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OVERVIEW

* Scientific Motivation
* ULTRACAM
* HIPERCAM



WHY OBSERVE AT HIGH SPEED?

Defining high speed as timescales of tens of seconds
and below, and generalising somewhat,

.....it enables the study of compact objects.



DYNAMICAL TIMESCALE

In the absence of any pressure, the time taken for a test particle
released at the surface of a star to fall to the centre:

e For the Sun, M = 2x10%° kg, R = 7x10°> km t,,,~2000s
e For white dwarfs, M~1M. ,R~0.01R
e For neutron stars and black holes, M ~3 M

Sun I

R~ 10" R

Sun?

~0.1ms

Sun, Sun



WHY OBSERVE AT HIGH SPEED?

A great deal of information on
the nature, origin and
evolution of compact objects
is encoded in their brightness
variations, e.g. their:

at

*  OQutbursts

* Eruptions

* Explosions

* Eclipses

* Transits

* QOccultations
* Pulsations

* QOscillations
*  Flickers

* Flares



WHY STUDY COMPACT OBJECTS?

White dwarfs, neutron stars and black holes are the dead
remnants of stars, providing a fossil record of stellar evolution.
White dwarfs, neutron stars and black holes are extreme
cosmic environments, allowing us to tests theories of
fundamental physics.

White dwarfs, neutron stars and black holes in binaries,
provide us with some of the most exotic and scientifically
valuable inhabitants of our Universe.

The study of Solar System objects and extrasolar planets also
benefit from high-speed observations.



ULTRACAM

* ULTRACAM is a high-speed (0.05-
300 Hz), triple-beam optical CCD
camera with a 5’x5’ field of view.
* It was builtin 2002 by a
consortium from the Universities
of Sheffield, Warwick and the ul tgr o c am
UKATC, Edinburgh.
* ULTRACAM is a visitor instrument
which mounts on the 4.2m WHT,
8.2m VLT and 3.5m NTT.
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ULTRACAM

* ULTRACAM is a high-speed (0.05-
300 Hz), triple-beam optical CCD
camera with a 5’x5’ field of view.

* It was builtin 2002 by a
consortium from the Universities
of Sheffield, Warwick and the
UKATC, Edinburgh.

* ULTRACAM is a visitor instrument
which mounts on the 4.2m WHT,
8.2m VLT and 3.5m NTT.

ULTRACAM Mounted on Visitor Focus of MELIPAL

L
ESO PR Photo 19a/05 (9 June 2005) ©ESO RS



| [ [ [
=+
| — =
|
L
=
B
= w0
=
||Ill....“_ o
— %
T
5 o
| =
e 2
=
]
]
Lo RS
-+
< :
| L | L | —

I _ _
00} 08 09 ar o
(%) uoIss|LSUDI




SCIENCE WITH ULTRACAM

515 nights of time
WHT: 283

NTT: 192

VLT: 40

>100 refereed papers
3 Nature papers
2 Science papers

accreting white dwarfs/cataclysmic variables
black-hole/neutron star X-ray binaries

extrasolar planet transits and eclipses
asteroseismology/sdB stars

eclipsing, detached white-dwarf/red-dwarf binaries
Isolated/non-acccreting white dwarfs

pulsars

flare stars

ultra-compact binaries/double degenerates
occultations by Titan, Pluto, Uranus, Kuiper Belt Objects
isolated brown dwarfs

GRBs

miscellaneous objects (AGN, contact binaries, etc)

19%
13%
11%
11%
10%
10%
6%
5%
5%
4%
2%
2%
2%
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ULTRACAM ON NTT: 2017-2022+ *E(S‘*

* ULTRACAM now
located at the 3.5m
NTT at La Silla, Chile.

* “Cube” will enable
permanent mounting.

* Available to anyone in
the ESO community (in
return we get

guaranteed time). M4 in ULTRACAM (port 1) position
M4 in port 2 (or port 4) position
M4 in port 3 position
M4 in EFOSC2 (port 5) position

NOT TO SCALE

ULTRACAM
EFOSC2

NTT rotator
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ULTRACAM ON NTT: 2017-

022+

* ULTRACAM now
located at the 3.5m
NTT at La Silla, Chile.

* “Cube” will enable
permanent mounting.

* Available to anyone in
the ESO community (in
return we get
guaranteed time).

b




PROBLEMS WITH ULTRACAM

Only 3 arms N

A\
4

e

Not fast enough

Not large enough field of view
Limited by scintillation noise o "G o Q)
Can’t do long exposures \"_’ ol ,
Not sensitive enough in the red Wil
Suffers from fringing

Suffers from pickup noise

Only in one hemisphere



HIPERCAM

* High PERformance CAMera.

* Funded by ERC Advanced Grant for
3.5M¢€ awarded to Dhillon in 2014.

* Collaboration between
Sheffield/IAC, Warwick, Durham
and UKATC.

* Visitor instrument, to be
commissioned on the 4.2m WHT
and 10.4m GTC on La Palma in 2017.

* Provides an “order-of-magnitude”
improvement in performance over
ULTRACAM.




OPTICS

* 5arms covering
usgr’l’z.

* Single-shot optical SED
with no wasted light.

* Double the field of view
of ULTRACAM.

* Brighter comparison
stars for differential
photometry
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z’ Band Camera

g’ Band Camera

u’ Band Camera
i’ Band Camera

Collimator

©
| —
[+]
£
1+
[©]
©
c
3%
o
.

Telescope Focal




(wu) yibusierom

¥# oloJyodip

of ol01yoip

Z# 2loyolp

-------

L# 2104y01p

3 5
s EZ

=
& Q c
- )
sSES
[ MM O
] O C
(@) O (O

2
O
bl

-

O

©

* High-




* “Super-SDSS”
filters with
enhanced
throughput.

N
E
c

p—

-

=
o
c

@
[
>
O

=




HIPERCAM CCDs

HIPERCAM

—»3 Ja—

1024 pixels 1024 pixels

* 6x custom e2v back-thinned CCD231-
42 grade 1 devices

* Split frame-transfer with 4 outputs,
2048x1024 image area, 15um pixels

* NIMO: 8 e/pix/hr dark current at 173
K

—

512 pixels

fo—

512 pixels
—

B

sjexid 8102

* 3.0 e RNO at 200 kHz pixel rate 3 |

* 2 phase devices, 10us row time, O IMage area -
0.1us/pix serial clocking, split serial ; 1 2
clocking, 100 ke full well ¢ J' i

= 1600 Hz with 4x8” windows
* Dummy outputs for noise rejection
* Fringe suppression
* Optimised AR coating and Si type for
each CCD

fo—

512 pixels

-

F 3
¥

2048 pixels



HIPERCAM CCDs

HIPERCAM

6x custom e2v back-thinned CCD231-
42 grade 1 devices
Split frame-transfer with 4 outputs,

'/A*

NIMO: 8 e/pix/hr dark current at 173
K
3.0 e RNO at 200 kHz pixel rate
2 phase devices, 10us row time,
0.1us/pix serial clocking, split serial
clocking, 100 ke full well

= 1600 Hz with 4x8” windows
Dummy outputs for noise rejection
Fringe suppression

("' B - )
Optimised AR coating and Si type for > po——— A
each CCD

-
-

2048x1024 image area, 15um pixels ?




AR COATINGS AND Si TYPE

— —  Huli-Z on standard

Multi=? on desp=daplation
Midbond on standard

Hidbgnd gn deap—depletion -

I

Throughput (%)
40

20

Q00

i

S00

Wavelength (nm]

wed Z—Jun—2017 1529
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Anti-reflective (AR) coating

p-type silicon

Incoming photons

n-type silicon

Silicon dioxide insulating layer
Polysilicon electrodes
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CCDs:

HOW COLD?

CCD231—42 (HiIPERCAM)

104

LILELELREE ] BN R LR LY

* There is little point in
cooling a CCD below the
temperature at which the

1000

dark current becomes an 5} -
insignificant noise source
compared to the sky. ‘;2’ .
* With the HIPERCAM :
CCDs, this requires 5"

cooling to <187K.

G.1

0.01
A

150

160 170 180G

CCD temperature (K)

150G



CCDs: HOW TO COOL?

We rejected a number of different cooling options:
* Liquid nitrogen cooling:
* Impractical to fill 5 cryostats once or twice a day.

* Instrument would be large and heavy.
* Continuous flow or automatic filling systems problematic

as HIPERCAM is a Visitor Instrument.




CCDs: HOW TO COOL?

We rejected a number of different cooling options:

* Joule-Thomson coolers (e.g. CryoTiger):
* Impractical to house up to 5 compressors.
* Difficult to deal with up to 10 stainless-steel braided
hoses in a cable wrap.




CCDs: HOW TO COOL?

We rejected a number of different cooling options:
* Stirling coolers:
* Difficult to guarantee no vibrations induced in telescope,
without using complex, bulky anti-vibration mounts.




TEC CCD HEADS

HIPERCAM

* CCDs to be cooled to below
180K with two 5-stage
thermo-electric (peltier)
coolers.

* Advantages: convenience,
cost, no vibrations, low
mass/size CCD heads.
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180K with two 5-stage
thermo-electric (peltier)
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S{] DATA ACQUISITION SYSTEM

HIPERCAM




4ed MECHANICAL STRUCTURE
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<1ged SCINTILLATION CORRECTION




SCINTILLATION CORRECTION |\~

Telescope Collimating Pupil % 50 100150200250
Pupil Lens Plane _X(F"%&

12 16 20 24 2B 3Z 36

Conjugate Altitude of
Turbulent layer

DD 50 100150200250

Telescope Collimating Pupil X (pixels)
. [
Pupil Lens Plane 06 08 10 12 14 18
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Prototype conjugate-plane photometer on the 2.5m NOT on La Palma
demonstrated that the technique works.

Normalised Intensity

Time (frames)
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Conjugate-plane photometry: reducing scintillation in ground-based Atmospheric scintillation in astronomical photometry

photometry

James Osborn,'* Richard W. Wilson,! V. S. Dhillon,? Remy Avila®
and Gordon D. Love!

! Department of Physics, re for Advanced In: , University of Durham, South Road, Durham DH1 3LE
Department of Physics and Astronomy, iversity ield, S} ield S3 7RH
Centro de Fisica Aplicada y Tecnologia Avanzada, i Querdtaro,

Accepted 2010 September 21, Received 2010 Scptember 19; in original form 2010 August 16

ABSTRACT
High-precision fast photometry from ground-based obscrvatorics is a challenge duc to intensit

fluctuations (scintillation) produced by the Earth’s atmosphere. Here we describe a method to
reduce the effects of scintillation by a combination of pupil reconjugation and calibration using
a comparison star. Because scintillation is produced by high-altitude turbulence, the range of
angles ove which the scintill: w2 i« e ssmall d 2 O s s COLcHc 4

cot peis mstem i 0 rmally i7.po: it .\ e pr pose reC). F i it 15 ° € o op

nigh dominant layer of wroulence, then apoaizing it r efore caiibration witn a comparison sar.
We find by simulation that given a simple atmosphere with a single high-altitude turbulent
layer and a strong surface layer, a reduction in the intensity vari factor of ~30
is possible. Given a more realistic atmosphere as measured by Scintillation Detection and
Ranging (SCIDAR) at San Pedro Martir, we find that on a night with a strong high-altitude
layer we can expect the median variance to be reduced by a factor of ~11. By reducing the
scintillation noise we will be able to detect much smaller changes in brightness. If we assume

0.21 mmag is possible, which will enable the routine detection of, for
transits of extrasolar plancts from the ground.

Key words: atmospheric effects — techniques: photometric.

the planetary atmosphere, including the temperature and albedo
(Knutson et al. 2007). Secondary eclipses were detected for the
High-precision fast photometry is key to several branches of first time from space in 2005 using Spitzer at 3 um (Charbonneau
including (but ot limited to) the study of extrasolar et ). There has been a great deal of effort to detect s
Charbonneau et al. 2000, stellar seismology ~ ondary eclipses from the ground, but for years no detections were
ard et al. 2006) and the detection of small  made (in large part due to scintillation noise). Finall
(c.g. Schlichting et al. 2009). The difficulty ~first ground-based detections were made, but these relied on near-
t, although the targets arc often bright, IR measurements and had to target the most bloated, closest (to
their host star) exoplanets to maximize the eclipse signal (Sing &
Lépez-Morales 2009).
secondary eclipses detected from the ground in this wa

1 INTRODUCTION

tillation) produced by the Earth’;
photometers are generally put in space (e.g. CoRoT, Kepler and
PLA
Extrasolar planetary transits can be detected from the ground.
However, the measurement of the secondary eclipse (ie. where
the planet goes behind the star) is a challenge. Such observations
only the secondary eclipse can give information on

*E-mail: james.osbom@durham. ac.uk

©2010 The Author
Monthly r

by Deming & Seager (2009), secondary eclipses recorded in visible
light in addition to IR measurements are crucial if we are to un-
derstand the relative contribution of thermal emission and reflected
light, and the planetary albedo,

Time averaging the intensity will reduce the scintillation noise
by an amount proportional to the square root of the exposure time
(Dravins et al. 1998), but this will often result in saturating the
CCD which then requires defocusing the telescope to distribute
the image of the star over more pixels. Defocusing has certain

411, 1223

Osborn,'* D. Fohring,! V. S. Dhillon? and R. W. Wilson'

" Department of Ph
Department of Phy

Accepted 2015 June 22. Recel

1 INTRODUCTION

High-precision photometry is key to several branches of astronom-
ical research, including (but not limited to) the study of extrasolar

versity of Durham, South Road, Durham DHI 3LE, UK
heffield S3 7RH, U

inal form 2015 May 15

ABSTRACT
Scintillation noise due to the Earth’s turbulent atmosphere can be a dominant noise source in
high-precision astronomical photometry when observing bright targets from the ground. Here
we describe the phenomenon of scintillation from its physical origins to its effect on pho-
tometry. We show that Young’s scintillation-noise approximation used by many astronomers
tends to underestimate the median scintillation noise at several major observatories around
the world. We show that using median atmospheric optical turbulence profiles, which are
now available for most sites, provides a better estimate of the expected scintillation noise and
that real-time turbulence profiles can be used to precisely characterize the scintillation-noise
component of contempraneous ~hot~metrj~ me>~remens Toés ill *ne='> A ber'=r up=--

oricaof phovn tri nose ovcesan B off i ar ot Uf s i illalon

s Nealse ,w.® new eq.~.orsfor U atag i Gl i ame s,
cluding for extremely large telescopes where the scintillation noise will actually be lower than
previously thought. These equations highlight the fact that scintillation noise and shot noise
have the same dependence on exposure time and so if an observation is scintillation limited, it
will be scintillation limited for all exposure times. The ratio of scintillation noise to shot noise
is also only weakly dependent on telescope diameter and so a bigger telescope may not yield
areduction in fractional scintillation noise.

Key words: atmospheric effects — instrumentation: photometers —methods: observational -
site testing — techniques: photometric —planets and satellit

scintillation corre
etry (Osborn et al. 2011), Tomographic wavefront reconstruction
(Osborn 2015) and active deformable mirror techniques (Viotto
etal. 2012). It would also enable passive techniques such as ‘Tucky

ts such as Conjugate-Plane Photom-

planets, astroseismology and the detection of small Kuiper-belt ob- photometry’ where only data taken during photometric conditions

jects within our Solar system. The difficulty with such observations

( in times of low scintillation noise) are used in the reduction

isthat, although the targets are bright, the variations one needstode-  proce

tect are often small (typic:

is within the capabilities of modern detectors. However, when the
light from the star passes through the Earth’s atmosphere, regions  and diameter, and the observation's exposure time and airm:

of turbulence cause intensity fluctuations (seen as twinkling by the

photometric variations in the range of ~0.1-1.0 per cent, limits the

ction capabilities of ground based telescopes (¢.g. Brown &

. 1996; Ryan & Sandler 1998).

intillation noise is important because it
will enable performance assessment, calibration and optimization
of photometric instrumentation. It will also help to explain and con-
strain model fits to photometric data (for example, extrasolar planet
: Fohring 2014), and to help develop

iland 1994; Heasle:
Knowing the level of

transiteclipse light curw
*E-mail: jame:

15 The Author
Published by Oxford

n@durham. ac.uk

01 per cent to ~0.1 per cent). This Young proposed an equation which can be used to estimate the

scintillation noise for an observation given the telescope’s altitude

This equation is regularly used by many astronomers (for example
Southworth et al. 2009) to estimate the scintillation noise in the
measurements. Recent work by Kornilov et al. (2012) showed that
this equation tends to underestimate the median scintillation noise
by 2 mean factor of 1.5

well as presenting new results on scintillation, we hope this
paper will serve as a useful guide for astronomers to understand,
estimate the size of, and correct for scintillation. We show that us-
ing the theoretical scintillation noise calculated from the median
optical turbulence profile for a particular site is a better estimate
of the median scintillation noise. However, we also show that the
measured scintillation noise has large variability due to changes in

scintillation, which induces

rsity Press on behalf of the Royal Astronomiy

452, 1707



{3 HIiPERCAM: IMPACT ON ING

HiPERCAM should have a minimal
additional impact on ING operations
compared to ULTRACAM:

* HIPERCAM mounts at Cassegrain
using similar custom-made collar.

* Same electronics rack as ULTRACAM.

* Similar water chiller to ULTRACAM.

* Same GPS cable and antenna location
as ULTRACAM.

* Same private ethernet link to control
room.

* Same instrument control/data-
reduction PC location in control
room.
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using similar custom-made collar.

* Same electronics rack as ULTRACAM.
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* Same GPS cable and antenna location
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HiPERCAM should have a minimal
additional impact on ING operations
compared to ULTRACAM:

Mass of HIPERCAM: 200 kg
Mass of ULTRACAM: 85 kg

Length of HIPERCAM: 1.4m
Length of ULTRACAM: 0.8m

HiIiPERCAM has a handling trolley to
enable easy transportation, use of
crane, and attachment to A&G box.
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Jan/Feb 2018 on 10.4m GTC.
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HIiPERCAM ON THE GTC

Tarig Shahbaz D (10.0hrs) | The cause of brown dwarf variability; simultaneous observations with K2
Ignacio Trujillo Cabrera D (2.65hrs) | A dark object in the Stripe82 survey
Javier Roman Garcia D (7.95hrs) [Ultra-deep imaging of three large ultra-diffuse galaxies

Alberto Rebassa Mansergas | D (13hrs) The structure of stars at the hydrogen burning limit

Vikram Dhillon A (6.5hrs) A search for optical bursts from FRBs with HIPERCAM

Vikram Dhillon G (11hrs) Better mass ratio estimates for thousands of accreting binaries.

Tarig Shahbaz A (7hrs) The optical pulse time delay in X-ray binary pulsars

Guo Chen A (3.5hrs) Does the young sub-Neptune-sized planet have an extended methane atmosphere?
Pablo Rodriguez Gil G (20hrs) Watch it live: The tidal disruption of exo-planetesimals at WD 1145+017

Vikram Dhillon D (21.0hrs) | The maximum mass of neutron stars

Cristina Martinez Lombilla [ D (2.86hrs) | Thick disk multi-band properties from ultra-deep imaging of IC610

Tariq Shahbaz D (6.0hrs) Probing the inner accretion flow in the quiescent black hole X-ray transients

Pablo Rodriguez Gil G (14hrs) Triangulating the dipper: fixed prominence structures in a white dwarf/M-dwarf binary
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1(] HiPERCAM: CURRENT STATUS




erc HiPERCAM: FUTURE PLANS

* HIPERCAM commissioning and first science runs on WHT in
October 2017.

* HIPERCAM commissioning and first science runs on GTC in
Jan/Feb 2018.

* HIPERCAM will then move between these two telescopes each
semester, dictated by our science requirements and the
availability of the focii.

* If this proves unsuccessful, e.g. due to the pressure of WEAVE
and/or new GTC instruments, our backup option is to replace
ULTRACAM with HIPERCAM on the NTT, or move it to the new
3.6m Devasthal Optical Telescope in India.



ULTRACAM vs HIPERCAM

R\

ULTRACAM HIPERCAM
Number of simultaneous colours 3(u'gr’,ug’l’oru’g’z’) 5(u’gr’l’z’)
Readout noise 3.5e- @100 kHz 3.0e- @200 kHz
Dark current 360 e-/pix/hr 8 e-/pix/hr
Longest exposure time 20s 1800 s
Highest frame rate 300 Hz 1600 Hz

Field of view WHT

5.1’ (at 0.3"/pixel)

10.2’ (at 0.3"/pixel)

Field of view VLT/GTC

2.6’ (at 0.15"/pixel)

3.9’ (at 0.113"/pixel)

Probability of R=11 comparison 52% 95%

Scintillation correction No Yes

Deep depletion No Yes

QE at 700/800/900/1000 nm (%) 83% / 61% / 29% / 5% 91% / 87% / 58% / 13%
Fringe suppression No Yes

Fringe amplitude at 900 nm >10% <1%

Dummy CCD outputs? No Yes
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erc HIPERCAM SCIENCE QUESTIONS

* What are the progenitors of Type la Supernovae?

* What are the properties of exoplanet atmospheres?

* What is the equation of state of the degenerate matter
found in white dwarfs and neutron stars?

* What is the nature of the flow of matter close to the event
horizon of black holes?

* What gravitational wave signals are likely to be detected by
the next generation of space and ground-based detectors?

* What are the properties of Kuiper Belt Objects?
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ABSTRACT

Scintillation noise due to the Earth’s turbulent atmosphere can be a dominant noise
source in high-precision astronomical photometry when observing bright targets from
the ground. Here we describe the phenomenon of scintillation from its physical origins
to its effect on photometry. We show that Young's {1967) scintillation-noise approx-
imation used by many astronomers tends to underestimate the median scintillation
noise at several major observatories around the world. We show that using median
atmospheric optical turbulence profiles, which are now available for most sms. pro-
vides a better estimate of the expected scintillation noise and that real-time turbulence
profiles can be used to precisely characterise the scintillation noise component of con-
temporaneocus photometric measurements. This will enable a2 better understanding
and calibration of photometric noise sources and the effectiveness of scintillation cor-
rection techniques. We also provide new equations for calculati illati i
including for extremely large telescopes where the scintillation noise will actually be
lower than previously thought. These equations highlight the fact that scintillation
noise and shot noise have the same dependence on exposure time and so if an observa-
tion is scintillation limited, it will be scintillation limited for all exposure tin The
ratio of scintillation noise to shot noise is also only weakly dependent on cope
diameter and so a bigger telescope may not yield a reduction in fractional scintillation
noise.
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1 INTRODUCTION m model fits to
a asolar planet transi
light curves; Fihring 2014), and to help develop se
tion correction concepts such as Conjugate-Plane Photom-
sborn et al. 2011), Tome

t(s)

High-precision photometry is key to several branches of as-
tropomical research, including (but not limited to) the study
of extrasolar pl , astroseismology and the detection of
small Kuiper-belt ohJula within our Solar System. The dif-
ficulty with such observations is that, although the targets
are bright, the variations one needs to detect are often small
0.01% to ~0.1%). This is within the capabilities
of modern detectors. However, when the light from the star
passes through the Earth’s atmosphere, regions of turbu-
¢ intensity Auctuations (seen as twinkling by the
rﬂh.d %Lllli]](lliul 1. Tl '}- 50 H“J"rn.]()" v\hitt in-
% to L.O%,
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during photometric conditions (Le. in t
tion noise) are used in the reduction process.
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can be used to es-
the

Young proposed an equation whi
tion noise for an observation given
er, and the observatic

limits the detection (n]mh:hhm of ,,,—um,d b
(e.g. Brown & Gilliland 1994; Heasley et al. 1
Sandler 1098).
Knowing the
because it will enable performanc
and optimisation of photome
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cent

tion tends to underestimate redian scintillation noise

by a mean factor of

w results on scintillation, we
hope this paper will a useful guide for astronomers
* E-mail:james osbornfidurham ac.uk (JO} to understand, estimate the size of, and correct for scintilla-
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Figure 9. Theoretical long exposure scintillation noise as a func-
tion of exposure time and telescope diameter. The scintillation
noise was calculated for median atmospheric conditions on La
Palma and varies between 1% for small telescopes and short ex-
posure times, and 0.01% for larger telescopes and longer exposure
times.
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Figure 11. Theoretical parameter space plots for the ratio of the scintillation to shot noise in the short exposure regime (left) and the
long exposure regime (right), for varying telescope diameter and target stellar magnitude (V-band). The short exposure time is set to
2 ms. The long exposure time is irrelevant as both noise sources have the same exposure time dependence, making the ratio independent
of exposure time. The black dotted line shows where the scintillation noise equals the shot noise. For any telescope diameter / target
magnitude combinations below this line, the scintillation noise is greater than the shot noise and vice versa. The red line composed of
circles indicates a ratio of 2, i.e. when the scintillation noise is twice the shot noise. The blue line composed of triangles indicates the

point where the scintillation noise is an order of magnitude larger than the shot noise.
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