
Comparisons of a charge coupled device and a microchannel plate
detector for Doppler spectroscopy
N. C. Hawkes 
 
Citation: Rev. Sci. Instrum. 68, 2051 (1997); doi: 10.1063/1.1148096 
View online: http://dx.doi.org/10.1063/1.1148096 
View Table of Contents: http://rsi.aip.org/resource/1/RSINAK/v68/i5 
Published by the American Institute of Physics. 
 
Related Articles
Quantum mechanical simulation of graphene photodetectors 
J. Appl. Phys. 112, 084316 (2012) 
Transient photoresponse and incident power dependence of high-efficiency germanium quantum dot
photodetectors 
J. Appl. Phys. 112, 083103 (2012) 
Long-wave infrared nBn photodetectors based on InAs/InAsSb type-II superlattices 
Appl. Phys. Lett. 101, 161114 (2012) 
Infrared detectors based on semiconductor p-n junction of PbSe 
J. Appl. Phys. 112, 086101 (2012) 
Photocurrent spectroscopy of intersubband transitions in GaInAsN/(Al)GaAs asymmetric quantum well infrared
photodetectors 
J. Appl. Phys. 112, 084502 (2012) 
 
Additional information on Rev. Sci. Instrum.
Journal Homepage: http://rsi.aip.org 
Journal Information: http://rsi.aip.org/about/about_the_journal 
Top downloads: http://rsi.aip.org/features/most_downloaded 
Information for Authors: http://rsi.aip.org/authors 

Downloaded 31 Oct 2012 to 194.81.223.66. Redistribution subject to AIP license or copyright; see http://rsi.aip.org/about/rights_and_permissions

http://rsi.aip.org?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/test.int.aip.org/adtest/L23/283477008/x01/AIP/AmetekOrtec_RSICovAd_1640x440banner_10_10_2012/ORTEC_RSI_web_ad.jpg/7744715775302b784f4d774142526b39?x
http://rsi.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=N. C. Hawkes&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://rsi.aip.org?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.1148096?ver=pdfcov
http://rsi.aip.org/resource/1/RSINAK/v68/i5?ver=pdfcov
http://www.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4759369?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4759252?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4760260?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4759011?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4754573?ver=pdfcov
http://rsi.aip.org?ver=pdfcov
http://rsi.aip.org/about/about_the_journal?ver=pdfcov
http://rsi.aip.org/features/most_downloaded?ver=pdfcov
http://rsi.aip.org/authors?ver=pdfcov


Comparisons of a charge coupled device and a microchannel plate
detector for Doppler spectroscopy

N. C. Hawkes
UKAEA/Euratom Fusion Association, UKAEA, Fusion, Culham, Abingdon, Oxon OX14 3DB,
United Kingdom

~Received 20 May 1996; accepted 20 January 1997!

Modern charge-coupled-device~CCD! detectors can achieve peak quantum efficiencies of 90%,
compared with less than 10% for the photocathode of an electron multiplier. We report on
laboratory tests of examples of these two detector technologies to evaluate their relative
performance for precision Doppler spectroscopy of laboratory plasmas. The tests reveal that the
accuracy of the Doppler width and shift measurements improves with the square root of the
photoelectron flux, and thus as the square root of the detector quantum efficiency. An analytic
estimate of the performance of these two types of detectors confirms the square root dependence on
photoelectron flux but also highlights the importance of other noise sources that could be important
under different conditions. The gain of the electron multiplier system can be reduced to the level of
10 photon-electrons per ADC count before there is any reduction in the accuracy of the estimation
of fitted parameters. ©1997 American Institute of Physics.@S0034-6748~97!00205-0#
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I. INTRODUCTION

The quantum efficiency~QE! of modern back-thinned
CCD detectors can now reach peak values of 90%~Ref. 1!
~at 600 nm! while the QE of the photocathode used in m
crochannelplate~MCP! based image intensifiers is abo
10% ~at 450 nm!. The improved QE of the CCD relative t
the MCP image intensifier offers more detected photons f
given illumination intensity and therefore, in principle, pr
vides better statistics for the fitting of spectral line shape

On the other hand, the enormous electron gain of a M
allows counting of the separate photoevents with only m
est noise performance of the associated amplifiers. With
CCD the readout noise of the device, although extremely
~typically five electrons!, means that single photoevent d
tection is not possible. We report here the results of labo
tory tests comparing these two types of detector with resp
to the accuracy of measuring a spectral line position
width. The results of these tests are directly applicable to
measurement of ion velocities and temperatures fr
Doppler-shifted emission lines from a tokamak plasma.

II. EXPERIMENTAL ARRANGEMENT

For the measurements reported here, a McPherson s
trometer ~model 209, 1.33 m! fitted with a 2400 l.mm21

1203140 mm grating (f /9) was used. The instrument ha
two exit ports and an insertable mirror, allowing the outp
spectrum to be directed to either of two detectors. The li
source used for these measurements was a Perkin-Elmer
303-606 samarium hollow cathode discharge lamp. The la
is filled with neon and so emits strong neon lines in addit
to samarium lines. The samarium emission line at 528.
nm ~SmI! is close to the wavelength of the CVI n 5 8–7
charge exchange line at 529.1 nm used in recent Dop
spectroscopy measurements.2 The bright neon line at 630 nm
is also very convenient for making alignment adjustme
with the naked eye.
Rev. Sci. Instrum. 68 (5), May 1997 0034-6748/97/68(5)/2051/9
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To obtain broadened spectral lines similar to those u
in the Doppler measurements, the instrument was oper
with a relatively wide entrance slit~140 mm!. To produce
line shapes similar to the Gaussian shapes obtained f
thermally broadened plasma lines, the spectrometer was
liberately defocused by releasing the entrance slit from
mounting and withdrawing it about 4 mm from its norm
position.

The spectrometer was fitted with a MCP-based ima
intensifier and diode array camera, as used for the Dop
measurements.3 The alternate exit port was fitted with a com
mercial CCD camera for comparison.

A. MCP details

The MCP detector was a 40 mm dual MCP device w
S-20 photocathode and P-20 output phosphor.4 The photo-
cathode quantum efficiency is shown in Fig. 1, taken fro
the manufacturer’s data sheet, and is typical of such devi
The operating voltages were 4 kV on the phosphor (Vph) and
1.4–1.6 kV at the photocathode (Vpc), with the biasing ar-
rangement as shown in Fig. 2.

The output from the image intensifier was coupled by
coherent fiber optic bundle to a fast photodiode ar
camera.5 This camera uses a Reticon S-series 1024 elem
photodiode array with pixels 25mm32.5 mm and has a
readout rate of 1ms per pixel at 12 bits resolution. Th
photodiodes in the Reticon recording the output of the M
experience a thermally induced leakage current that con
utes to the recorded signal, referred to as the dark curr
This current varies from pixel to pixel and its contribution
the recorded signal increases as the integration time
creases. There is also a component of signal due to
pick-up of clock line switching transients during the reado
Both these contributions can be subtracted from the recor
signals by reading out the array with no illumination. Ther
fore the readout of the diode array incorporated a seque
of 10 spectra that were taken after the data scans~referred to
2051/$10.00 © 1997 American Institute of Physics
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as darkscans!, with the input shutter on the spectromet
closed.

B. CCD details

The CCD used was an EEV chip, 22mm 3853578
pixel, thinned and back-illuminated, with a phosphor coat
to extend the short wavelength sensitivity below 500 n
The technique of back-illumination of the CCD is used
avoid absorption of light in the electrode structure on
front of the chip and thus enhance the quantum efficie
compared to front-illuminated devices. The CCD was co
trolled and read out by a low noise camera system,6 that also
provided Peltier cooling to maintain the chip at 200 K
reduce charge build up from dark current. Figure 3 shows
quantum efficiency of the CCD.

A schematic of the layout of pixels on the chip is show
in Fig. 4. The upper~rows 291 to 578! and lower~rows 1 to
290! halves of the chip have separate clocking lines allow
the lower part to be used as an image store. In these m
surements the pixels in the imaging area in the upper ha
the chip were ‘‘binned’’ to form two elongated super-pixe
72 pixels high. The total area of each of these binned pix
was thus only 11% greater than the corresponding sen
area of the Reticon pixels. Using the lower half of the chip
an image store a minimum exposure time of 3 ms could
achieved. As with the MCP detector, readouts from the C
with no illumination were subtracted from the spectral d
to eliminate fixed background patterns.

FIG. 1. Quantum efficiency curve for the photocathode of the MCP im
intensifier ~Photek Model MCP 240 EG, serial No. 2911122!, from manu-
facturer’s information.

FIG. 2. Schematic of the components of the MCP image intensifier and
external bias resistor chain.
2052 Rev. Sci. Instrum., Vol. 68, No. 5, May 1997
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III. LABORATORY MEASUREMENTS

A. Detector comparison

The initial comparison of the detector performance w
performed at a range of integration times using the 528
SmI line. The integration times of the Reticon measureme
were made 11% shorter than the corresponding times for
CCD detector, to compensate for the different areas of
~binned! pixels in the two cases. The MCP data extend
shorter integration times than the CCD data since the Ret
detector was capable of faster readout. The MCP data w
recorded withVpc51.6 kV andVph54 kV, except for the
longest~190 ms! integration times whereVpc had to be re-
duced~to 1.49 kV! to avoid saturation.~The separate effec
of Vpc variations on the detector performance is discusse
Sec. III B.!

The data from the two detectors, recorded at vario
integration times, were least-squares fitted by a single Ga
ian with a flat background using the Levenberg–Marqua
algorithm.7 The fitting routine minimized thex2 parameter,
with equal weights applied to all data points. The fitting w
performed over 100 pixels of the CCD data or 88 pixels

e

e

FIG. 3. Quantum efficiency of the CCD chip~taken from the manufacturer’s
data sheet!.

FIG. 4. Layout of pixels on the EEV CCD chip.
Doppler spectroscopy
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the MCP data, corresponding to the same wavelength in
val. Examples of the spectra from the two detectors, toge
with the fitted Gaussians, are shown in Fig. 5.

For each detector a sequence of spectra was record
each integration time and stored. For the CCD detector,
spectra were recorded~limited by the CCD chip storage are
capacity! and for the MCP detector, 502 spectra and 10 d
scans~limited by the memory capacity of the CAMAC ADC
used!. Gaussian fitting was performed on these spectra
then the standard deviation of each parameter calcul
from the list of fitted values. The standard deviations,s, of
the fitted parameters were used to judge the performanc
the two detectors in respect of the width and position va
tion of the fitted Gaussians.

Thes values are listed for each detector as a function
exposure time in Table I and plotted in Fig. 6 against~expo-
sure time!21/2. The curves exhibit an almost linear variatio
of s with the inverse square root of exposure time, cor
sponding to the inverse square root of the total numbe
counts.

The best-fit linear curve through the MCPspositionpoints

FIG. 5. Spectra from the CCD~a! and the MCP/Reticon~b! detectors at 12
and 10 ms integration time~respectively!. Also shown are the Gaussian
fitted to the spectral data.
Rev. Sci. Instrum., Vol. 68, No. 5, May 1997

Downloaded 31 Oct 2012 to 194.81.223.66. Redistribution subject to AIP l
r-
er

at
4

k

d
ed

of
-

f

-
of

has an intercept that is larger than that of the CCDsposition

points. The difference is small~and perhaps not statisticall
significant! but could be due to the higher dark current in t
~uncooled! photodiodes of the MCP device. Such a diffe
ence would only become important at very long integrat
times, and necessarily very low photon fluxes, for example
astronomical imaging applications.

B. MCP voltage scans

Data from the MCP detector were recorded at seve
different voltage settings~both Vpc andVph) at a constant
integration time of 10 ms. The variations in peak count r
ands for the width and position parameters are plotted
Fig. 7. There is very little variation in thes values over the
range of voltages explored, despite large changes to the
tensifier gain, except at the lowest voltages, where the
tem response falls below 0.1p-e count21. This behavior
indicates that the primary photodetection process is
dominant contribution to the noise in these measurements~as
opposed to readout noise!, under normal detector operatin
conditions. The effect of different illumination levels is con
sidered in the following section.

TABLE I. Table of standard deviations in the fitted width and positi
parameters from the least-squares fitting of a Gaussian profile to a sequ
of spectra from the CCD and the MCP detector.

tCCD swidth sposition tMCP swidth sposition

~ms! ~pixels! ~pixels! ~ms! ~pixels! ~pixels!

1 0.162 0.144
4.3 0.036 0.032 4 0.089 0.080
8.5 0.026 0.023 8 0.067 0.060
13.8 0.018 0.017 14 0.051 0.048
24.1 0.012 0.011 24 0.041 0.036
53.1 0.012 0.010 48 0.027 0.024
189.5 0.006 0.004 190 0.016 0.015

FIG. 6. Plot of standard deviation in fitted width and position parameters
the CCD and MCP detectors as a function of~exposure time!21/2. Linear
regression line fits through the data are also shown.
2053Doppler spectroscopy
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C. Effect of intensity variations

The effect of different intensities on the accuracy of fi
ted position and width was studied by recording data fr
several spectral lines over a wide wavelength range w
each detector. Since the detector gains were not varied
intensities measured in each case were proportional to
photoelectron count rate. The exposure time data of Tab
were taken with the same detector gains and are there
directly comparable with the data at different waveleng
and so are also included in this data set. In Fig. 8 thes
values for each detector are plotted against~peak
height!21/2, expressed in photoelectrons using the QE cur
of Figs. 1 and 3.

Plotting the data against the photoelectron rate, ra

FIG. 7. Variation in:~a! detector gain~peak countrate! and ~b! s in the
width and position parameters as a function ofVpc andVph for the MCP
detector. No degradation in resolution is seen until the photocathode vo
is reduced below 1400 V or the phosphor voltage below 4 kV, represen
in each case a gain reduction of more than a factor of 20 compared to
maximum voltages,Vpc 5 1700 V andVph 5 5000 V.~While eitherVpc and
Vph was altered, the other voltage was maintained at maximum.!
2054 Rev. Sci. Instrum., Vol. 68, No. 5, May 1997
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than simply the exposure time~as in Fig. 6! the data from the
CCD and the MCP detectors lie along the same curve, lin
at high count rates~low s). Since the data include measur
ments at various wavelengths and hence different quan
efficiencies, this shows that the critical parameter affect
the fitting s is the photoelectron flux, rather than the inp
photon flux. The figure also shows two model calculations
the fitting s at different photoelectron flux rates, based
data concerning the readout noise of the two detector
tems. The basis of these models is discussed in Sec. V.

The s data obtained from the two detectors are plott
in Fig. 9 as a function of wavelength. Since the intensities
the lines selected varied somewhat, thes values are com-
pared by plotting their ratio between the two detectors
each wavelength. The intensities of the lamp lines used
these measurements correspond to the linear portion of
data in Fig. 8~except at 350 nm!, and therefore the ratio o
s between the two detectors is expected to followAQE
~shown as a broken line in the figure!, as is in fact found.
ge
g
he

FIG. 8. Plot of sposition against 1/Aheight for a range of intensities an
exposure times with the height expressed in photoelectrons. Solid
dashed lines are the result of a model prediction taking into account
readout noise associated with each detector~Sec. V!.

FIG. 9. Ratio ofspositionplotted against wavelength together with the squa
root of the QE ratio between the two detectors.
Doppler spectroscopy
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D. Linewidth variation

To estimate the effect of linewidth variation on the fi
ting accuracy, the spectrometer was further defocused.
was accomplished by opening the main entrance slit fully~to
about 6 mm! and placing an auxiliary slit 60 mm in front o
the spectrometer slit. This produced a line image that w
generally trapezoidal but could be made roughly triangu
by adjustment of the auxiliary slitwidth. The half-width o
the triangular line in this configuration was about 40 pixe
comparable with the typical Gaussian linewidths obtain
during tokamak measurements. A lamp line was selected
418.4 nm, that gave a similar intensity to the CVI 529 nm
line from the tokamak and measurements of the line w
made with the MCP detector. The spectrometer main slit w
then closed to 150mm which had the effect of narrowing th
line while keeping its peak height constant.

The results of these measurements, including others
the defocused slit and weaker lines, are presented in Tab
From these data, and the assumption thatsposition has an in-
verse square root dependence on height and a power
dependence on width, an empirical fit to the position unc
tainty can be extracted:

sfit50.5596 height20.5 width0.6876. ~1!

This expression is evaluated in the fourth column of Table
and gives reasonable agreement with the measuredsposition.

FIG. 10. Line area plotted against neutral density for the MCP detecto
two different voltages, and for the CCD detector. The CCD detector is lin
over the entire range, while the MCP detector shows nonlinearity in
sponse at high signal levels. The dependence of the nonlinearity on p
phor voltage indicates that the nonlinearity arises in the phosphor resp

TABLE II. Data for the dependence ofspositionon the width of the line. The
table includes data using a narrow entrance slit, a slightly defocused
trance slit, and a grossly defocused auxiliary slit. Various weak lamp l
were used. The fourth column shows the results of an expression@Eq. ~1!#
fitted to thesposition data.

Height Width sposition sfit

~counts! ~pixels! ~pixels! ~pixels!

218.8 31.4 0.426 0.405
149.2 4.27 0.118 0.124
48.3 29.5 0.878 0.825
51.2 33.5 0.785 0.875

1098 4.27 0.048 0.046
Rev. Sci. Instrum., Vol. 68, No. 5, May 1997
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The dependence ofsposition on the inverse square root of th
height can again be seen in the data of the table by com
ing rows with similar width parameter, either 30 or 4 pixe

E. Linearity checks

For this test a strong lamp line (l5640 nm! was se-
lected and various neutral density filters were inserted
front of the entrance slit. The MCP detector was opera
with Vpc51.6 kV, Vph54 kV, and a 1 msexposure time.
The resulting curve of line area against total filter density
Fig. 10 shows a deviation from linearity at the highest inte
sity.

To check that the source of the nonlinearity was not
the photodiodes or signal processing electronics, the ex
sure with no filter was repeated at an integration time o
ms, increasing the size of the diode stored charge. The m
sured area was exactly three times that recorded at 1 m
within one standard deviation~i.e., to within 1%!, showing
that the nonlinearity was not occurring in the charge stor
or readout processes. To verify that the nonlinearity was
curring within the MCP/phosphor, and not the photocatho
the sequence of exposures was repeated at a higher pho
operating voltage (Vph55 kV!. This second curve is also
plotted in Fig. 10, but translated in thex direction by an
amount equivalent to the gain change due to the chang
Vph @derived from Fig. 7~a!#. Here the nonlinearity was
found to be more severe at the higher countrates. From
two curves it is apparent that the nonlinearity sets in a
particular count rate and becomes more severe as the c
rate increases, even when the illumination intensity rema
the same. Since the increase in count rate was achieve
increasing the electron gain at the phosphor the nonlinea
must be~at least in part! due to the phosphor response.

The nonlinearity sets in at a count rate of 3000 ms21,
thus care has to be taken during measurements to keep b
this level, if necessary by adjusting the detector voltag
The results of Fig. 7~b! showed that a considerable reductio
in detector voltages was possible before there was any
nificant impact on the estimation of line shape paramete

The signal levels measured with no attenuation w
much greater than the maximum signals recorded during
kamak measurements, so the nonlinearity seen with the M
detector should not present a problem during normal op
tion in tokamak experiments. A third curve is plotted in Fi
10, that of the line area measured as a function of neu
density for the CCD detector. This curve shows that the C
is exceptionally linear over the entire dynamic range e
plored.

F. Instrument function

The instrument functions of the combination of detec
and spectrometer were measured for each detector with
spectrometer fully focused. A narrow~50 mm! entrance slit
was used, with 632.8 nm light from a HeNe laser~attenuated
by scattering from a white screen to avoid the risk of da
aging the MCP photocathode!. The resulting instrumen
functions are shown in Fig. 11 and show that the CCD a
spectrometer combined have an instrument function with
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wings that~at 20 pixels away from the line center! are lower
by at least a factor of three compared to the MCP-ba
detector. The smaller pixel size of the CCD detector ma
the line profile effectively narrower still compared to th
MCP detector.

IV. TOKAMAK MEASUREMENTS

Final tests were carried out using charge exchange
cited emission from a tokamak plasma at Culham~JET!, ex-
ploiting the reaction between neutral heating beams and f
ionized carbon:

C611H0→C51*1H1.

The Doppler broadened emission from the excited C51 ions
is Gaussian of typically 40 pixels full width. It was necessa

FIG. 12. Geometry of viewing observation on the JET tokamak: The
viewing lines used in these measurements lie in a plane angled with re
to the poloidal plane. They are also tilted away from the vertical direct
within this plane. This geometry allows resolution of the measured Dop
shifts into toroidal,vf , and poloidal,vu , flows. Of these,vu is expected to
be small, allowing this quantity to be used as a test of the position fit
accuracy.

FIG. 11. The instrument functions of the combination of detector and s
trometer measured using the CCD and the MCP detectors, at the H
632.8 nm laser wavelength.
2056 Rev. Sci. Instrum., Vol. 68, No. 5, May 1997
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to validate the results of the laboratory studies with a t
Gaussian source, although the use of plasma emission
poses other difficulties, chiefly, a time varying Doppler sh
due to plasma mass motion.

The apparatus used in these measurements was the
as that used for the laboratory tests except for the additio
a second spectrometer in the input path of the model 2
This spectrometer serves to band limit the light entering
model 209 and allows multiple slits to be used along
dispersion direction.8 Two of the fibers from the multichord
collecting optics were connected to adjacent entrance slit
the spectrometer. Vertically opposing views were used
lowing the Doppler shifts of the emission light to be resolv
into poloidal~vertical! and toroidal~horizontal! flow veloci-
ties ~Fig. 12!. Since the poloidal velocities are very low, th
resolved component could be regarded as constant and h
used to obtain a statistical measurement of the fitted
center positions, for comparison with the lamp measu
ments.

The image region of the CCD was organized as a sin
binned area, the binned images were stored on the chip
read out after the plasma pulse. In this way 288 pairs
spectra could be recorded. The timing of the storage of sp
tra was such that the data acquisition window was 8 s long,
enough to cover the entire charge exchange pulse of 5 s with
some overlap into the noncharge exchange periods.

In this comparison, data were recorded from two succ
sive JET discharges that are similar~except for the duration
of the charge exchange pulse!. For the second discharge th
MCP detector was used and the results from the two de
tors compared.

A. Results and analysis

The data from each detector were treated in a sim
fashion. In each case background subtraction and pixel g
calibration were applied and then the data least squares fi
with a single Gaussian line profile. The raw fitted paramet
were then converted to physical parameters of ion temp
ture, toroidal, and poloidal flow velocities. For the bac
ground subtraction in the case of the CCD detector ano
acquisition sequence was triggered with no light falling
the detector. From these data, 100 scans were average
give a background signal representing the no-light respo
of each~binned! CCD pixel. For the MCP detector 10 back
ground scans were automatically recorded before plasma
tiation at the start of each JET shot. To calibrate the differ
pixel sensitivities~incorporating the response curve of th
combined spectrometers! spectra were recorded with a tung
sten lamp illuminating the entrance slits. These spectra w
normalized such that when divided into the plasma data t
corrected for small variations in pixel-to-pixel responses,
left the overall amplitude the same. The integration time
the CCD measurements was 27.9 ms, that of the MCP m
surements 28.7 ms.

The results of the measurements with the two detec
are shown in Figs. 13 and 14, with the Doppler shifts for t
two views resolved into toroidal,vf , and poloidal,vu ,
plasma velocities. The figures include the time history of
brightness of the deuteriumn53–2 transition (Da) re-
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corded separately with a filter and photomultiplier. This tim
trace shows intensity fluctuations that depend upon vario
plasma conditions including heating, density, and confin
ment mode. The zeros of thevf andvu velocities are arbi-
trary since the unshifted line positions have not been referr
to a standard wavelength. The lower noise in the measu
ment ofvu with the CCD detector~compared with the same
quantity measured with the MCP detector! is immediately
apparent. Variations~of about 15 km s21) can be seen in the
toroidal flow,vf , between 12.5 and 13.5 s with a period o
4 Hz, correlated with fluctuations inDa and related to the
deliberate oscillation of the plasma boundary. A significa
reduction in the noise level of the ion temperature measu
ments is also evident in the data from the CCD detector.

B. Comparison of noise levels with laboratory
measurements

To quantify the differences in the scatter of the measur
ments with the two detectors it is necessary to compare
poloidal flow signals. All the other parameters are changin
with time during the two discharges while the poloidal flow
speed is expected~and indeed appears! to be small. This
parameter is derived from a difference in the Doppler shift

FIG. 13. Derived ion parameters from a tokamak shot using a CCD detec
and two opposed edge views. Two traces are shown in the height and t
perature plots, one from each view, while the velocity plots have only
single value, composed of the vector resolved components of the ion flo
The Da emission, recorded with a separate photomultiplier system, is i
dicative of changes in plasma confinement and density.
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light from the two opposing views of the plasma, there bein
an equal Doppler shift on each single chord due to the com
ponent of toroidal rotation along their lines of sight.

The fitted height and width parameters from the CCD
data are used according to the scaling of Eq.~1!, to obtain a
prediction of the standard deviation of the fitted Gaussia
position. The scaling is expressed in terms of photoelectro
and therefore the raw height parameter is corrected for t
sensitivity of the CCD—5.05 photoelectrons per ADC coun
~manufacturer’s data! at the gain setting used in the measure
ments. Since the poloidal flow velocity is obtained from a
difference of two fitted positions the errors in the two param
eters are added in quadrature and converted to a veloc
deviation,svu

51.65 km s21. This is to be compared to the
measured deviation in the poloidal flow velocity of 0.892
km s21 between 12.88 and 15.33 s, showing reasonab
agreement.

The analysis of the MCP data is similar, except that he
the fitted height is adjusted for the different operating cond
tions ~a phosphor voltage of 4 kV as opposed to 5 kV in Se
III A, giving a gain change of 2.073, from the data of Fig. 7!
and the different pixel size of the MCP detector is accounte
for in the conversion from pixels to velocity. This analysis
yields a predicted value for the MCP data ofsvu

56.96
km s21 compared to the measured value of 3.95 km s21 ob-
tained between 13.5 and 17.5 s.

or
m-
a
s.
-

FIG. 14. Derived ion parameters from a tokamak shot using the MCP d
tector.
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In each case the measured deviation is a little over
the predicted deviation, based on the laboratory scaling.
difference reflects the difficulty of obtaining an adequa
scaling@Eq. ~1!# for the linewidth based on data from a lo
temperature laboratory source. The inverse square root
pendence on line height correctly predicts the lower dev
tion observed with the CCD detector.

V. DISCUSSION

The important result that emerges from the data in
preceding sections is that the precision to which a wa
length can be measured varies as the square root of the
ber of photoelectrons detected. This empirical result can
understood from a consideration of the estimated varianc
the fitted position.

For a nonlinear least-squares fit of a function to expe
mental data the variance of a single fitted parameter,a, can
be written,9
e
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(
1

s i
2 S ]yi

]a D 2
H( 1

s i
2 F S ]yi

]a D 22~si2yi !S ]2yi
]a2 D G J 2 , ~2!

whereyi is the fitted function evaluated at thei th point,a is
the parameter whose variance,sa

2 , is to be estimated,si is
the number of photoelectrons detected in thei th channel and
s i
2 the variance of thei th data point. Taking the fitting func

tion to be a Gaussian;

yi5Ae2~xi2p!2/w2 ~3!

with A the peak amplitude,xi the pixel number, andp and
w the position and width parameters~ignoring the constant
background parameter for simplicity!. Assuming Poisson sta
tistics for the photodetection process,s i

25yi , the estimated
variance on the position becomes,
sposition
2 5

(
1

yi
F2~xi2p!

w2 yi G2
H( 1

yi
F S 2~xi2p!

w2 yi D 22~si2yi !S 2
2

w2 yi1
4~xi2p!2

w4 yi D G J 2 . ~4!
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In this expression, only the termsyi depend on the amplitud
of the fitted Gaussian,A. Assuming that the termsi also
varies likeA then an overall dependence ofsposition} 1/AA is
found, as observed in the measurements. A similar ana
for swidth also yields a dependence ofswidth } 1/AA. No such
simple dependence ofsposition or swidth on the fitted line-
width, w, can be extracted due to the nonlinear depende
of yi on w.

The assumption of Poisson statistics is a simplificat
since there is a contribution to the detector noise from
statistics of the photoelectron detection process. This n
affects the performance of a device, its performance in
presence of this noise being equivalent to a noiseless det
with a reduced quantum efficiency given by the detect
quantum efficiency ~DQE! defined as10 DQE5(S/N)o

2/
(S/N)i

2 , the square of the signal to noise ratio of the outp
divided by that of the input signal. The total noise in t
output signal is composed of photoelectric shot noise
readout noise,s total

2 5sshot
2 1s readout

2 , while that of the input
is simply the shot noise of the input photon flux.

In the case of the CCD detector, there is a contribution
the noise in the detected signal from the readout electron
therefore the DQE can be written:

DQECCD5
~ Ih!2/~ Ih1r 2!

~ I /AI !2
5

h2I

hI1r 2
, ~5!

whereI is the input flux,h the photodetector quantum effi
ciency andr the readout noise~equivalent to 6.7 electrons!.
At a typical signal level ofIh550 p-e pix21 scan21 and
is

ce

n
e
se
e
tor
e

t

d

o
s,

with a quantum efficiencyh of 0.8, the DQE is 0.422,
roughly half the value for a noiseless detector.

For the MCP detector the readout noise of the dio
array is small compared to the intensity of the light outp
from the image intensifier. However the image intensific
tion process itself introduces an effective noise due to
statistical nature of the electron amplification process in
channel plates. From photomultiplier theory11 the noise in
the output signal may be written

s25hI f g2 ~6!

whereg is the gain of the tube andf is a factor between 1
and 2 dependent on the secondary emission characterist
the multiplier. This leads to an expression for the DQE of t
MCP detector:

DQEMCP5
~gIh!2/~ Ih f g21r 2!

~ I /AI !2
5

h

f1r 2/Ihg2
. ~7!

In the case that the readout noise is small compared to
signal, this expression reduces toh/ f . For a MCP operating
in current mode, with a nonsaturated output pulse, the va
of f is probably close to 2, leading to a DQE equal to half t
primary quantum efficiency.

The above analyses therefore result in DQEs for the
detectors that are both about half the primary photoconv
sion efficiencies, which, taken with the calculatedAA depen-
dence of the uncertainty in the fitted position, yields the
sult that this uncertainty should depend upon the square
of the ratio of the primary quantum efficiencies, as observ
in practice~Fig. 9!.
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Using the expressions for the DQE of the CCD detec
@Eq. ~5!# and the equivalent expression for the MCP detec
@including the readout noise at the measured level of 1 co
rms, Eq. ~7!# the position uncertainties can be plotted f
each detector as a function of illumination. These curv
shown in Fig. 8, are close to the inverse square root fo
over the range of illuminations used in the measurements
as seen in the experimental data. The absolute values o
uncertainties depend on implicit assumptions about the l
width and so the model curves differ from the experimen
data by an arbitrary factor~although the same factor for eac
model curve!.

The approximate square root dependence of thes on
countrate is seen in the linear slopes of Figs. 6 and 8 o
more than an order of magnitude variation in count rate. T
CCD has a lowers for both the fitted width and position
parameters by a factor of 2.25. This ratio is close to
square root of the ratio by which the quantum efficiency
the CCD detector exceeds that of the MCP detector at
nm; AnCCD/nMCP5A0.60/0.0752.93. The variation of this
ratio with wavelength shown in Fig. 9 closely follows th
variation of quantum efficiency and provides confirmati
that it is the photoelectron rate that determines thes.

From the analysis of the tokamak data it is found that
apparent sensitivity of the CCD detector is greater by a fa
of 13.7 than that of the MCP, assuming equal emission fr
the plasma in the two shots. The ratio of the QEs of the t
detectors is only 8.6, indicating an extra factor 1.6 gain
the CCD system over the MCP detector. In part this is c
tainly due to the image of the entrance slits of the spectro
eter being vertically extended at the exit by the astigmat
of the instrument. Since the entrance slits are exactly
same height~2.5 mm! as the MCP detector pixels there
inevitably some light loss in this system, whereas the C
binned pixels~288 pixels—6.3 mm—high in this case! are
certain to collect all the light. Furthermore, the MCP syst
will be sensitive to any misalignment between the out
image and the detector.

Equation~4! shows no simple dependence of the va
ance in fitted position with the spectral linewidth. While th
lamp measurements in Sec. III D show evidence of
~width!3/2 dependence. The ratios of the variances of the
detectors in the tokamak measurements follow the squ
root dependence on signal intensity, but the absolute valu
Rev. Sci. Instrum., Vol. 68, No. 5, May 1997
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the separate variances derived from Eq.~1! are approxi-
mately twice those measured in the tokamak data. An ex
nent of 1/3 on the width in Eq.~1! recovers agreement be
tween the laboratory data of Fig. 8 and the tokam
measurements. Potentially the disagreement arises from
deviation from Gaussian of the defocused line image use
the laboratory measurements, however expressing the w
dependence as a simple power law is clearly an oversim
fication.

The weak dependence of thes values onVpc , as seen in
Fig. 7 above 1400 V, despite the factor 50 change in elec
gain, is further evidence that thesposition depends on the
number of detected photons~i.e., on the QE! not on the de-
tails of the later amplification and digitization processes.
the lowest voltages the sensitivity of the detector is about
photoelectrons per ADC count whereas at normal opera
voltages it is close to one. This shows that the signal to no
ratio in the detected signal is not the relevant factor, at le
in the operating regime explored.
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