approximately 1.2 arcsec during the tests, and we were able
to confirm that the FWHM of the stars in the central arcminute of
the field of view were 4.0 ± 0.1, 2.8 ± 0.1, 3.0 ± 0.1, 2.7 ± 0.1,
2.7 ± 0.1 pixels in u′, g′, r′, i′, z′, respectively, degrading by no
more than 10 per cent at the edge of the 7.7 arcmin field of view in
each filter. With the exception of the u′ band, therefore, the image
quality is a relatively insensitive function of wavelength and field
angle, as designed. Moreover, we regularly observed stellar FWHM
below 2 pixels, i.e. seeing of below 0.9 arcsec, verifying that the
ULTRASPEC optics meet the requirement of providing seeing-
limited stellar images in median seeing conditions (0.9 arcsec) at
the TNT.

Next, we investigated the level of vignetting by moving the cluster
in 20 steps across the field of view, taking an image at each position.
We then measured the change in brightness of a number of stars as
a function of their position on the chip and found them to be stable
to within 2 per cent across the entire field of view, indicating that
there is no serious vignetting in our optics.

4.2 Flexure

Whilst still observing the open cluster NGC 6940, we rotated the
Nasmyth rotator through 360◦ and determined the rotator centre,
which we found lay (−4, 37) pixels from the chip centre, verifying
the excellent mechanical alignment of ULTRASPEC.

We could not see any evidence for flexure of the ULTRASPEC
mechanical structure in the tracks of the stars whilst rotating, and
a star placed at the rotator centre moved by no more than 3 pixels,
indicating mechanical flexure of less than 39 µm at the detector, as
designed.

4.3 Sensitivity

By observing SDSS standard stars (Smith et al. 2002) during com-
missioning we were able to derive the zero-points given in Ta-
ble 3, defined as the magnitude of a star above the atmosphere that
gives one electron per second with ULTRASPEC on the TNT. We
also measured the atmospheric extinction at Doi Inthanon using
observations of comparison stars obtained during multihour runs
on variable stars. We found values of kg′ = 0.20 and kr ′ = 0.10,
only ∼10 per cent worse than the extinction measured on the best
nights at the Observatorio del Roque de los Muchachos on La Palma
(Garcı́a-Gil, Muñoz-Tuñón & Varela 2010), for example. The above
figures allow us to estimate the throughput of the ULTRASPEC op-
tics, i.e. just the lenses, and not including the atmosphere, telescope,
filter and CCD. The throughputs are given in Table 3, and to cal-
culate them we have assumed that the atmospheric extinction at
Doi Inthanon is 10 per cent worse than on La Palma at all optical
wavelengths.

Fig. 9 shows the 5σ limiting magnitudes achievable with UL-
TRASPEC as a function of exposure time and moon brightness,
calculated using the zero-points given in Table 3. The curves are
calculated assuming the normal output of the EMCCD is used, with

Table 3. ULTRASPEC zero-points and throughputs.

u′ g′ r′ i′ z′

Zero-point 22.12 25.25 25.25 24.52 23.42
Throughput (per cent) 21 62 69 51 55
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ULTRASPEC on the 2.4-m TNT 3515

Figure 9. Limiting magnitudes (5σ ) of ULTRASPEC on the TNT as a
function of exposure time. The purple, blue, green, orange and red curves
show the results for the u′, g′, r′, i′ and z′ filters, respectively. Solid lines show
the results for dark time and dashed lines for bright time. The calculations
assume that the normal output of the EMCCD is used, seeing of 1 arcsec,
unity airmass and no CCD binning.

a readout noise 2.3 e−. As expected, g′ and r′ are by far the most
sensitive ULTRASPEC bands, able to achieve a limiting magnitude
of nearly 15 in 0.005 s exposure times, and nearly magnitude 25 in
1800 s exposure times.

Fig. 10 shows the ratio of the SNR obtained with the normal
output to that obtained with the avalanche output of ULTRASPEC
on the TNT, as a function of exposure time and object magnitude.
Values greater than unity lie to the right of the curved line in each
panel, and indicate where it is better to use the normal output. Values
less than unity lie to the left and indicate that the avalanche output
would be advantageous. It can be seen that in dark time (left-hand
panels), it is never worth using the avalanche output for exposure
times of longer than ∼1 s unless one is using the u′ filter. This
cut-off moves to ∼0.1 s in bright time. The maximum benefit from
using the avalanche output is obtained when observing the faintest
targets (magnitude � 20) at the highest frame rates (�100 Hz) in
dark time, when SNR gains of up to a factor of 10 are available.
Note that if the avalanche output is erroneously used in the region
lying to the right of the curved lines in Fig. 10, one loses a factor of√

2 in SNR due to the multiplication noise.
In practice, we almost never use the avalanche output of ULTRA-

SPEC when imaging on the TNT. There are a number of reasons

Figure 10. Grey-scale showing the ratio of the SNR obtained from the normal output of ULTRASPEC on the TNT to that obtained with the avalanche output,
as a function of object magnitude and exposure time. The curved line in each panel indicates where both outputs would give identical SNR. Hence the white
regions to the right of this line indicate where the normal output would result in superior SNR and the black regions to the left of this line indicate where the
avalanche output would result in superior SNR. The left- and right-hand columns show the SNRs obtained in dark and bright time, respectively. The rows show,
from top to bottom, the SNRs obtained with the u′, g′, r′, i′ and z′ filters. Black and white in each panel correspond to values of 0.085 and 1.414, respectively,
as indicated in the grey-scale wedges. The calculations assume seeing of 1 arcsec, unity airmass and no CCD binning. For the normal output, readout noise of
2.3 e− is assumed. For the avalanche output, we assume linear (or proportional) mode is used, where the readout noise is assumed to be zero and the QE of the
EMCCD is effectively halved due to the presence of multiplication noise (see Tulloch & Dhillon 2011 for details). As discussed by the latter authors, some of
this effective QE loss can in principle be regained through photon counting, but it is difficult to avoid coincidence losses due to the high sky background when
imaging at all but the highest frame rates in blue filters during dark time.
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for this. First, the region of parameter space in which it is really
advantageous to use the avalanche output is quite small, as shown
by Fig. 10, and it is extremely rare that we require very fast ob-
servations of very faint targets (one exception being observations
of pulsars). Second, it is very easy to saturate the multiplication
register, which not only ruins the data but also significantly reduces
the life of the EMCCD (e.g. Evagora et al. 2012). Since we often
observe bright comparison stars simultaneously with faint target
stars, great caution is required. The CCD 201-20 device used in
ULTRASPEC has a full well capacity in the multiplication register
of approximately 80 000 e−. With an EM gain of gA ∼ 1000, this
means that it only requires 80 e− pixel−1 entering the multiplication
register to saturate it. Moreover, since gA is a mean value and some
pixels experience much higher amplification, it is safest to stay be-
low a much lower incident light level of, say, 20 e− pixel−1. Even
using windows to mask out all but the faintest comparison stars does
not guarantee safety, as any bright stars outside these windows that
fall on the same CCD rows as the windows will pass through the
multiplication register, saturating it and reducing its lifetime.

4.4 Reliability

ULTRASPEC has only two moving parts – the focal-plane slide
and the filter wheel. This makes it an extremely reliable instrument.
In the observing season running from the start of 2013 November
to the end of 2014 April we estimate that we lost no more than
2 per cent of the time due to technical problems with ULTRASPEC.

4.5 Outstanding issues

There are two main outstanding issues with ULTRASPEC on the
TNT that we hope to fix in time for the start of the 2014/2015
observing season. The first is variable, high readout noise in the
CCD, typically up to 5 e− instead of the 2.3 e− we measured in
the lab. We believe this is due to the poor electrical earth of the
telescope, which is due to be improved during the summer of 2014
by digging additional holes for copper earthing rods in the ground
surrounding the observatory. The second is scattered light in the
central arcminute of ULTRASPEC, evident as a diffuse spot of
emission lying ∼5–10 per cent above the sky level in CCD images.
We believe this is due to poor telescope baffling around the M3 and
M4 mirrors and we hope to install better baffles to cure this problem
during the summer of 2014.

5 C O N C L U S I O N S

We have described the design and performance of ULTRASPEC,
which has just successfully completed its first observing season
on the TNT. The permanent presence of a high-speed imaging pho-
tometer on a telescope of this size, and in this geographical location,
provides us with a powerful new tool to study compact objects of
all classes, and to perform rapid follow-up observations of tran-
sient astrophysical events. It is our intention to continue operating
ULTRASPEC on the TNT for many years to come.
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