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• High-speed spectroscopy is an unexplored region of 
observational parameter space, with many promising 
applications - see review by Marsh (2007, astro-ph/0706.4246) 
and talk by Danny Steeghs.

• So we built ULTRASPEC, essentially a spectroscopic version of 
ULTRACAM. 

HIGH-SPEED SPECTROSCOPY



• The reduction of detector noise is much more important in 
spectroscopy than it is in imaging as the light is spread across 
the entire length of the detector. 

• ULTRASPEC uses a relatively new type of detector - the electron-
multiplying CCD (EMCCD).

HIGH-SPEED SPECTROSCOPY
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EMCCD STRUCTURE
• Conventional frame-transfer CCD, but 

with an extended serial register 
(known as the electron-multiplication 
or EM register) .

• Higher voltages are used to transfer 
the photoelectrons in the EM 
register, resulting in their 
multiplication via impact ionisation.

• A single photoelectron entering the 
EM register will typically be amplified 
by a factor of 1000, rendering 
insignificant a readout noise of a few 
electrons, i.e:

• with a conventional CCD, one 
photon results in one 
photoelectron, which at the CCD 
output is measured as 1±3e-.

• with an EMCCD, one photon 
results in 1000±3e- at the 
output.



EMCCD Demo.



EMCCD PROBLEMS I
• A single photoelectron entering 

the EM register gives rise to a 
wide range of output signals. This 
statistical spread constitutes an 
additional noise source termed 
multiplication noise.

• Multiplication noise doubles the 
variance of the signal, which is 
statistically equivalent to halving 
the QE of the camera.

• One solution is to photon count, 
where a threshold is set to 
distinguish between 0 and 1 
incident photons, although one 
then needs to ensure sufficiently 
low light levels that there is an 
insignificant probability of more 
than one photon hitting each 
pixel in an exposure.



EMCCD PROBLEMS II

• The electron multiplication 
doesn’t just amplify 
photoelectrons. It also amplifies 
dark current and clock-induced 
charge (CIC). These are 
indistinguishable from 
photoelectrons and hence are an 
additional noise source.

• Dark current can be virtually 
eliminated by deep cooling (to 
~170K).

• CIC can be minimised through 
careful controller design, 
although it always remains the 
limiting noise source in EMCCDs.



• Exposure time to reach a given SNR compared to a “perfect” detector of 
identical QE. (CIC = 0.01 e-/pix/exposure)

SNR = signal-to-noise ratio
N = no. of photo-e-/pixel
= readout noise in e-/pix
CIC = no. of clock-induced    

charges in e-/pixel
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• Histogram of counts in a bias frame with EM gain:

Peak due to bias level.
Spread due to readout noise

Amplified CICs

p1(x) =  probability of an output 
x for a single electron 
input, with mean gain g

Slope gives the gain

THEORETICAL CONSIDERATIONS 2

p1(x)  1

g
ex/g



QEold  = quantum efficiency 
before  
thresholding

QEnew = quantum efficiency 
after thresholding

T = photon counting (PC) 
threshold

g = avalanche gain

Optimum PC
threshold at ~5

Setting PC threshold 
too high lowers the QE

Setting PC threshold 
too low introduces 
spurious counts due 
to readout noise, 

THEORETICAL CONSIDERATIONS 3

• Histogram of counts in a science frame with EM gain:

QEnew QEolde
T /g



FURTHER INFORMATION ON EMCCDs



OVERVIEW

Lecture 1: ULTRACAM
• High time-resolution astrophysics (HTRA) - what is it and why study it?
• The detection of light - an introduction to CCDs
• Instrumentation for high-speed photometry I: ULTRACAM
• ULTRACAM: science highlights

Lecture 2: ULTRASPEC
• High-speed spectroscopy
• An introduction to EMCCDs
• Instrumentation for high-speed spectroscopy: ULTRASPEC on the NTT
• Instrumentation for high-speed photometry II: ULTRASPEC on the TNT

Lecture 3: HiPERCAM
• How can we improve ULTRACAM and what would this enable us to do?
• Eliminating atmospheric scintillation noise: Conjugate-plane photometry
• Instrumentation for high-speed photometry III: HiPERCAM

Lecture 4: Data Reduction
• Demonstration of photometric data reduction using the ULTRACAM pipeline



• We replaced the front end of 
ULTRACAM with a new front end 
consisting of an EMCCD in a cryostat.

• Downstream of this, ULTRACAM and 
ULTRASPEC are almost identical. 
Hence ULTRASPEC is simply a one-
arm ULTRACAM with zero readout 
noise.

• Like ULTRACAM, ULTRASPEC was built 
by a consortium from the Universities 
of Sheffield, Warwick and the UK 
Astronomy Technology Centre, 
Edinburgh. 

• No point building a spectrograph – 
we used EFOSC2 on the ESO3.6m and 
3.5m NTT for 43 nights. 

ULTRASPEC



ULTRASPEC
ULTRASPEC EMCCD



ULTRASPEC DATA ACQUISITION SYSTEM



ULTRASPEC Demo.



10-second spectrum taken using a 
conventional CCD on a 3.5m telescope.

10-second spectrum of the AM CVn
star ES Cet using ULTRASPEC on a 3.5m 
telescope. Increase in signal-to-noise ratio 
of ~3, equivalent to approximate doubling 
of the diameter of the telescope!

ULTRASPEC PERFORMANCE

On the use of electron-multiplying CCDs for 
astronomical spectroscopy
Tulloch & Dhillon 2011, MNRAS, 411, 211 
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• 2007: ULTRASPEC mounted on the EFOSC2 spectrograph on the 
ESO 3.6m telescope in Chile for 21 nights.

• 2009: ULTRASPEC mounted on the EFOSC2 spectrograph on the 
3.5m NTT in Chile for 22 nights.

• 2013: ULTRASPEC mounted on a custom-made re-imager on the 
2.4m Thai National Telescope.

THE CONFUSING HISTORY OF ULTRASPEC



• ULTRASPEC now permanently 
mounted on TNT in exchange for 
25 nights per year.

• 2.4m f/10 Ritchey-Chretien on 
Doi Inthanon (2,457m).

• High quality telescope, with 4-
port Nasmyth focus.

• Dark (B=22.5) site in a national 
park with excellent seeing (0.85” 
median).

• Use in ~7-month dry season 
(Oct-Apr).

THAI NATIONAL TELESCOPE



OPTICAL DESIGN
• The median seeing at the TNT is ~0.9”. To critically sample this 

seeing requires a platescale of 0.45”/pixel.

• With ULTRASPEC’s 1024x1024 pixel EMCCD, this would result in a 
field of view of 7.7’x7.7’, giving an 80% probability of finding a 
comparison star of R = 11 mag.

• TNT is 2.4m f/10, so focal length is 24m, and plate scale is 
206265/24000 = 8.6”/mm. 

• Placing the bare ULTRASPEC EMCCD (with 13μm pixels) at the 
Nasmyth focus of the TNT would therefore have given us a 
platescale of 0.11”/pixel.

• Hence we designed a 4x focal reducer for ULTRASPEC to provide 
the required platescale of 0.45”/pixel, which can work across the 
desired wavelength range of 330-1000 nm.



• Mounted on the Nasmyth “cube”.

• Re-imager (not spectroscopy!), giving 
8’x8’ FoV and 0.45”/pixel platescale.

• 6-position filter wheel with 14 broad- 
and narrow-band filters to choose from.

• New data acquisition system, giving up 
to 200 Hz frame rates.

• New opto-mechanical chassis.

• First light in Nov 2013, with two 
successful observing seasons now 
complete.

• Science: compact objects, transients, e.g. 
optical follow-up of Fast Radio Bursts.

ULTRASPEC ON THE TNT



OPTICS

4x focal reducer 



FILTERS

All filters (except KG5) have the same 
optical thickness, so refocussing is not 
required.



MECHANICAL DESIGN



THE ULTRASPEC EMCCD DETECTOR

e2v CCD201-20, EMCCD, thinned, back-
illuminated, AR-coated, 13 micron 
pixels, operated at 160K.



OBSERVING WITH ULTRASPEC
Up to 4 windows can be defined, or drift mode



OBSERVING WITH ULTRASPEC

Binning factors of up to 8 in one
or both axes can be defined



OBSERVING WITH ULTRASPEC

CCD clearing before every exposure
can be turned on and of



OBSERVING WITH ULTRASPEC

Avalanche (EM) output can be selected,
with 9 diferent levels of EM gain



OBSERVING WITH ULTRASPEC

Three diferent readout speeds, each with
a diferent readout noise, can be selected



OBSERVING WITH ULTRASPEC

Set the exposure delay (not the exposure time!)



OBSERVING WITH ULTRASPEC

Set the number of exposures
(-1 for indefinite)



OBSERVING WITH ULTRASPEC

On the setup menu,
click “initialise”



OBSERVING WITH ULTRASPEC

Click “observe” to
enter the main menu

Enter CCD setup parameters

Enter observation parameters
and choose filter

Exposure time and SNR estimates

Useful CCD and telescope info Useful sky info

Start/stop exposures
Load/save apps



USDRIVER

Focal-plane slide menu



ULTRASPEC+TNT PERFORMANCE

First light with ULTRASPEC+TNT: the 
Nautilus Galaxy (NGC 772).

5-sigma limiting magnitudes. Solid curves: dark 
time; dashed curves: bright time.



WHEN SHOULD YOU TURN ON EM GAIN?

Safest not to use EM gain 
when imaging all but the 
very faintest targets at 
the highest speeds in 
dark time.



FURTHER INFORMATION ON ULTRASPEC

ULTRASPEC WEB PAGE:
http://www.vikdhillon.staf.shef.ac.uk/ultraspec/ultraspec.html

ULTRASPEC JOURNAL PAPER:
Dhillon et al, 2014, MNRAS, 444, 3504 



Simulated trailed spectra of the HeII 4686A emission line in the V=21.1 ultra-compact binary HM Cnc. 8 
hours of 8 sec exposures, folded into 40 phase bins on the 322 sec period.

VLT+FORS+CCD VLT+FORS+EMCCD ELT+FORS+CCD ELT+FORS+FTCCD ELT+FORS+EMCCD

THE FUTURE OF EMCCD SPECTROSCOPY



The End.
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