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Detector response depends on many parameters and it is often difficult to
know what quantity the detector is really measuring. For example, it follows
from the above that the restrictions on wavelength range, viewing angle and
sensitive surface will constrain the fundamental measurement units to those of
spectral radiance or inteqgrated spectral radiance (see Figure 2). However,
under particular measurement conditions it may be possible to ignore a
detector's dependence on a number of parameters and to obtain a calibration
factor based on simpler quantities (see Figure 3). For example, if all of the
light to be measured was presented to the detector in a beam which lay fully
within the acceptance angle of the detector, and at one wavelength within the
spectral range of the detector, then the detector could be calibrated to read
in terms of radiant power or radiant energy.
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The choice of the detector and the associated input optics employed must

be carefully considered for each particular measurement situation.

Consider the measurement arrangement shown in Figure 4. If the detector
measures radiant power, then the optical arrangement shown will measure
radiance at the collecting aperture. The radiance is calculated by dividing
the measured radiant power by the area of the collecting aperture and the
solid angle of view subtended by the aperture in the image plane. If the
image plane aperture is removed and the size of the source image is less than
the sensitive detector area then dirradiance at the collecting aperture is
equal to the measured radiant power divided by the area of the collecting
aperture. Similar relationships exist for radiant energy, radiant exposure
and integrated radiance. For a definition of units see lecture 1.
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Figure 4: Measurement configuration.

PRODUCT CLASSIFICATION AKD MPE DETERMINATIONS

Classification Measurement Conditions

AS 2211 1lists the measurement conditions under which lasers are to be
classified (clause 4.2 of AS 2211) and MPE's assessed (Appendix A of
AS 2211). The reader should be aware that both specific measuring apertures
and detector viewing angles are frequently specified for measurements and that
such stipulations will effectively turn any prior specifications for radiant
power or radiant energy 1imits given in the tables of AS 2211 into radiance or
integrated radiance measurements. Specification of collecting apertures only
will result in an effective conversion to irradiance or radiant exposure.

For classification purposes, limiting detector acceptance angles are only
required for measurements within the wavelength range from 400 nm to 1400 nm,

where the retina 1is primarily at risk, The detector acceptance angles
specified are;

{i} 0.5 millisteradian for measurements where the caorresponding AEL's are
not tabulated in umits of radiance or integrated radiance (equivalent
to 25.2 milliradian subtended by the diameter of a circular
collecting aperture), and
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{(ii1) 10 microsteradian for measurements where the corresponding AEL's are
tabulated in units of radiance or integrated radiance (equivalent to
3.57 milliradian subtended by the diameter of & circular collecting
aperture).

It should be noted that, in practice, when measurements are made it will
not be necessary to restrict the viewing angle of a detector if the beam to be
measured has a divergence less than the regquired acceptance angle. In such a
case, all calculations of radiance or integrated radiance should empioy the
specified acceptance angle even if the detector has not been limited to this

viewing angle.

The measurement aperture diameters specified for classification

measurements are ;

(1) 7 mm for scanned laser radiation or where the corresponding AEL's are

tabulated in units of irradiance, radiance or integrated radiance, and
{ii) 80 mm for all other measurements.

The rationale for using these particular collecting apertures is based on
the fact that the pupil of the eye rarely exceeds 7 mm diameter under poor
lighting conditions and that where optical devices such as binoculars etc
could increase irradiance it is not very Jlikely that the objective lens will
exceed 80 mm in diameter. It should be noted that for scanned laser radiation
there appears to be no good reason why a 7 mm aperture should be used in
preference to an 80 mm aperture for measurements of radiant power or energy.
Furthermore the switch to a 7 mm aperture from an 80 mm aperture for radiant
power or energy measurements appears to compromise safety in cicumstances
where optical viewing aids etc could be used (see Figure 5}. The reader is
therefore cautioned to be wary of this finconsistency in classification
¢riteria when the hazards of Tlaser products that utilize scanned beams are to
be evajuated.
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AS 2211 requires that when a laser product is being classified, allowance
must be made for possible increases in emission and degradation of radiation
safety with age. Tests must account for all errors and statistical

and doubt exists on the accuracy of the measurements, the higher
classification shall be applied. Furthermore, classification of a laser must
be undertaken so that the the highest accessible radiation levels are emitted
by the product and detected by the measuring instrument (see AS 2211 clause
4.2.2 for details).

Time Basis for Classification

The AEL's vary with the temporal emission characteristics of the laser
product. When the design and use of a ‘Yaser product is such that there is no
need to look into a laser beam then the laser product classification is based
on the maximum emission within a period of 30,000 seconds (approximately 8
hours). If the intended design or promoted use of the laser product involves
a need to logk intoc a laser beam in the wavelength range 400 nm to 1400 nm
{e.g. holographic display), then the laser product is to be classified on the
basis of the maximum emission over a period of 1000 seconds.

MPE Determinations

The measurement aperture diameters specified for MPE determinations are
specified according to the wavelength involved and the type of exposure (i.e.
eye or skin) as shown in Table 1.

DIAMETER OF LIMITING APERTURES FOR MEASURMENT AVERAGING

Diameter of limiting aperture, mm

Spectral region Wavelength
nm MPE eye MPE skin
Ultraviolet 200 to 400 1 1
Visible and near infrared 400 to 1400 7 1
Far infrared 1400 to 105 1 1
105 to 106 1 11

NOTE: For the purpoeses of classification, the radiant power or radiant energy
emitted by the laser is that which is detectable within a circular aperture
stop having a diameter of 80 mm (except for scanned laser radiation).
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Different MPE levels are specified in the wavelength range from 400 nm %o
1400 nm according to whether the exposure is to be regarded as intrabeam
view%ng (i.e. a well collimated laser beam that will produce a small image
when focused on the retina) or extended source viewing (i.e. a diverging beam
that will form a large image on the retina). The intra-beam Jlimits apply
whenever the apparent visual angle (angular subtense) is 1less than the
1imiting angular subtense (AD), where AQ is shown in Table 2.

TABLE 2

EXPOSURE TIME/PULSE DURATION LIMITING ANGULAR SUBTENSE, AD
seconds milliradian
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Note that AC varies as a function of the exposure duration and that this is so
because thermal diniury thresholds for the retina are dependent on both the
time of exposure and the size of the image formed. It is therefore important
to realise that the angular subtense is not necessarily equal to the

divergence angle of a laser beam, which may have beth spatially coherent and
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incoherent components. If the divergence of a beam is due tc the extended
dimension of the source, the beam divergence cannot be eliminated by using
optical systems to collimate the beam (see Figure & of Lecture 2). We will
call this incoherent divergence, to distinguish it from the divergence of a
spherical wave such as that produced by expanding a parallel beam with a
diverging lens (see Figure 4 of Lecture 2)}. The angular subtense is the angle
subtended by the image (i.e. beam waist) formed by an optical system (e.g.
eye, camera). The angular subtense is therefore a measure of the worst case
viewing condition where the eye is focused to give a minimum image diameter.

ANGULAR SUBTENSE ¢

}: P —%— f ,4

SQURCE LENS

I'= SO0URCE TOLENS DISTANCE
CI) = z.arcTan(d/s2.Dy -d/w@m)

f = rocaLLENGTH

d = mase size
h = SOURCE SIZE OR @ = Z.ARCTAN(h/(a.N) WHERE h 1S KNOWN |
Figure 6:

The angular subtense can be obtained by measuring the size of the image
formed by a lens or mirror of known focal length as shown in Figure 6. The
diameter of a circular image can be determined by gradually reducing the
diameter of an iris diaphragm, centred on the beam axis at the image plane,
until the iris diaphragm reduces the signal received by a detector to
approximately 65% of the maximum value. Note that 65% is only consistent
with a Gaussian beam profile and the AS 2211 definition of beam diameter (see
clause 1.3.6 of AS 2211). Where complex 9image structures exist, as for
exampie when fibre 1ight guide bundles are Lo be evaluated, photography can be
used to analyse the apparent visual angles of the image siructures produced.
In cases where more than one source can be resolved at angular separations
greater than the limiting angular subtense (Table 2) then each source should
be evaluated on the basis of its separate image.
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In some circumstances it may be possible to calculate the angular subtense
from a knowledge of other parameters. For example, where exposure to the
direct laser beam is 1o be evaluated the apparent visual angle will be equal
to the incoherent beam divergence which is usually stated by the
manufacturer. Even when beam expanding optics and a spatial filter is used,
the final beam divergence can be calculated if the original beam divergence
and the focal lengths of the lenses used and the diameter the spatial filter

aperture are known (see Figure 7).
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Figure 7: Beam expanding telescope and spatial filter.

Classification and MPE Determinations for Pulsed or Scanned Laser Beams

The ALL and MPL applicable to a repetitively puised or scamned iaser beam
may be significantly lower than +the corresponding cw levels. Where
repetitively pulsed or scanned Tlaser products are involved, the AEL and MPE
should be determined using the criteria outlined in Appendix A, clause A4 of
AS 2211. Where pulse repetition rates may vary, the 1limits should be
determined with the maximum pulse repetition rate that corresponds to the
highest single pulse output. 1If a scanning laser beam js involved, then the
limits should be based on the lowest possible scan rate and a pulse duration
equal to that measured through a stationary 7 mm aperture should be used to
determine the AEL and the MPE.

Because 1lhe time basis for classification is never less than 1000 seconds
it is imporiant to realise that practically all pulsed lasers must be regarded
as repetitively pulsed lasers for classification purposes (i.e, many pulses
can be generated within the classification time).
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Anomalies may arise in the classification of scanned cw or pulsed visible
lasers where complex ambiguities exist in AS 2211. For example, from the
definitions of a Class 3B laser product and the unclear definition of pulsed
laser, it is possible to conclude that a scanned 1 milliwatt beam belongs to
Class 3B when the same beam in a stationary mode would be Class 2. 1In
reality, the hazard will always decrease according to the increased area
scanned by the beam (i.e the eye will receive less time averaged power when
the beam is scanned than when jt is statiomary). Any such anomalies can be
resolved by applying the criterion that the hazard classification given 1o a
pulsed or scanned laser should not be greater than that which would apply if
the peak pulse power were accessible continuously (note that no such
ambiguities exist in the British Standard 4803 of 1983 which is identical to
AS 2211 in the visible AEL's).

AEL and MPE Criteria for Laser Products with Multiple Wavelengths

When more than one wavelength exists in a single laser beam then 1limits
should be assessed on the basis of the criteria given in the relevant sections
of AS 2211 (see clauses 4.1.2.3 and Al). Where the biological effects are
known to be additive for the separate wavelengths involved, then the
applicable Timit s exceeded if the sum of the ratios of the measured level to
the limit {at each wavelength) exceeds 1. If the biological effects are not
additive then each wavelength may be assessed separately.

LASER BEAM TYPES AND MEASUREMENT METHODS

The hazard evaluation of lasers operating close to and within the visible
region {i.e. 400 to 1400 nanometres) invoives the greatest complexity in terms
of measurement criteria. Because many lasers produce radiation in this range,
and for the sake of brevity, the measurement criteria given under this heading
are specifically directed towards measurements of visible Tight. The reader
is left to make the appropriate simplifications where other wavelengths are
involved. Spatial coherence properties of the beam are not relevant for
wavelengths outside the 400 to 1400 nanometre band and measurements of
irradiance or dintegrated exposure, pulse duration and repetition rate are
usually sufficient for hazard assessment purposes.

The measurement techniques required for a particular visible source will
depend upon the gquantities to be measured, together with the particular
geometry and temporal characteristics of the beam. However, on the basis of
similar measurement requirements, it is convenient to define several distinct
laser beam types and to consider them under separate headings as follows:
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A. CW Collimated Spatially Coherent Stationary Beams

This is the simplest type of beam to measure. Such a beam would

carrespond to the circular TEM beam typically produced by a cw gas laser

{e.g. helium-neon, argon-ion) oﬁul laser diode with its emitting region in the
focal plane of a condensing lens. This type of beam configuration exists when
the laser beam is stationary (i.e. the beam is not scanned) and when the beam
divergence 15 Tless than either; (i) the detector acceptance angle specified
for classification measurements, or (ii) the 1limiting angular subtense

applicable to intrabeam viewing MPE determinations.

For this type of beam, we need only measure the radiant power that falis
within the appropriate collecting aperture. Provided that the laser beam
diameter falls within the detector's light sensitive region, it will not be
necessary to use the collecting aperture specified, even though the 1light
sensitive diameter of the detector may be smaller than the collecting
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onto the detector as shown in Figure 4. For this particular beam type it
would not be necessary to use an aperture in the focal plane of the mirror in
order to restrict the field of view.

B. CW Converging/Diverging Spatially Coherent Stationary Beams

This category includes simple circular laser beams that are spatially
coherent (the angular subtense is less than the limiting angular subtense),
but which are converging or diverging at an angle greater than the detector
acceptance angle specified for the appropriate measurement. Such a beam would

be typically produced by passing the beam described in catagory A through a
lens.

The optical collecting arrangement and detector viewing angle used for
measurement are critical factors in the hazard evaluation of such laser beams
and the measurement geometry employed should be chosen with care. In
particular, it may not be appropriate to 1imit the effective acceptance angle
of the detector if it is likely that the eye may accomodate to produce a small
image on the retina, or where lenses or optical aids could be used to
recollimate the beam. 1n other words, it may frequently be the case that the
major spatial parameter thal determines the worst case exposure to the retina

is the incoherent part of the beam divergence (not the total divergence).
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AS 2211 and other national and international standards fail to take account of
this fact in the measurement conditions specified (i.e a fixed detector
acceptance angle is specified).

1t is often a useful exercise to draw optical ray tracing diagrams when
evaluating the hazards and the measurement optics required. 1In this context,
the following data on the human eye may be useful:

1. The eye may be treated as a thin lens with the retina at a distance

of 17 mm from the plane of the lens,

2. The effective focal length of the eye varies from about 17 mm (normal
relaxed eye focused to infinity) to about 14.5 mm with accomodation
(i.e. from 59 dioptres to 69 dioptres; where the focussing power of a
lens in dioptres is equal to the inverse of the focal length in
metres),

3. On average, short or long sighted people will be approximately +3 or
-3 dioptres, vrespectively, from normal without correction (but
corrections of as much as +10 or -10 dioptres from normal may be

required for some individuals).

4.  Aphakic (i.e. lensless) individuals will have a focussing power of
approximately 42 dioptres without correction. Such individuals will
have high ocular transmission to parts of the ultraviolet spectrum
and should wear appropriate eye protection.

Because the eye is analagous to a camera, photography with a camera
employing a lens of approximately 17 mm focal length may prove to be a useful
method for evaluating laser beams in this category.

C. CW Diffuse Regular Stationary Sources

Regularly shaped diffuse images will be produced when a laser beam (of
category A aor B above) is shone onto a diffuser material {(e.g. matt finish
paintwork, opal glass, coarse fabric, etc). These sources can be evaluated by
the using the measurement configuration shown in Figure 4.
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. CW Complex/Extended Stationary Sources

This category refers to sources that would form either an irregqular image
or a multiple source image at the focal plane of a lens or mirror. An array
of laser diodes or the end of a cable consisting of many laser driven fibre
1ight guides are examples of scources that that would produce beams belonging
to this category.

Photographic methods may be required to evaluate the angular separation of
sources in order to determine whether scurces should be evaluated individually
or collectively and to identify the most intense regions of the image for
subseguent measurement. For classification purposes, sources should be
regarded as separate if the image centres are separated by more than 25.2
milliradian. For MPE determinations, sources should be regarded as separate
if image separation exceeds the limiting angular subtense (see Table 2)}. Each
separate source should then be measured according to which of the above
categories (A, B or C) it belongs.

E. Pulsed Stationary Sources

On the basis of their spatial characteristics, pulsed sources may be
divided 1into four catagories that paralle]l those for <¢w beams. The
measurement methods required are similar to those of corresponding cw beam
type except that it will aiso be necessary to determine the pulse duration and
the pulse repetition rate. The Tlaser emission shouid be evaluated on the
basis of the maximum pulse repetition rate and should take account of the

maximum pulse energy that may occur due to random fluctuations in output.

When measurements are made to determine pulse duration, the detection
system used must be capable of resolving pulse durations not exceeding 10%
of the measured pulse duration, for all pulse durations greater than
10 nanoseconds. This specification is made to ensure that no serious errors
are likely to occur in the hazard evaluation through insufficient resolution
of pulse duration. The limits of separate pulses are taken to be the times at
which the radiant power received by the detector falls below one half of the

peak value {(see Figure 8 and refer to AS 2211 clause 1.3.37).
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F. Scanned Beams

Scanned laser beams are usually generated by directing a laser beam at a

moving optical device such as a vibrating mirror or a rotating prism.

When viewed from a fixed point in space, a scanned laser beam will appear
as a train of pulses and scanned beams can therefore be evaluated in a similar
manner to pulsed sources. Measurements are made to determine pulse duration

and repetition rate and energy levels received through a stationary collecting
aperture,

The spatial characteristics of the beam will determine the methods of
measurement. Although the initial fixed beam may belong to category A, the
method of scanning will frequently produce a beam with time averaged
divergence in the plane of scanning. The hazard evaluation of such beams
should therefore include the considerations detajied for category B ({(i.e.
possibility of eye accommodation or of optical elements or viewing aids
modifying the scan pattern geometry).

The diffuse reflection of a scanned beam should be considered as should
the possibility of the eye locking on to and tracking a scanned laser beam.
AS 2211 does not deal with this aspect, however, U.S. regulations state that
the direction of the detector's solid angle of acceptance should change as

required, up to a maximum angular speed of 5 radians per second, to maximize
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the detectable radiation. Of course, it is unlikely that a detector which
alters the direction of 1its acceptance angle would ever be used. This
measurement requirement is therefore a mnotional one, and a c¢alculation based

on the dynamic geometiry of the beam would be needed.
G. Muyltiple Wavelength Scurces

This category describes laser sources where a number of different

wavelengths are known to exist within the same heam (e.g. argon-ion laser).

If the beam is well collimated a prism could be used to split the beam
into separate beams of each component wavelength and each beam can then be
measured separately as for category A. Otherwise, alternative means of
assessing the beam will have to be devised to suit the particular situation
{(e.g. narrow-bandpass optical filters or a monochromator may be used in
conjunction with photographic analysis). However,the useful acceptance angle

of any wavelength selective components used may Yimit the accuracy of the
results.

SUMMARY

The specific measurement techniques required for laser hazard assessment
purposes depend upon the nature of the radiation to be measured. The
tonsiderations involved in determining these measurement techniques may be
quite complex. Regardless of other factors, when hazard assessment
measurements are made, the choice of the input optics configuratien used with
a detector will critically affect the relevance of the results. The meaning
or intention of some parts of AS 2211 may not be clear to the reader and it is
to be hoped that this discussion has helped to eliminate any apparent
ambiguities or omissions in the standard.
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LECTURE 9

LASER MEASUREMENT INSTRUMENTATION

W A Cornelius

Australian Radiation Laboratory

INTRODUCTION

The preceding lecture dealt with the metheds of measurement used for laser
hazard assessment and with the design of the input optics geometry required
for a detector. A detector was merely alluded to as some kind of transducer

that would respond to light through some unstated process,

This Tecture deals specifically with the selection and use of appropriate
measuring instrumentation. Basic physical detection processes, detector types
and amplifier characteristics are described. The need for auxiliary input
optics, such as filters, diffusers and attenuators, is also discussed.

RESPONSE OF MEASURING INSTRUMENTATION

o\

BACKGF‘!OUND R&DIATION

\.

RADIATION
SIGNAL

DETECTOR AMPLIFIER READOUT

GAIN G

Detector and amplifier each inject electrical noise

and cause some degree of signal distortion.

Figure 3: Radiation measuring insirument.
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Most types of detectors are of no practical use unless they are coupled to
some kind of display eqdipment. An amplifier of some sort is uswvally required
as well. Figure 1 represents a measuring instrument consisting of a detector,
an amplifier and a readout device. The amplifier and readout could be
incorporated in one instument or may be quite separate. Examples of measuring
instruments are: a silicon photodiode coupled to a current to voltage
amplifier and an analog meter, a thermopile used with a high input resistance
digital voltmeter, or a high speed vacuum photodiode coupled to the impedance
matched input amplifier of an oscilloscope. Regardless of the actual
configuration used, Figure 1 is an adequate representation of the way in which
an optical signal is received and processed. The nature of the signal
perceived at the readout 15 governed by the optical input, the detector
sensitivity, the amplifier gain, the resolution of the readout and the amounts

of distortion and noise injected at each stage of the measurement process.

Amplifier Characteristics

The amplifier is clearly a critical part of the measurement process, yet
it s frequently not given the attention that it deserves. Assuming that a
detector suited to the measurement task has been selected, it is important
that the amplifier used 1is suited to that detector and that it does not
degrade the detector signal to an extent where the required measurement task
can po Tonger be performed.

Two important parameters that cam be used to judge amplifier performance
are gain and bandwidth. Gain indicates the amount of amplification provided by
the amplifier and is usvally expressed as the ratio of the output signal
relative to the input. Where both input and output are ip the same units {(e.g.
volts) the gain is expressed as a dimensionless ratio, however, where the
amplifier is used to convert signals (for example, amperes to volts) then the
gain will have dimensions (e.g. V/A). The bandwidth of an amplifier is a
measure of the range of input frequencies to which the amplifier will reliably
respond. The bandwidth determines the response time of the amplifier; the
greater the bandwidth the faster the response. Another wuseful concept
associated with an amplifier is the gain-bandwidth product. This is the gain
multiplied by the bandwidth. For many amplifier types the gain-bandwidth
product will not vary much if the gain is changed. This means that an increase
in gain will result in a corresponding reduction in bandwidth.
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There are many different types of amplifier, and it is not possible to
deal with all of them in this leciure. Some amplifiers are designed to
transmit a faithful representation of the signai presented to the input,
whilst others are intended to perform particular operations on the input
sjgnal (e.g. integration or differentiation with respect to time). Fer the
purposes of this discussion, a few amplifier types commonly encountered in

light measuring instruments are described briefly below.

A, High Input Resistance Voltage Amplifier

Where the detector is a ‘low resistance scurce that produces a smail
voltage signal, it is usually desirable to use a high input resistance voltage
amplifier in order to maintain a linear response to radiation. If a high gain
is required, then the bandwidth of the amplifier may be the limiting factor
which determines the response time of the instrument.

B. Current to Voltage Amplifier

Where the detector is a high resistance source that produces & current
signal, a current to voltage amplifier is used. A typical high gain current
to voltage amplifier may have a gain as high as 10}1 V/A and a bandwidtih of
several kilchertz.

C. Impedance Matching Ampltifier

Where ihe detector has an intermediate value of source impedance and where
optimum signal to noise ratio or speed of response is required it is common
practice 1o employ an amplifier with matching input impedance characteristics
{(e.g. a 50 ohm high speed photodiode with a 50 ohm input oscilloscope
amplifier).

0. Integrating Amplifier
An integrating ampiifier is frequently used to convert a radiant power

signal into a 1lime integraled version that represents the total energy

received within the integralion time. A capacitor is usually used across the
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amplifier's feedback loop. Leakage currents in the capacitor will usually
1imit the time over which the integration can be accurately carried out (700
seconds is a typical maximum integration time for leakage of about 1°/,.
However, the circuit may be designed to limit the effective integration time
to much smaller times). Sometimes a relay may be used to switch the
integrating capacitor into the circuit and thereby define the beginning of the
integration period.

Instrument Sensitivity

The sensitivity of a measuring instrument is determined by the type of
detector and the amplifier gain used. Provided that the iight source entirely
jlluminates the sensitive surface area of the detecter, then the sensitivity
to irradiance will usually increase linearly with detector area. Conversely,
the sensitivity to a given level of radiant power input to the detector will

usually not be affected by the area of the detector.

Response Time / Bandwidth

The response time of a measuring instrument is determined by the intrinsic
response time of the detector and the characteristics of the amplifier used.
The detector's response time will generally increase as the area of the
detector 1is increased. This increase in response time 1is often due to a
corresponding increase in either the electrical or thermal capacitance of the
detector, but wili also arise from electrodynamic effects in vacuum tubes.
Where a high speed detector is employed, it is frequently the gain-bandwidth
characteristics of the amplifier which determine the instrument's response
characteristics.

Signal Distortion

Signal distortion becomes important when pulsed lasers are to be measured.
Distortion will occur when the rise or fall time of the measuring instrument
is not sufficiently fast to accurately represent the signal to be measured.
For example, Figure 2 shows the type of signal distortion that can occur when
the response time of the instrument is too slow to accurately reproduce the
input waveform. Such a response would be no use for measuring the pulse
duration or the peak value of the radiant power, but it could be used to
determine the radiant energy in the pulse.
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Figure 2: Signal Distortion

Noise

Sources of noise include the unwanted signals arising from background
radiation in the measurement environment, noise in the detector ijtself and
noise injected by the amplifier stage. Background radiation can sometimes be
reduced by restricting the viewing angle of the detector with baffles or by
using wavelength selective filters in front of the detector. Noise arising in
the detector can sometimes be reduced by cooling the detector and its housing.
This is particularly true where thermal detectors or infrared detectors are
used, because blackbody radiation may be a significant source of noise in such
detectors at room temperature. Photomultipliers may be particularly sensitive
to stray electric or magnetic fields and they usually require special metal
housings to reduce such effects. Acoustic noise, shock and vibration may be a
problem with many detector types. In particular, thin film bolometers,
pyroelectric detectors, Golay cells and photomultipliers are all susceptible
to such acoustic inlerference. Amplifier ncise is usually not a problem unless
very Jlow Jlevel signals are to be detected. There are various physicai
concepts used to evaluate the performance of a measuring instrument. A term
frequently used to describe noise is the noise equivalent power, or NEP. The
NEP is the rms radiant power which gives an rms reading equivalent to the rms
noise reading. lhe NEP represents the minimum power Lhat can be measured by
the instrument when the signal io noise ratio is not less than 1, The NEP is
therfore an effeclive measure of the minimum power ihat can be measured by a

particular instrumeni. The unils of NEP are Watts, and the measurement

bandwidih (or measurement 1ime) and deteclor viewing angle should be siated.
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However, the NEP is sometimes given in units of Watt per root Hertz, in such a
case it may be assumed that the noise spectrum follows a ‘white noise’
distribution and that the NEP in Watts may be obtained by divding by the
square root of the measurement time in seconds. This reflects the fact that
the longer the time over which measurement readings are averaged, then the
more accurate the result will be. A number of signal processing techniques can
be used to improve signal to noise ratios and these are described in a
following section.

Dynamic Range
The dynamic range of a radiation measuring instrument may be described as

the range of radiation input levels to which the instrument will respond so
that the uncertainty in the measurement will not exceed a specified value.
This will depend on the individual dynamic ranges of the detector and the
amplifier and can be no larger than the smaller of these. Many amplifiers
employ switchable gain stages as a means of achieving broad dynamic range and
better measurement reselution.

Signal Processing Techniques

Lock-in detection, boxcar averaging and photon correlation counting are
technigues often used to filter unwanted background and detector noise levels
from the radiation signal. These techniques are similar in that they all
require a well defined electrical trigger pulse to indicate the timing of the
radiation to be measured. A simple analogy to these techniques may be
described by the act of subtracting a background radiation measurement, made
when the laser is turned off, from a measurement made when the laser is turned
on. If this process is repeated enough times and an average is calculated,
then the background and detector noise represented in the result will be much
less than the noise present in a single measurement alone. Lock-in detection
is usuwally performed on regular repetitive signals, such as would be produced
by directing a ¢.w. laser beam through a constant velocity famn blade (a
chopper). The chopper provides the necessary trigger reference signal.

Boxcar averaging and photon correlation counting are wusually used to
detect pulsed radiation sources. In the case of pulsed lasers an electrical
trigger pulse is often available from the laser control circuitry. Photen
correlation counting is usually used for very low levels of radiation and is
therefore not 1ikely to be required for laser hazard evaluations.
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FUNDAMENTAL DETECTION PROCESSES

In contrast to the detectors used for radiofreguency and microwave
measurements, many of which respond to the electric or magnetic field of the
radiation, all the detector types described in this lecture are 'square law'
detectors because they respond directly to the sgquare of the field (the beam
power). An optical detector usually operates through one of three major
physical detection processes. These processes may be described as either
thermal, quantum or photochemical in nature.

THERMAL _DETECTORS

Thermal detectors measure the heating effect that occurs when radiation 1is
absorbed by a material. It is usual to have a specially chosen ahsorber
material in contact with a thermal transducer, though in some cases the
absorber may serve both functions. In general, thermal detectors coffer wide
spectral coverage and once calibrated they are not Tikely to change
appreciably with age. In fact, there are a number of stable optical absorber
materials that have high absoerption and gocd thermal properties, and which
offer uniformity of response from ultraviolet to far infrared wavelengths.
With many 1types of thermal detectors it i§s possible to incorporate an
electrical heating element so that the device may be calibated electrically
when required. Thermal detectors usually have a much slower response time than
quantum detectors. Thermal detectors are generally not suited to the
measurement of low levels of radiation unless special steps are taken to
minimise sources of thermal noise and to filter out unwanted background
wavelengths. Signal to noise enhancement methods such as lock-in amplifier
techniques may also improve detection limits. Therma} detectors are wsually
better suited to the measurement of infrared radiation than the majority of
guantum deteciors.

The wusual operating characterisiics of some common types of thermal
detector are described below.

Thermopile
A thermopile employs the thermoelectiric effect in thermocouples or
semiconductor materials to detect the heating effect of radiation in an

absorber material. The response time of a Lhermopile is usually slower than
most otlher 1iypes of detector. Unless the thermopile is well isolated from
ambient temperature fluctuations it is unlikely to be suited for measurements

of radiant power below aboul ten milliwall.
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Figure 3: Disc calorimeter in isoperibol enclosure.

Figure 3 shows a diagram of a thermopile in the form of a disc calorimeter
detector intended for measurements of laser beams above several milliwatts of
radiant power. A special absorbing coating on the surface of the calorimeter
disc results 1in an essentially uniform spectral response for wavelengths
between ultraviolet and far infrared. A heater 1is included to enable
electrical calibration. The calorimeter 1is enclosed within an 1insulating
isoperibol enclosure to reduce the effect of rapid ambient temperature changes
and air currents. The response time of this particular cajorimeter is about a
second and it is therefore best suited for c.w. laser measurements, however,
it can be used to measure puylse energy if required.
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Figure 4: Golay Cell.
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The Golay cell shown in Figure 4 employs a thin abscerbing film mounted in
a sealed gas cell. Radiation enters through a window and heats ihe absorbing
membrane, which in turn transfers ils heat to 1ihe gas. The increase in
temperature causes Llhe gas pressure to rise which in turn cauvses a small
deflection of a flexible mirror al the rear of the cell. The mirror deflection
ijs monitored by a special opto-electronic amplifier system that converts

mirror deflection intc an electrical) signal.

The Golay cell is designed to measure c¢.w. radiation. The Golay cell
responds to pulses and the c.w. beam must be chopped ( modulated ) with a
mechanical chopper before the heam enters the detector. The chief virtue of
the Golay cell is its high sensitivity to radiation. When used with lock-in
amplifier detection, a typical Golay cell will be able 1o measure radiant
power between approximately 1 nanowatt and 1 microwatt with a system response
time of several seconds. The spectral response is dependent on the window
material used. Calibration of the Golay cell is more difficult than the
thermopile. lhe Golay cell is sensitive to noise and vibration ‘and is best
kept in a contrclled laboratory environment.

Bolometer

A bolometer uses a material with a high thermal coefficient of electrical
resistance so that temperature changes due to radiation are monitored by the
change in resisiance of the bolomeler material. In order to monitor resistance
changes in lhe beolometer it is necessary to pass a small electrical current
though the device and to use a high input resistance on the associated
amplifier. Stray capacitance that can occur with Tlong signal leads may
therefore 1limit 1ihe response time of a bolometer instrument. Bolomelers are
usually much more sensitive ihan 1ihermopile detectors and are most commonly
used for measurements of low levels of infrared radiation. Response times of

thin film bolometers are often more rapid than those of other types of thermal
detector,

Pyroelectric Detector

A pyroeleclric delector 1is a kind of capacitor filled with a special
pyroeteciric malerial. An elecirical charge is generaled between the capacilor
elecirodes whenever a change occurs in t1he temperature of the pyroelectiric
material. Because the pyroelectric deteclor requres a lemperature change to
9enerate a signal, pyroelectric deteclors cannol be used to measure c.w.
lasers unless a chopper is used 1o modulate the inpul Lo ihe detector. The

signal from a pyreeleciric deleclor instantaneously follews the lemperature of
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the pyroelectric material so that the response time is governed only by the
thermal properties of tﬁe detector. If the radiation absorber mass and the
mass of the pyroelectric material is kept Tow then the response can be very
rapid indeed ( a few nanoseconds ). However, unless the laser is quite
powerful, the current to voltage amplifier required with the pyroelectric
detector will 1limit the system response time to perhaps 200 microseconds.
Pyroelectric detector instruments are usually much more sensitive than
thermopile instruments but not as sensitive as bolometers or Golay cells.
Pyroelectric detectors can be constructed in a form that enables them to be
used in high accuracy electrically calibrated measuring instruments for
measuring chopped c.w .radiation. Pyroelectric detectors are sensitive to
nojse and vibration and are therefore best suited to a quiet laboratory
environment.

QUANTUM DETECTORS

Quantum detectors may be described as those devices that detect radiation
through the movement of electrons produced by the direct interaction of
photons with matter ( i.e. by photoelectric, photoconductive, photovoltaic
effects, etc ). Detectors in this category have a spectral response that is
limited to a much smaller wavelength range than thermal detectors.
Furthermore, the response of a quantum detector is strongly dependent on the
wavelength of the radiation to be measured and a different calibration factor
is usually required for each wavelength of interest. Quantum detectors usually
respond to wavelengths around the visible region of the spectrum (including
uitraviolet and near infrared}.
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Figure 5: Response of Quantum Oetectors.
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figure 5 shows the spectral response curves of some representative quantum
detector 1lypes. Quanium detectors are often difficult to calibrate. Specially
selected optical filters ( radiometric filters } are sometimes used to provide
a uniform speciral response over the useful spectral range of a detector. This
method allows a single calibration factor to be used ( unless high accuracy is
required ). A disadvantage of radiometric f{ilters is that 1lhey decrease the
measurement sensitivity al some wavelengths. The response characteristics of
quantum detectors tend to change with age and consequently calibration checks
are usually required mere freguently than for thermal detectors. Instruments
using quantum detectors wusually have a much higher sensitivity at the
wavelength of peak response than instruments wusing thermal detectors. The
response 1lime of quantum detectors is uswally quite rapid in comparison to
thermal detectors. The sensitivity of a quantum detector may vary
significantly according to the part of the sensing surface illuminated. In
order 1o eliminate problems associated with this variation in sensitivity,
guantum detectors are often used with a diffusing element so¢ that tihe
sensitive surface of the detector is evenly illuminated. The dynamic range of
jnstruments using quantum detectors is often better than that of insiruments
using thermal detectors. The NEP of quantum detectors is usually markedly
better than that of thermal deteclors at the same operating temperature.

The usual operating characteristics of some common types of quantum detector
are described as follows.

Yacuum Photodiode

Yacuum photodicdes consist of a vacuum tube with a photocathode electrode
situated to receive light lhrough a window facet in Lhe tube. The photocathode
is ctoated with a malerial ihat emits electrons when photons strike the surface
(photloemissive material). Another electrode { the anode ) is sijtuated to
collect electrons that move through the vacuum region of the tube. The current
that flows between the electrodes is therefore proportional to the radiant
power received by the deteclor. 1his current can then be measured with a
suitable amplifier. Vacuum photodiodes have fast response times and the
response 1ime can be furlher improved by applying a voltage beilwecn the
electrodes so thal the resultant electric field specds Lhe flow of electrons
Lo the anode. Vacuum pholodiodes are frequenily chosen where measuremenis of
laser pulse durations of a nanosecond or less are required. For such
applications il s common praclice 1o include a capacitor in Llhe measurement

circuit <o thatl d.c. background and Jleakage currents are nol fed into the
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amplifier used ( i.e. the detector is a.c. coupled ). Figure 6 shows a typical
voltage biasing and a.c. coupling circuit used with a high speed vacuum

photodiode.
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Figure 6: Biasing circuit for vacuum photodiode.
Photomultiplier

The photomultiplier is similar tco the vacuum photodiode in its method of
operation. However, the phetomultiplier uses a chain of additional electrodes
(dynodes), each with a voltage bias applied between adjacent dynodes so that
the original flow of photon stimulated electrons is amplified with secondary
electrons (released by the 1impact of electrons) at successive dynodes.
Photomultipliers are very sensitive to 1light and can easily be damaged by
ambient 1ight levels if the operating voltage bias is present on the dynode
chain. Due to electron velecity dispersion effects photomultipliers do not
respond as rapidly as vacuum photodiodes (although they are fast by comparison
with most other detector types). Furthermore, photomultipliers are sensitive
to ambient temperature changes and mechanical shocks and they usually need to
be shielded from stray electromagnetic fields . Photomultipliers also have a
degraded dynamic range when compared to vacuum photodiodes. For these reasons,
photomultipiers are usually not appropriate for laser hazard assessment
measurements. Photomyltipliers are often housed in cooled temperature
regulated enclesures to in order to achieve very low NEP levels.
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semiconductor Photodiode

Photodiodes manufactured from semiconductor materials such as silicon or
germanium are usually cheap to produce and have the further advantages of
being compact and reasonably robust in comparison to vacuum tube devices.
photons of incident radiation change the mobility of electrons near the
surface of the detector. The particular detection circuitry used with a
semiconductor photodiode depends on the design of the photodiode and the
required detection characteristics. Two basic operating modes can be used.
These are; (i) the photoconductive mode, where a reverse voltage bias is
applied to the photodiode and (ii) the photovoltaic mode, where no voltage
bias is applied. In both cases a small electrical current is generated upon
exposure to light and this current increases in preoportion to the radiant
power received. The application of a reverse bias voltage usually increases
the speed of response through a decrease in the intrinsic capacitance of the
photodiode. Silicon photodiodes can be calibrated to a high degree of accuracy
and may be used as measurement standards. However, semiconductor photodiodes
may need to be recaiibrated at more frequent intervals than thermal detectors
because of ageing effects associated with the presence of impurities in the
semiconducter material and changes in the surface reflectance of a detector.
Exposure to high levels of irradiance can change the response characteristics
of a photodiode and they should not be directly exposed to laser bheam powers
above a few hundred microwatt. The response time of semiconductor photodiodes
is usually of the order of microseconds and, in general the Tlarger the
detector is then the longer the response time will be.

Silicon photodiodes are sujtable for measurements in and near the visible
region of the spectrum, whilst germanium photodiodes are better suited to
infrared measurements between 800 and 1800 nanometres. Silicon photodiodes
have a high source resistance and are usually used with current to voltage
amplifiers. Germanium photodiodes, on the other hand, have a low source
resistance and should be used with special impedance matching amplifiers.

Avalanche Photodiode

The avalanche photodiode is t1he semiconductor analog of the
photomultiplier. The device s biased with a voltage so that the photon
energised charge carriers (electrons or holes} flowing through the detector
stimulate the release of more charge carriers and an overall current gain is
achieved. The gain of a {ypical avalanche photodiode may be as much as 600.
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When compared with semiconductor photodiodes the avalanche photodiode may
sometimes provide better instrument response time, even though the response
time of the avalanche photodiode 1is greater than that of a comparable
semiconductor photodiode. This is because the current to voltage amplifier
used is often limited in its frequency response by the gain-bandwidth product
of the amplifier, so that a lower gain allows better frequency response. As
with photomultipliers, avalanche photodiodes cannot be relied upon for
accurate radiometric measurements.

PHOTOCHEMICAL DETECTORS

Detectors in this category rely upon radiation induced chemical reactions.
Photochemical detectors are generally not appropriate for radiometric
measurements although they may be useful for measuring integrated levels of
ambient or scattered radiation over prolonged exposure times (e.g. ultraviciet
radiation). Only two types of photochemical detector deserve mention here. One
is the eye and the other is film (photography).

The Eye

The eye is worth mentioning as a detector because it can be used to locate
visible laser beams by their diffuse reflections. If a laser beam is to be
accurately measured it 1is essential that the beam collecting optics and
detector be accurately positioned in the centre of the beam. Although fine
adjustments can usually be made by refering to the instrument reading, the
initial coarse positioning is most conveniently done when the beam can be
located by its the diffuse reflection from a matt surface (provided the heam
is not so powerful that diffuse reflections will be a hazard). If the Tlaser
radiation Ties at a wavelength that is not visible, then the beam will have to
be located by other means.

If a diffuse reflection appears very bright to the eye, then there is
little doubt that the direct laser beam will be harmful and should therefore
be avoided. It should be noted, however, that the converse does not hold true,
because a beam may be harmful and yet its reflection ( diffuse or otherwise )
may not be visible. The visual response of the eye in daylight viewing
conditions (photopic response curve) is shown in Figure 7.
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Figure 7: Photopic response of the eye.
Photography

Photography was briefly mentioned in the previous lecture as a means of
determining the angular divergence characteristics of laser sources {see beam
categories B and D of the previous lecture). The success of any photographic
method employed will be determined mainly by the type of film used and the
correct exposure of the film. However, where a shutter is used for c.w. laser
photography, it is also important Lo use a shutter that will have a constant
edge velocity as it passes through the laser beam. Otherwise, the irradiance
distribution recorded by the film will not be a faithful representation of the
beam profile. For this reason, it is preferable to use a focal plane shutter.
For pulsed or scanned laser beams, the shutter should be fully open for the
period of one pulse or scan. Table 1 shows the characteristics of a number of
commercialiy available fiim types. The fiim used should be have a spectral
response chosen 10 match that of the laser wavelength. It is also preferable
1o select a film with a very low film speed { i.e. low ASA or DIN number ), so
lhat the possibility of over-exposure of the film will be minimised.
Otherwise, neutral density filters may be used 1o reduce the beam iniensity.
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However, filters may distort the 1image or produce multiple 1images from
reflections at the surféce of the filter and these possibilities should be
considered. An alternative method of photography aimed at reducing exposure of
the film involves photographing the diffuse reflection obtained by placing an
appropriate diffuser (e.g. matt painted surface) in the beam. Care must be
taken to ensure that excessive parallax errors are not introduced with this
method.

TABLE 1

Film Type Rated Speed Spectral Range Resolution

(Daylight ASA) {Nanometre) (1ines per mm)
AGFA, 10£75 0.8 approx. 400 - 800 2800
Kodak, 649 F 0.1 approx 350 - 700 approx. > 2000
Kodak, Panatomic-X 32 300 - 640 not known
Kodak, Tri-X Pan 400 300 - 640 150
Kodak, 5069, 20 approx. 200 - 650 200 approx.
High Contrast Copy
I1ford, Pan F 50 350 - 650 not known,

fine grain

ilford, FP4 125 360 - 660 not known

When photographing laser beams, it is difficult to determine the correct
exposure. It is best to take a whole series of photographs using different
exposures. When the film is developed, it is usually quite easy to pick those
negatives that were under or over-exposed through visual inspection.
Interference effects caused by scattering and reflections within the emulsion
layers of the film are often observed when the film is aver—exposed. These

effects usually appear as a series of concentric rings around the true image.
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As the degree of over-exposure is increased the size of the overall image
jncreases. Provided that a laser image can be seen on the film, under-exposure
is preferable to over-exposure because a smaller beam divergence will be
deduced and this will lead to a conservative hazard assessment.

Where laser beams are photographed through a camera lens, for example,
where angular separation of sources is to be measured, a calibrated angular
scale may be obtained by photographing a ruler marked with millimetre
graduations at a distance of 1 metre away from the lens. The ruler graduations

on the negative then vrepresent milliradian divisions with which other
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negatives
is easily determined by finding the area of the image in square radians
(steradians).

The useful spectral range of most film types is limited to the visible and
ultraviolet regions of the spectrum. However, films with a useful sensitivity
to wavelengths as long as 1200 nanometres in the near infrared can be
cbtained. The Timited spectral range of film is generally not a problem
because no wavelengths beyond the near infrared region will be imaged on the
retina of the eye (i.e. photography is only required to assess the spatial
imaging characteristics of a laser beam on the retina }. If no suitable film
type can he obtained then it is possible to scan a c¢.w. beam with a pinhole in
front of a detector to determine the intensity distribution. A useful
dlternative, for both pulsed and c.w. beams, is to use a phosphor target that
will be stimulated by the laser wavelength to emit at a wavelength that can
then be photographed. Another technique that may be useful with high power
lasers, is to examine the damage profile that occurs at the surface of a
target material {( e.g. polaroid film, carbon paper,plastics, etc ).

ATTENUATORS AND DIFFUSERS

Altenuators are often required either to protect the detector from
radiation damage or to ensure that the instrument is operating within its
useful dynamic range. The best signal to noise ratio is usually obtained when
an instrument is operating close to the centre of its dynamic range, and by
laking into account the levels of radiation that the instrument will be

required to measure, the value of attenuation required can be selected
dccordingly.
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Where quantum detectors or other types of detector that may suffer from a
non-uniform surface reéponse are used, a diffuser should he used for
radiometric measurements. Diffusers usually provide significant attenuation,
and a suitable diffuser can therefore be used as a beam attenuator where

attenuation is also required.

Different types of attenuator and diffuser used with Tlaser measuring

instruments are described below.

Opal Diffuser
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Figure 8: Opal diffuser.

Opal glass diffusers are often used in the arrangement shown in figure 8.
Opat glass or fused silica with etched surfaces are usually prefered for laser
diffusers. However, plastic materials are sometimes used. Moulded plastic
shapes can be used to modify the directional response of the diffuser input
(e.g. convex cosine response diffuser for ultravielet measurements). The inner
side of opal glass is often ground or etched to provide additional diffusing
properties. Sometimes several diffuser plates may he stacked together. The

useful measurement acceptance angle of a detector is primarily determined by
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the diffuser material. Baffles are often placed between the diffusing element
and the detector, these help minimize the effects of oblique background and
scattered light into the detector.

Integrating Sphere

SECTIONAL VIEW

LIGHT UNDERGOES MULTIPLE

DIFFUSE REFLECTIONS FAOM
INTERIOR COATING BEFCORE
REACHING DETECTOR

INPUT BEAM

-»

BAFFLE LIMITS

ACCEPTANCE ANGLE

DETECTOCR

Figure 9: Inteqrating sphere.

An integrating sphere ( shown in Figure 9 ) consists of a hollow sphere
Coated with a matt reflective surface. The integrating sphere acts as both a
diffuser and an atienuator. Light enters through a hole and undergoes multiple
diffuse refleciions before reaching the detector. An ‘integrating sphere
usually has a high acceptance angle but this can be reduced with baffles.

Sometimes an opal diffuser may be placed before ihe integrating sphere to
Provide additional attenuation.
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Beam Splitter
Beam spiitters provide a means of achieving simple attenuation without a

diffusing effect. Beam splitters use partial reflection at an interface as a
means of splitting off a fraction of the total beam power. There are several
types of beam splitter. Glass plates may be used but if the sides of a glass
sheet are parallel interference effects may be a significant problem. It is
therefore usual to incorporate a smail wedge angle between the glass surfaces
to reduce the possibility of interference problems { wedge angles should also
be used on detector windows etc ). Most beam splitters selectively reflect
more of one polarization component than another. Both the sampling ratio and
the polarization factor depend on the angle of the beam splitter plate with
respect to the laser beam. Thin film dielectric and metallic coatings can also
be used to reduce second surface reflections and alsc to alter sampling ratios
and change polarization characteristics. Various types of beam splitters
incorporating prism polarisers can be used to sample the beam and anpalyse
palarisation components { the calibration factor of ihe detector may depend on
polarisation ). Thin pellicle beamsplitters consisting of thin films much
thinner than the waveliengih of 1light do not preoduce interference effects that
glass plates do, however pellicles are very fragile and easily broken, they
are also difficult to clean and they may be affected by vibration and cause
the laser beam reflection to move. Beamsplitlers with appropriate low loss
dielectric coatings may be used with high power lasers, where other types of
attenuator may be damaged.

Neutral Density Filters

Neutral density filters usually consist of a suitable transparent substrale
coated with a thin metalic attenuating layer. The term 'neutral' is used to
imply that these filters have an optical density thatl is fairly constant over
a wide range of wavelengths. Owing to the methods used to deposit the metallic
coating, the optical density provided by a neutral density filter may vary
significantly over the surface of the filter. If not taken into account, this

effect could tead to large errors in ihe measurement of small diameler laser
beams.

Other Types of Attenuator

Absorption filters consisting of either a suitable glass doped with a
suitable absorbing material or a cell filled with an absorbing liquid can also
be used to attenuate a laser beam. Care musi be taken 1l¢ ensure tlhat the
absorbing material does not bleach and become less absorbing afier prolonged
exposure to the laser beam.
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Where the wavelength or power of the laser beam precludes the use of other
attenuators it may be possible to use a mechanical method of beam attenuation.
For example, a highly polished rotating disc with a small hole near the
circumference can be used to provide intermittent pulses from a high power
c.w. laser. This type of attenuation is suitable for use with thermopiles,
where the response time of the detector is much longer than the period between
pulses. Other means of attenuation include, wire grids, multiple vane shutter

mechanisms, convex mirrors and gratings etc,

GENERAL MEASUREMENT PROCEDURES

Optical Mounts

The Tlaser to be measured, the detector and associated optics and baffles
etc should be rigidiy mounted to prevent accidental mis-alignment. There are
many cptical mounting systems commercially available. An optical table with a
ferromagnetic surface and tapped mounting holes s most versatile and
convenient but also expensive.

Warm-up Times

It is good practice to allow the measuring dinstrument time for the
detector and amplifier circuitry to stabilize before measurements are made.
The iime required will depend on the nature of the instrument jtself, but as a
general rule thermal detectors require more time than other types. A Tlaser
warm-up time is often required before the laser emission reaches its peak
value. Some Tlasers, such as c¢.w. helium-neon lasers, have been observed to
have a time varying oscillation in radiant power output and the emission
should be monitored for a sufficient period of time to ensure that the maximum
level is measured.

Measurement Uncertainty

The total estimated measurement uncertainty should be stated in any
reports issued. Estimates of uncertainty should include all known sources of
error, both random and systematic (inciuding errors in the measurement of
maximum laser emission due 1o laser warm-up and power fluctuations etc).
Uncertainties should be specified as estimated maximum values or, where known,
as probable error values.
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Baffles

Whenever there is ahy possibility that background radiation Jlevels may
significantly affect the measurement then the detector viewing angle should be
restricted as much as possible with sirategically placed baffles. Thermal
detectors and other infrared sensitive detectors are sensitive to background
radiation from warm objects (e.g warm wall due to underiying hol water pipes
or external solar heating). Thermal detectors should be shielded as much as
possible from air currents and any other infliuences tihat may alter
temperature.

Filters

Filters are sometimes wuseful for eliminating unwanted background
radiation. In particular, if measurements are made c¢lose to a laser,
incoherent radiation from the Jaser cavity may also be detected. The problem
is usually worse where broad bandwidth infrared detectors are used. In such
cases a significant amount of the unwanted radiatior can usually be filtered
with appropriate absorption filters (e.g. glass, sapphire, quartz, etc).
Narrow band-pass interference filters can be used to block nearly all ef the
incoherent radiation. However, the spectral transmission characteristics of
narrow band-pass interference filters can be significantly affected by
temperature, humidity and the incidence angle of the radiation.

The transmission of filters {at the wavelength of interest) must be taken
into account for the calculation of the measured radiometric quantity.
Uncertainties associated with filter transmission should be included in the
overall uncertainty of the measurement.

Locating Invisible Beams

The detector should be positioned so that the maximum level of accessible
radiation is detected. Where an invisible wavelength is involved, it is not
possible to locate the beam by its diffuse reflection. In such cases it may be
possible to find the beam using appropriate phosphor probes. Infrared night
vision aids may be used to locate diffuse infrared reflections ( or heat
generated by sufficiently high powers at other wavelengths ). Some pulsed
ultraviolet Jaser beams can be located by the fluorescence from a cardboard or
paper target. Very high power beams can be located by the observable healing

created on a target ( e.g. hot red glow from firebrick beam stop )} or by the
damage done to target materials.
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When the beam has been located the position of the detector cam be finely
adjusted to receive the full beam power. Screw thread adjustable x-y optical
mounts provide a suitable means of achjeving this fine adjustment without the
possibility of accidentally displacing the detector.

Spatial Measurements

In addition te¢ photographic techniques discussed above, the spatial
characteristics of a c.w. laser beam can be determined by scanning across the
beam with a pinhole or fibre light quide coupled to a detector. Other methods
that can be used to measure c.w. laser beam diameter involve meving a knife
edge or s1it across the beam (Sliney and Wolbarsht, 1980}.

Laser beam divergence may be determined by measuring the diameter of the
image formed by a lens. An alternative method is to measure the beam width at

several points along the beam path and to solve the equatien

wir) = w(0) +d.r,

where w{r) is the beam diameter at distance r from the laser source, w(0)} is

the diameter of the beam at the source and d js the divergence in radians.

Temporal Measurements

for pulse durations above 10 nanoseconds a detector capable of resolving
at least one tenth of the expected puise duration should be used. Adequate
measurements of pulse duration and repetition rate can usually be made most
conveniently by displaying the <ignal on an oscilloscope. Where higher
accuracy is required, electronic counter-timers may be used, but care is
needed to ensure that the trigger voltage threshelds are adjusted properly and
that electronic noise does not trigger the timing gate at the wrong time.

CALIBRATION

It is convenient to distinguish between two different types of instrument
based upon the method employed for the initial calibration. There are
instruments whose calibration does not depend upon the generation of a known
radiometric quantity, but upon other fundamental quantities such as specific
heal, electrical power, time, frequency etc. Let us call these instruments
'primary standards'. In the second category, there are instruments that must
be calibrated by means of a known radiometric field which has been measured by
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a process that is traceable to a primary standard instrument {either directly
or indirectly through a chain of instrument calibrations). This process is
refered to as 'transfer calibration'. The majority of instruments used for
routine laser measurements fall into the last category. (i.e. they rely on

.
transfer calibr

An instrument transfer calibration is only relevant to the particular
conditions that applied at the time of calibration. If conditions of
measurement differ significantly from those of the calibration situation (eg.
significantly different angular distribution of dnput beam, wavelength,
radiant power, pulse duration, etc), then a significant error could creep inte
the measurement. Transfer calibration should therefore be done in a manner
that will reflect the intended use of the instrument.

The exact methods used for transfer calibration purposes will depend on
the type of instrument to be calibrated. The light source used to perform the
transfer calibration would 1ideally be a laser with stable output
characteristics. The fiitered light from various types of standard lamps is
frequently used for c.w. radiometric transfer purposes but, due to the
different beam characteristics involved, this type of calibration will be
inherently less accurate when applied to laser measurement instrumentation.
Calibration of <dnstruments used to measure pulsed laser sources is often
difficult, but may sometimes be accomplished by means of a high repetition
rate pulsed laser source and transfer from an instrument that measures mean
radiant power (e.g. thermopile).

It sheuld be noted that calibrations usually apply only to the plane of
the front collecting aperture of the beam input optics and that distances from
the radiation source are measured with respect to this plane.

In Australia, primary national vradiometric standards are held by
C.S.I.R.0. Division of Applied Physics at Lidcombe NSW.

SELECTION OF APPROPRIATE INSTRUMENTATION

When selecting a suitable 9instrument for a measurement the foilowing
questions should be considered.

1. Is the spectral range of the instrument suitable for the
particular wavelength of interest?
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2. In view of the nature of the radiation and the quantity to be
measured, will the response time of the instrument be

adequate?
3. What kind of readout device is required (eg. analog, digital,
storage oscilloscope, etc)? ... Does the readout selected

present the result of the measurement 1in an appropriate
formal?

q. Does the delector response vary greatly with the angle of
incident radiation or position of the beam intoe the
detector? ... Taking into  account the  known  spatial
charactristics of the beam, what uncertainty will this add to
the result? ... Would a diffuser improve the situation?

5. what is the NEP? ... Is the instrument sensitive enough +to

detect the level of radiation anticipated?

6. Will the detector be damaged by the laser radiation? ... Is
beam attenuation required?

T. What 1is 1he maximum uncertainty that can be tolerated in the
result? ... Witl the 1instrument be able to provide the

required resolution and accuracy?

8. Is the instrument calibrated in the same units as required by
the measuremeni? ... If not, can an appropriate conversion be
made without invalidating the results?

9. When and how was 1lhe instrument last calibrated and what
evidence is lhere to believe that the calibration is currently
valid? ... Does the calibration apply 1o any beam collecting
optics, attenuators, diffusers, etc that are reguired for the
measurement?

When all considerations are taken inte account, it may be ihe case ihat a
single instrumenl will nol be able Lo meet our requirements (ejlher hecause of
technological 1imits or because laboratory facilities are limited). 1n such

Cdses, alternative melhods (perhaps involving several measurements witih
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different instruments or a combination of measurement and theoretical
calculation based on expected parameters) should be investigated.

CARE OF EQUIPMENT

When not 1in use, instruments should be stored in a location where they
will not be exposed to environmental conditions that may cause deterioration
{i.e. temperature, humidity, dust, vibration, 1light and other electromagnetic
fields). An aluminium carrying case with foam padded compartiments for each
separate instrument component is usually ideal feor both transport and storage
needs.

Optical components should always be handled with care and kept clean and
free of dust and fingerprints etc. Dust can usually be removed with a geptle
stream of compressed dry air. If necessary, where the optical surfaces are
sufficiently robust, it 15 sometimes possible to use a soft haired brush or a
soft cloth (or tissue) and a small amount of solvent {such as distilled water,
pure methanol etc) for cleaning.

Sensitive quantum detectors such as photomultipliers should be kept in a
dark environment and not biased with an operating voltage for at least 24
hours after being exposed te normal laboratory light levels.

SUMMARY

For the measurement of any particular radiation gquantity, there are a
multitude of possible arrangements of different detector types, beam handling
optics, amplifiers and readout devices etc. The choice of instrument and the
details of the input optics arrangement used need to be assessed separately
for each particular measurement situation. The information given above is
intended to provide a general outline of the factors involved in radiometric
measurements and the possible instruments and methods that can be applied.



181
REFERENCES

Heard H.G. {(1968). Laser Parameter Measurements Handbook. John Wiley &

Sons, Inc. New York.

Keyes R.J. {1977)}. Optical and Infrared Detectors. Springer-Verlag, New
York.

Kingston R.H. (1968). Detection of Optical and fInfrared Radiation.
Springer-Verlag, New York.

Ready J.F. {(1971). Effects of High-Power Radiation. Academic Press, New
York

Sliney D., Wolbarsht, M {(1980). Safety with Lasers and Other Optical
Sources. Plenum Press, New York.






