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SUMMARY

Details of a fire detection system using the deflection of a laser beam
above a fire are described.' It is shown that such a system will decrease
in Sensitivity with the height of the compartment to be protected at a
lower rate than with point detection systems. Devices are described for
preventing false glarms due either to building disturbances or to

ambient variations in temperature.

It is claimed that such a system would have economic advantages over
other systems and that it could readily be adapted to give intruder

protection.
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A LASER BEAM FIRE DETECTION SYSTEM
by

D. I. Lawson*, MSc, CEng, FIEE, FInstP, MIFireE.

LASER BEAMS IN TEMPERATURE GRADIENTS

The refractive index of air varies by about one part per million-per degree
Celsius rise-in temperature and it haS'beeanuggested1 that this variation
might be used to detect fires in a nﬁmber of Ways using laser beams.

One method is to split the laser beam so that the two beams, one &bove the
other, traverse -horizontally the area to be protected near the c:e:i.liné.‘-2

As laser beams are coherent, they can be made to interfere -on recombination -

any change in refractive index in the vertical direction would cause ‘a*

difference in the transit times of the beams, accompanied by -a shift ‘in the

interference fringes. These changes in illumination c¢an be recorded -by-‘a
photo-cell and- amplifier to give an alarm, !

3

Another system” utilizes the deflection of a‘beam'df-light conseqﬁent‘dh

its traversing a field of varying temperature gradient above 'a fire.’

. Because the variations in refractive index are only of the order of one-

per million per.degree Celsius, the beam deflection is' also--small, A
temperature gradient of 100°C per metre, for example, would cause the beam
to follow .a circular path-of 10 km in radius and after -traversing about”
100 m, the deflections from fires are likely to be of the order of 10 mm.
If a deflection of -this magnitude is to be received and recorded by &
photo-cell, it is necessary for the beam to be highly collimated. The

spot. of light after focusing the beam, should not be greater in linear

- dimensions than the deflection of the beam caused by the fire and a

"~ laser beam is necessary for this. degree of collimation.:

*Director, Joint Fire Research Organization, Ministry of Technology and
Fire Offices' Cpmmittee.




In devising a fire detection system, it was decided to try the spot

deflection system first.

BEAM COLLIMATICN

Under 'no-fire!' conditions a'lhsér'ﬁeam may be focused to form & spot

at & remote distance by means of a telescope. The spot has a diameter

1—;2——A1, where N is the wavelength of the laser (0.6328 miorons for the

helium-neon lasér) a.is the diameter of the objective used to form the

image, and -1 is.the distance of the laser from the spot. .Over a- .~ .

. .distance of 100.m and with an objective of diameter 50 mm, the spot- - .. I

1.2 x 0.6328 x 100 _ 5 .
—50 x 10 mm,i.e. of the .. . ;

order of 1 mm. The theoretical spot size is difficult to attain ' .

would have a diameter of

because of lens imperflections and 5 mm would be a practical figure at

. this distance.

Even under quiet conditions the spot exhibits a slight movement of the.
, order of a-millimetre over a path of about 100 m, et
,L&SER BEAMS ABOVE FIRES

Once a fire is 1lit under or to one side of the beam, the spot becomes
violently agitated after a few seconds, the time-lag depending on the
height of the ceiling above the fire. This violent movement is a
consequence of the turbulent plume of gas from the fire impinging on
the ceiling and spreading out in much the same way as a torrent of
.water might strike and spread out over a floor.  The turbulence causes
the beag‘to deflect in a random manner about its rest position.

If the fire progresses, the space immediately under the ceiling fills
with hot gas, rather as a bath fills with water, and the laser beam .
traverses a layer of hot gas which is now less turbulent, the turbulenﬁ
region at this time having moved below the beam. The agitation of the
spot is less violent and it moves as a whole from its original undisturbed

condition. As this may take considerably longer than the first indication
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of turbulence in the spot, it is important to develop a detection syéteﬁn
using the turbulent movement of the spot.3 The deflection of the beam,

d, would be expected to fall off with height of compartment, ;,-accofding
to the law 4 & 2_2/3 (Appendix I). The size of fire necessary to operate
the detector increases proportionally with z. | |
This method would be'mofe advantageous than using thermal Sr.point smoke
detectors, whose response falls off much more rapidly'(Appendix I).‘

DEFLECTING THE BEAM TO COVER AN AREA

s

If a simple detection system were constructed in which the beam from the'
laser traversed the space to be protected and was then received by a pho£o—
cell, it would suffer from the disadvantage of the beam belng more sen31t1ve
to fires near to the laser than near to the photo—cell because of the
optical lever effect. (Fig. 1a).

The effect can largely be overcome by locating'a mirror at th; end af tﬁe
protected space to returh.the beam on to'a photo-cell placed ﬁegr to tﬁe
laser, so that the seﬁsitivity due to the optical lever shoula.neferuéary
by'hore than a factor of 2 (Fig. 15); This of course raises the pfobiem.
of the stability of the mirror,.for an& slight anguiar change of ;he
reflectédbeaﬁhdué to the mirror mounting, would be magnified and recorﬁed
by theé photo¥oell as an alarm. Fortunately this can be.ovefcome ﬁy.using

a 'corner-cube' mirror system, i.e. three mirrors mutually at right

angles. An& ray of light incident on such a system, afler reflection-in
the three mirrors, would be returned on a path parallel to fhe incident
path, irrespective of the orientation of the mirror, éFig. 2) and

(Appendix II).




STABILITY CONSIDERATIONS

After removing variations in the position of the reflected beam due to the

mirrﬁr mounting, there is always the possibility that the mounting of the

laser itself might move slightly, causing tﬁe beam returning to the photo-

cell to be displaced with the risk of a faise alarm. Thislmeans that thp

size of the photo-celi must be large enough to éater for any movement of

the beam. At first sight it would seem that to do this would cut down

the sensitivity of the system, as the de%lection of the spot would haye _

to be greater for it‘to move off the larger photp—cell and so give tye

alarm, Advantage may be taken, howeve#, of the fact that the agitation .

of the spot caused by a fire would be muqh more rapid than the very slow
drif't of the spot due to the movemeﬂt of a building.

| It ﬁas béen éuggestedh.that a checker—boérd mask with holes, each.having

a diﬁension about the size of the épot, should be put in fronthof the

photo-cell receiver (Fig. 3). In its undisturbed state the spot might

fall én a.ciear part of fhe photo-cell or be partially or wholly

interceéﬁed by tﬁe checker-hoard mask. Any slow drift of the spot would

resﬁlt in aﬁ output from.the cell having a very low freguency which would

be ﬁnable to be ﬁéssed by the amplifier. A fire, on the other hand, would

give a rapidly fluctuating signal which would be amplified to give an

alarm., The checker-hboard mask could be extended to form a collimating

ﬁask, excluding extraneous 1ight..

There is always a small amount of fluctuation of the beam caused by ambient

changes arising f?om convection iﬁ thelgrea to be protected, but 0'Sullivan,

Ghosh and Tufner have shown5 that these occur at a lower fregquency than those

associated with fires. Thus, if the amplifier is tuned to receive a

frequency of 40-70 Hz, it is possible to discriminate against ambient fluctua-

tions. A delay is also incorporated into the system to prevent false alarms,

should the beam be momentarily interrupted.
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SMOKE DETECTION
So far the problem of thermal detection has been described, but the system

may be made sénsitive to smoke by comparing the intensity of the beam which
has traversed the area to be protected wifh the emitted beam (Fig. 4).
Ghosh and 0'Sullivan have suggested6 that the checker-board mask might
itself be a photo-cell in front of another continuous photo-cell, The
checker-board photo-cell acts as a heat detector as préviously described,
while the sum of the outputs of the checker~board photo-cell and the one
behind it together should give the intensity of the laser Eeam after
traveréiné the area to be ﬁrotected. Thié could be compared with the
emergenf intensity from the laser. (Theré.ié usually ; ;ow intensity beém
from the back of the laser which could act as a reference}. |

INTRUDﬁR DETECTiON ' A

It ié easy to see that while the laser beam p;ssing under the ceiling can
be uéed to defect fires, part of the‘beamlcan with a half—silveféd mirré&,
‘be dlverted to floor level and reflected so as 1o pass parallel to the floor
and fall on to a separate photo-cell which could be used to give an
1ntruder alarm (Fig. 5). The laser beam is 1nv131b1e until viewed almost
along the line of the beam so that it is unobtrusive.

ECONCMIC CONSIDERATIONS

The cost of alhelium-ﬁeon laser and ﬁoﬁer unit is about £160 and the
guaranteed life is one year's continuous running. It is thought that t@e
supply of lasers in quantity could reduce the price to about £100. Thé-
telésbope; electronics and corner-cube reflector ought to cost about £100,
80 that.fhe likely cost of the equipment ié £200., A system installed in

a building 4 m x15m x 12 m high (135 £t x 50 ft x 40 £t high) ﬁll
detect a fire (711 mm (28 in) in diameter);in liquid fuel atlany pbint in
the building within half-a-minute. If the occupancy were sub-divided the
laser beam could be arranged to traverse the building by drilling through

the wall.




The equipment cost would therefore be about 7s. 0d. per square metre or

84. per square foot.

The laser beam has no inertia and the delays are those of thelfising

plume of hot gas ane smoke together with delays built intc the system to

.prevent any adventitious alarm due to the beam being acoidently -

interrupted. |

CONCLUSIONS

It should be possible to use the perturbatlons and the absorptlon of a -‘ .
laser heam to prov1de a rapldly acting fire detector. The system shouLﬂ
have an advantage over conventional systems in tall compartments due to
the faot that the spreadlng plume is used to gdetect the fire and therefore .
the decrease in sensitivity w;th helght of the compartment to be protected

is.less mafked than with other systems.

The cost of the sysfem should be less than that of existing s&stemsrend

the problem of maintenance and testing should be much easier than with
iﬁdividual-deteotor heads. A laser eystem is unobtrusiveAand does not

involve uosightly detector heads and moreover it could be readily extended

to give infrudef protection. The cost of leser tubes hes falleo rapidiy

recently and it is thought that commerc1ally the system should be capable

of still further cost reductlon.
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APPENDIX I

VARTATION OF SENSITIVITY WITH HEIGHT - COMPARISON WITH OTHER SYSTEMS
If a beam of light is travelling in a medium of" refractive indéx }J,
its path will be defined by: o -

d d R
-

where ‘R is the radius of curvature of the beam and j“' the refractive
index at any point.

As- the ohanges in the refractive index of air above a fire are aiwaﬁrs
very sm'al]..j:- R is large and %}ﬁ is very nearly -i;&z-,where z 1is the

.distance in the vertical direction and in achiti'onrsince for gases ue 1%

N . . B
R=e M EERERE (1 )
The variations iryl-a.rise from variations in temperature above a fire and

}J. and T the temperature of the plume in X .may be related by Biot and

Arago's Law:

9&—‘?)’1‘ éonsta.n'b | cereness (2)

da Sg -1 ) ar
» v T dz
Substituting for 90/6.2 from equation (1):.

. -1) 4t
L-(pst) 2

i1

Therefore substituting for()l. - 1) from equation (1):

L _ comst. ar  ...... e (3)
R

f[‘ar dz
For point sources, (e.g. a growing fire before detection) the temperature

rise T£ at a distance =z above the fire is given by Yih7 as:

_8-




Since the plume expands uniformly in a horizontal direction, the beam of
light will be refracted by the fire for a horiZQntéi distance which
increases uniformly with the height 2 ”of the beam. This will be the
height of the compartmept being protecteq;as the pegm ig‘qt ceiling height.
From the geometry of the circle, the deflection of a beam ﬁoving in a
circular path for a distance X is proportional to_:l%/R. The deflection
~of the beam is hence proportional to: '

2
2 o .§
93_%%8 or 92—
z 23 ‘
If the beam has to be deflected by a constant distance to give an alarm,:
then the heat output of ‘the fire necessary for this will increase

uniformly with the height of the beam above the fire.

OTHER SYSTEMS

The performance of a laser may be compared with that of a fixed-temperature-
rise point detector situated above the fire. - | ‘

From equation (4): \
. . A2l 3.
Ti:cgg

12 T . - o I

For operation after a constant temperature rise:

; - 2 .. - 5f0 ¢ o s
e QE = constant or Qo z /2

CEem T

ot

]

P

Therefore the size of fire necessary for operation increases rapidly. with
the height of the compartment to be protected. The same law for size gf -
fire is also true for the rate-of-temperature-rise point detector. Thermal
line detectors have a rather better performance with height of compartment
because the plume expands uniformly as. the height increases. ‘Here the °

gize of fire for operation varies as:

(2 0 s
(z )

- 10 -



.8T2=1.1 Q

2 5 2
8(% [ A z
3 »
2
=k 8]  exp E..71 z ; s
35 2

where Q is the rate of liberation of heat
r 1is the horizontal distance from the axis of the plume

R . . Cy
T 3 | S -
0

k=11 | ——s
5 @22

andﬁ , ¢ and T0 are the density, specific heat and temperature__of the

air outside the plume respectively.

The exponential term in equation (4) expresses the fractional fall in

temperature moving outwards from the axis of the plume and since r and =z

appear as & quotient, the plume expands uniformly with héight. ‘Pherefore

the temperature profile across the plume grows uniformly with height.

For small fires, the factor involving T° in equation (3) may be treated as

constant,.

and
1 dT
R <L dz

At the centre of the plume, from equation (4):

and the beam will follow & path of radius R

where




APPENDIX IT

REFLECTIONS AT MIRROR SURFACES

SINGLE-MIRROR SYSTEM

If a beam of light is 1ncldent on a pleee mlrror, 1t elll be reflected

e

50 that the 1ncldent and reflected beams m&ke equal angles with the

normal to the mirror, and the normel, 1ncldent and reflected beam are

coplanar,, ' |

It is well known that if s mirror moves through an.angle- dGC(Fig. 2a)

the reflected beem w1ll move through an angle 2d« and at a distance D
from the mirror, the deflection will be 2Dde( . .
TWO-MIRROR SYSTEM

If & beam is incident on a two-mirror system so that it is reflected

. =1
o

in both mirrors, the beam may readily be shown to be deviated through.an
angle § = 2 (#%-? o) (Fig. 6), where © is the angle between the mirrors.
When the mirrors are at right angles so that O = X, the beam will be
deviated through an angle ! , i.e. returned on a path parallel to the
incident beam,

Since the angle of deviation g 1is independent of the angle of incidence
at the mirror, the beam will be returned after reflection,parallel to the
incident beam, irrespective of any rotation of the mirror system about the
axis of the line of intersection of the mirrors, The reason for this is
obvious; any rotation of the first mirror of the two-mirror system will
Just be compensated by an equal and opgosite rotation of the second,
Although the incident beam may be returned parallel to its original pathJ
irrespective of the rotation of the mirror about the line of inter-

section, the reflected beam may nevertheless be displaced.

- 12 -




In practice Poth the 1line and laser detector.é will have a rather; better
performance than is indicated here as the plume will spr.ea-d oﬁf urnder )
the. cei.iing and will therefore influence the detector for a glreat-er
distance than the plume width. |

Thus we have the following table of performance with height.

Type of detector ' ~ Variation of size of fire
for operation with height

Laser ' | Q etz
. . . 5/6
Fixed -temperature-rise point Q Lz .
detector
Rate-of ~temperature —rise R 25/2
point detector ,
L3
Thermal line.detector Q« 2z 2

- 11 =




Prom Fig. 6!
-1 I N
T em———— Ll R
sin @ sin (8 +X) (&)
or .. 1s8in(@+«).= Lsing

where L may be as large as -the side of the mirror,

Since L' ‘and @ are constants:

o d@. sizjx ‘(o +u)) ’

0

1 cos (8 +%) g
“sin (9 1)

It

di

(Omitting the minus sign as 'We &re only concerned with sizes).

Substituting for 1 from equation (4)

_ 8in @ cos (0 +&) )
@ =L ST lesxy &

. the condition for the beam being returried parallel té its

"2'5
< - l. . ) ) M
own path, then®{ will be about K“and the displacement of the beam roughly

Now if 6 =

1.4 Ld . Thus a rotation of the mirror system which in effect alters &
only produces a deviation of 1.4 Ldek . This may be contrasted with the
single mirror which at a distance D produces a deviation of 2DdxX .
The improvement is thus of the order of 0,7 %. Now since the aperture
of a dihedral mirror may be, say, 100 mm, then if D, the length of the
beam over the area to be protected, is say 50 m, the stability of a two-
mirror system is some 300 times that of a single-mirror system. Of
course the two-mirror system only stabilizes the beam for rotations
about the axis of intersection of the mirrors. It behaves as a plane
mirror for rotations at right angles to the line of intersection.

Thus for the general case of a rotation de and dﬁaas shown in Fig, 7,
the resultant displacement of the beam at a disteance D would be about

(2 12 aet® + 4 D? dpz)%.

_13_




THREE-MIRROR SYSTEM (CORNER-CUBE REFLECTOR)

Three mirrors mutually at right angles have the property of reflecting
an incident beam so that it is parallel to the incident direction,"
irrespective of the rotation of the mirror. From the discussion of the
rotation of the two-mirror system, it was'seen that any rotation could
be resolved into a rotation around the line of intersection of the
mirror which caused no deflection of the beam and one at right angles :-
which caused the beam to vary as for a single-mirror reflection. Now
with a three-mirror system the rotations at right angles to the
intersection of mirrors 1 and 2 will be around the axis of the lines
joining mirrors 2 and’3 énd thuétfhe unstabilized reflection becomes
stabilized gfter reflection in mirror 3, This is only true when tbe‘ o
mirrors aré.éétﬁally at £ight angles (Fig. 2c). The three;mirror syﬁtem:
is thus only stabilized against rotations .when the mirrors arehmu'tua?.lly. '
at right angles. :

As before, displacements can occur in the beam'gnd*for small angular.

1
variations dotand 4f at right angles,these will be 1.4 L (d.ol2 +‘df32)2

where L is the side of the corner cube.

- 14 -
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FIG. 1. VARIATION OF SENSITIVITY OF LASER FIRE
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FIG. 2a. SINGLE MIRRORS IF MOVED GIVE LARGE
DEFLECTION OF BEAM 4
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FIG. 2b. TWO MIRRORS MUTUALLY AT RIGHT ANGLES
WILL ALWAYS RETURN A BEAM PARALLEL
TO THE INCIDENT DIRECTION IRRESPECTIVE
OF ROTATION ABOUT THE DIHEDRAL AXIS
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FIG. 2c. CORNER-CUBE MIRROR SYSTEM. MIRRORS
MUTUALLY AT RIGHT ANGLES. EMERGENT

BEAM ALWAYS PARALLEL TO INCIDENT BEAM
NO MATTER HOW CUBE IS ROTATED
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FIG. 6. REFLECTIONS FROM A TWO-MIRROR SYSTEM

D
0 e

dec is the rotation obout the dihedral oxis

df3 is the rotation at right aongles to this

FIG. 7 ANY ROTATION OF A TWO-MIRROR SYSTEM
MAY BE RESOLVED INTO TWO ROTATIONS
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