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BASIC SPECTROSCOPIC INSTRUMENTATION : K. 5, LOW

LECTURE } :  SPECTRAL FILTERS, DETECTORS AND SIGNAL PROCESSING

3.1. Spectral filters : spectrometers, band pass filters and sharp cut
filters,

3.2. Detectors : photomultipliers, photodicdes, diode array, photon
drag, pyrcelectric and calorimeters.

3.3, signal Processing : photon counting, lock-in amplifier, boxcar.

3.1. Spectral filters
- to be able to pick up signal of a specific wavelength, blocking
unwanted signals
1. Spectrometers : gratings mounted on stepper motor controlled sine drive
can be easily interfaced to microcomputers
~resolutions fepend on the nuaber of grooves of the grating illuminated
and the size of the gratings

-norsally a single detector Placed at the exit slit for single channel

operation
-if an array of detector placed En ranc
at the focal plane of exit slit, [
_—
sisultanecus detection of spectra ﬂ i
Y
&3 a optical multi-chanpel .
%tniwn;-—a
analyser (OMA}
~By rotating a slit placed at the izv;'* []
!
focal plane, an OMA is essentially — [] < 7’
obtained for dc signals. N\&
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~spectrometer lika devices can be assembled into dye laser system for

wavelength tuning purposes.
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Band pass filters
“Darrow band pass interference filters
—sulti-layer dielectric coated
~to 5 am bandpass with 20 to 50 & transmission
Sharp cut eolor glass filters
~color filter glass are inexpensive for cut off of signals at the shorter
wavelengths
-useful for fluorescence works -
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3.2. Detectors :
-two types : quantum or thermal types
1. Photomultiplier : most important linear transducer for measuring photons.
-based on production of primary electroms due to photoelectric effects
when photons is incident on the photo-cathode
~electrons multiplied at secondary electrodes {dynodes)
~asplified many times before arriving at the anode
-spectral response dependent on the cathode materials, see Fig. 1.
szinly in the visible and some UV and IR response
~very high response for single photon counting

~cooling of PNT for lowering of noise level
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. Photodiodes based on semiconductor materials
- normally 2 types - photovoltaic {P¥) as in solar cells or
photoconductive (PC) for faster response
- PY require no external voltage biasing, creation of carriers in one
material that diffuse across a junction between two semiconductor
materials resulting in a volitage, when exposed to radiation. Simple to

use and inexpensive,

PC morsally operates with a raverse biasing across the junction of the

tvo semiconductor materials. § change of conductivity occurs when

expased to radiation due to crestiom of carriers.

~ both the output of the PY or PC diodes can be readily amplified with
Op amps. Some are even produced with amplifiers built into the chips.

= usable from UV, visible to far IR (with cooling).

- typical response curve below as fig. 2.
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Diode arrays for optical multi-channel analyser

~4n arsay of small photodicdes few microns apart, typically 512 or 1024
tlenerts

-pormally placed at the focal plane of the exit slit of a spectrograph to
captupe the entire spectrum of the signal as an optical wmulti-channel
analyser as compared to the single channel nature of a s=mpectrometer
system. Require sophisticated data acquisition systea,

-could also include microchannel plate image intensifier tubes to amplify
signal,

~presenkly still an expensive equipment to acquire.
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Fhoton drag detectors

~based on the momentus transfer between photons and electrons and koles
in a semiconductor aaterials {normslly germanium). These carriers are
dragged along with the photon bean resulting in an eaf across the two
end plates.

~normally used for far IR laser pulse Beasurements as in the TEA-CO2

lasers.

Pyroelectric detectors

~thermal detectors

~some crystals have permanent electrical polarisation which depend
strongly on temperature &.0. LiNbO3.

-when temperature of crystal changes rapidly, a rapidly changing surface
polarisation results in differences in surface charge distribution.

-mainly for IR lasers.

Joule calorimetara

“conversion of heat differences across thermcelectric juncticnsa, noraally
a8 an array in theraopiles

~very rugged and useful across a vide spectrum

-slow response and poor deteaction limits

~normally for measurement of laser power output and not for detection of

spectroscopic signals.

Photon Drag: Normalised Retponsivity va Wavelength
(sl curves are the measured vatues)
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~Signal recovery methods
"‘7‘“” BulBAw v tad 5‘9() 19773

10w AsERNeTRY, Chief Englneer (Speciat Pro-
Jeers), Brookdeo! Electronics, Brocknell,
Berkshire

Suppose that one were given the task of
measuring the magnetism of a rock
sample in the presence of the unavoid-
able and much larger magnetic field of
the carth, or of measuring A weak infra-
red signal in 2 warm Iaboratory. In both
cases the signsl of interest would be
obscured by & large background signal
which will be referred to as “interference’
and which would make the measurement
valucless unless its effect could be nup-
pressed. One way of doing this might be
to introduce some sort of coding into
the signal to make it recoghizably
different from the interference.

In the examples above, and in an
enormous number of other similar
situations, the signal is coded by intro-
ducing into it, but not into the inter-
ference, frequency information. For
example the rock sample may be spun
at a known frequency so that the output
of the magnetometer would consist of
two parts, a large rero frequency compo-
nhent due to the carth's magnetic field and
& small component at the spinning fre-
quency whose amplitude would be the
desired quantity. A high pass filter could
now be used to suppress the interference
while transmitting the signat to a suit-
able measuring instrument snch s an
amplifier, rectifierand smoothing circuit,

In practice the situation is seldom as
timple as this, there being additional
sources of interference wuch as hum
pick-up, amplifier generated noise, efc,
and these become significant whenever
the signal is very small. In pasticular
some of these additional interferences
are likely to contain random noise whose
frequency spectrum covers the modula-
tion frequency ititially used to code the
signal. When this is the case the signal
to noise ratio is frequently so poor that
ultra narrow band filtering is necessary
to make a vsefol measurement possible.

Tuncd systems of sufficiently high Q are
impracticable for reasons of stability and
instead o synchronous detector, often
called a lock-in amplifier, may be used.

The invention of the lock-in amplifier
is credited to Professor R H Dicke who
in 1947 described & novel microwave
madiometer. Previously in such radio-
meters the smallest measurable signal
had been limited by noise indistinguish-
able from the input signal and generated
in the radiometer’s microwsve amplifier.
Dicke coded the desired signal by
mechanically switching the input of the
amplifier back and forth between the
actual aerial and & dummy of known
temperature, so, that, after nr detsction,
the output of the system consisted of a
amall square wave obscured by noise,
‘The smplitude of the square wave was a
measure of the temperature difference
between the objects scen by the actual
and dummy aerials. The real originality

Figwre | Phase scasitive detector
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of the system. lay in Dicke's use of a
phase sensitive detector (rS” to measure
the amplitude of the squarzwave. The
rso s the heart of the lock~n amplifier
and its basic action will taerefore be
considered in some detail beow.

Phase sensitive detector

A full wave PSp contists essntially of a
phase splitter, & simple RC low pass
ﬂllermd.betwcenthewc.lchnge
over ywitch, operated 30 that the input
to the filter is alternately thken from first
one and then the other oupum of the
phase splitter. The switch i electroni-
aally controlied and the Sontrolling
voltage is arranged to synchromize the
switching action with the zer crossings
of the signal to be measured. As will be
seen from figure | this leads w rectifica-
tion of the signal, giving & OC outpul
from the filter. By contrast neise, except
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that very close to the signa! frequency,
gives rise to frequencies outside the pass
band of the filter and is therefore
rejected.

‘The switch controlling voltage, to be
synchronized with the signal, must be
derived from the same source as the
original modulator and P5os are there-
fore only of use when such & so called
teference is available. Note also that the
controlling voltage must be in
with the signal: in quadrature it leads to
zero output.

To give & different viewpoint the rsp
may also be considered as a type of
special purpose correlator. In switching
the noisy signal at the reference fre-
quency, ey, it is in effect multiplying the
signal by a square wave of that frequency.
Decomposing the square wave into jts
Fourier components gives

Vil 0 COS S +§ COB IS4 . .
S0 any term in the signal such as
V. cos(ont+ ) will give, among others,
a product such as
¥y cos(at+ p) cosens
which is proportional to
Vicos g+ ¥, cos(2m,0 + ).

¥, cos ¢ is 8 DC term and sppears at the
output, while the other term is Ac and,
with a suitable filter time constant T,
will be effectively rejected. Thus the
PSD gives » DC output for a signal com-
p st the ref; freg: y (xnd
to a decreasing extent at its harmonics),
the be output being proportional to that
component of the signal which is in
phase with the reference.

Noise components of frequency near
@, 8y a3+ 5w, give lower side bands at
S and thejr degree of rejection is deter-
mined by the low pass filter which has &
~ 3dB point bandwidth of 1/xT. It has
& ‘noise equivaleat bandwidth’ of AT,
this being the bandwidth of a notional
‘rectangulac’ fitter which will transmit
the same noise power as the actual filter
in white noise conditions.

The rso differs from tuned filter-
rectifier systems in three significant ways,
First such noisc as is passed by the rso
is porely Ac with aro average, Secondly
the rsp is phase sensitive which has the
effect that it passes half the noise power
of an equivalent phase insensitive filter.
Thirdly, its centre frequency is rigidly
‘ocked to an external signal, and 3o in
signal recovery spplications, where both
*he signal to be measured and the
reference come from the same source,
there is no scope for centre frequency
drift. Tt follows that a Psp may have very
high @ factors. In fact one commercial
lock-in amplifier can have a @ facior of
0% at its highest frequency.
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Figwe? Boxcar detector  Figwre 3 Photon counling pulye traing

Lock-in amplifier

The lock-in amplifier (LIA} consists of
three main parts: a Pso, an amplifier and
areference section. The amplifier is nor-
mally necessary to increase the magni-
tude of the noisy signal to a leve) just
below theinput overload leve! of the psp.
Some early Lias included tuned filters in
the amplifier section which served the
purpose of helping rsps with poor over-
load capability. In the last few years the
advent of high quality »sp circuits has
led to the partial abandonment of tuned
systems with their attendant disadvan-
tages of amplitude and phase instability.
They are retained a3 options for specint
purposes. Instead the modern LA has
simple high and low pass RC filters
which can be set so that they contribute
no appreciable phase shift at «),.

The LIA is also likely to have a line
frequencyreject filtersince line frequency
noise is the most frequently encountered
large interference. The reference section
converts the reference input to the de-
sired switching waveform (a symmetric
square wave), In the last three years it
has become universal for Lias to have
semi-automatic reference sections which
will trigger off almost any input wus.

form and provide a variable calibrated
phase shift whose value does not change
with reference frequency.

Performance

The criterion by which the performance
of the L1 is judged is its ability to pro-
vide an output of better signal to noise
than that of the input. There are three
dominant sources of output noise, the
first fundamental and the other two
practical. First consider an Lis recover-
ing & small signal from white noise of
bandwidth AF. If the equivalent noise
bandwidth of the Psp is 8F, the ratio of
input to ouiput noise powers is AF/5F
and 3o the ratio of input to output noise
voltages is (AF/5F)Y. In a typical setting
AF might be 10kHz and T might be
103 (§F = 1/40 Hz), giving 2n improve-
ment ia signa! to noise ratio of 600. In
practical cases the noise seldom is white,
often being largely contributed by hum
and flicker noise, and in these cases
where a smaller proportion of the noise
power falls within oF & higher figure is
obtained.

Secondly, thermal drifts in the psp cir-
cuit give rise to spurious very low [re-
quency outputs which contribute to out-
put noise. Referred to maximoum input



level this effect may give an oulpui as
low as | ppm/°C in modern equipment.

Thirdly, even order, nonlinear effects
in the #sp circuit provide a slight degree
of rectification and this, in the Ppresence

1 of large noise signals, can give an appre-

ciable erroncous pC output. This effect
is measured in terms of out of phase

. Tejection’, and referred to maximum

input level typically is about 10 pptn.
In cases where the naise js pre-

eminently random the firet, ‘correct

noise output is likely to be dominant. In

* these circumstances the LIA is operating

a3 well at is theoretically possible. In
cases where the noise is discrete the last

" two sources of output noise are likely to

be dominant, giving a limit to the LIA'S
performance,

More complex waveforms

The L1a is suited to the recovery of con-
tinuous signals, such ay sinusoids and
square waves, buried in noise. Some-
times the signal is » pulse, resulting from
pulsed excitation of the experiment,
Examples occur in crack detection in
metals, radaz, erc. While an LiA couid be
‘used in such mensurcments it would
clearly be inefficient the more o as the
ratio of ‘off” to ‘on’ periods is increased,

“~ Instead it is normail to use a boxcar

detector (8D) to measure such pulses. It
operates by sampling and averaging the

-+ noisy pulse during the duration of the
pulse ouly, and by holding readings
between pulses. In such applications the
BD is 5aid to be operating in the ‘singhe
point mode’.

Sometimes the ouwputs of pulsed
experiments are signals of unknown but
interesting waveform, for example in
fluorescent decay studies. To recover
these from noise it would be potsible to

Tuse, say, 100 3ps in parallel, each
Tecovering one segment of the wave-
form. This is, in cMect, what a class of
instruments called signal averagers does,
Another approach is 1o use one #p and
control it Lo measure 100 points on the
waveform sequentially, when it is sajd
to be operating in the ‘multi-point
mode”. Both approaches are widely used.
The signal averager is more efficient
than the oo in that it does not discard

. 99% of the input information but the
BD can operale with wavelorms of very
much higher frequencies, is typically a
quarter of the price of the signal averager

" and performs better in circumstances of
very adverse signal to noise ratio.

The boxcar detector
The boxcar detector consists of two mair
parts, a lincar gate and & reference
section; these are not unlike the rsp and
reference sections of an Lia.

The lincar gate consists of an input

buller, an eiectronically controlled switch,
asimple RC low pass filier and an output
buffer (see figure 23. The switch either
connects the input buffer to the filter, or
disconnects them, acording to the state
of the controlling voltage. The control-
ling voltage is timed 50 as to close the
switch just for the doration of the noisy
pulse (or segment of waveform) to be
measured. The only signal which iy ap-
plied to the RC filter isa pc pulse ampli-
tude plus AC noise, 30 the capacitor
charges over a number of cycles towasds
a DC level represent.ng the pulse ampli-
tude and the noise averages Towards
2ero. During the off, petiods the capacitor
charge, and hence :he output, is held
steady and for this reason the output
buffer is designed 1o draw negligible
input current.

The reference section takes in u
sample of the arigiml excitation pulse
train and converts this into & irain of
swiich controlliag palses which can be
varied inwidthand delay, the latter being
fixed when in the single point mode. In
the muli-point mode the switch con-
trolling pulse width i sct to be just less
than the required resolution of wave-
form detail. The reference unit auto-
maticaily scans the delay, very slowly,
across the unknown waveform, in prac-
tice this is done contisvously rather than
in discrete steps as implied earlier. The
result is that the BD slowly gives out a
cleaned-up version of the signal wave-
form., .

The 8D is limited n performance in
exactly the same way as the L1a and for
the same reasons. Hcwever, in practice
the 8D has to be able 10 handle pulses as
narrow a3 10ns snd this design con-
straiat leads to the &0t having s dynamic
range around 10 times worse than that
of the Lia.

The photon counter

Photon counting is an emergent tech-
nique for improving tae signal Lo noise
ralio at the output of photomuluplier
tubes. As such it is a form of signal
recovery, though very difTerent in nature
from those described 53 far.

The output of a phatomultiptier tube
might ook like the first trace of figure 3.
It contains three wanted pulses origi-
nating from incident shotons, a large
pulse originating fron a cosmic ray
interaction, some small tube gencrated
pulses and random no.se. if this signal
were averaged in an RC network the
output signal o noise ratio could clearly
be very poor, particular. y at low incident
light levels. When this is the case it js
normal to code the sigaal by chopping
the light incident on the experiment and
1o use an LIA to secover the resoltant
BOisy squarewave.

It is a property of some photomulti-

Abernathy 591
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plier tubes that the output pulses caused
by incident photons are al] of approxi-
mately the same amplitude and shape
and are therefore already coded, that is
recognizable, and this property can be
used to eliminate most of the tube and
amplificr generated noise while passing
mast of the photon generated signal.

Tn the photon counting technigue the
photon counter (pc) takes in the noisy
signal which is amplified by & very fast
amplifier and is then fed into a discrim;.
sator, The discriminator gives out a
standard pulse each time an input puise
has & peak within maximum and mini.
mum amplitude limits which are preset
1o include, as fai as feasible, all photon
generated pulses and no others. The
standard pulses gre then counted digi-
tally (hence the name photor counter),
the count rate being proportional to the
light incident on the photomultiplier
tube. In this b& mode the pc duplicates
the RC averager, but Hives a better
signal to noise ratio. Even with normal
photomuitiplier tubes which give photon
generated output pulses of widely vary-
ing amplitudes it is frequently possible 1
obtain considerable improvements in
signal 1o noise ratio by careful choice of
discriminator tevels.

So far it has been nssumed that all
pholon event pulses represent & wanted
sigral but in low level measurements it
is likely that many are derived from
stray light répresenting further noise.
For this reason also it is usual 10 chop
the light incident on the experiment ; the
count rate during the ‘dark’ periods is
wholly duc to noise whiie that during the
“light’ periods is due to signal plus noise.
High performance »cs, such ay the
Brookdeal 5CI, count alterpately into
two counters, A and B, synchronized by
the chopping waveform, so that the
difference A—B is a measure of the
sigoal. In this mode the pC is digitally
duplicating the LA from a frequency
filtering point of view, but with the added
advantage of amplitude discrimination,
In cases of unsteady excilation, that is
fuctuating signal amplitude, a second
photomaltiplier tube may be used 1o
observe the signal source directly, its
output being counted into a third
counter, C, so that the normalized out-
put (A —B)/C may be computed m



