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An atmospheric infrared data link for transmission of beam information
Results of the prelininary test set-up

H. Beger, J. Boeser, D. Boussard, G. Lanbert, J. Ëenn end D. Stellfeld

1. TNÎRODUCÎIOIT

In a feasibility study for stochastic cooling of bunches in the SPS,

[1], it wes proposed to transmit bearn infornabion along a chord of the

machine using an infrared laser bean in the atmosphere. An optical fibre
link would be totally inadeguate because of the nuch too long delay (the

speed of light in the fiber is about 0.6 to 0.7 c). the totel deley of the

link (time of flight along, the chord, plue electconics end cable deleys)

should not be greeter than the bean tinre of flight a1on6 the erc.

the required bandwidth of the link is in the GHz ronte tll. The

technology of seniconductor lasers and photodiodes ie erpending extremely

rapidly, and GHz bandwidths are nowadays. cormon, at relatively 1ow prices.
lloreover, compared Èo e classical nicrowave link, the optical laser beems

have en extremely srnall divergence end it is conceivable to further increase

the link cepacity by using several opÈical beams in parallel (at the Bane or

eÈ different wavelenghts). Compered to a radio link the opÈical solution is
therefore extrenely attractive by ite einplicity, cheapnees and

poesibilitiea for further ertension.

the price to be peid is, of couree the limibed evailebility of the

1ink. fn the case of deep fot for instance, the attenuation of near

infrared wavelengths, although sonewhat betÈer than for visible wavelengbhs'

sill be so large over kilometer distances Èhat bhe bransnission sil1 not

work. llevertheless, re believe that a careful investigation of the

capabilitiee of the infrared 1lnk was rorth the effort for the following
reesons:
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- Our first objective is to demonstrete erperimentelly the feasibiliby
of etochastic cooling of bunches in a large machine like the SPS. this
experinent can, of course, be performed when the link is availeble.

It is inportant for êny future system to assess the availabiliby
figures of such a link in the Geneva environment. Ât this noment the

only relevant informetion re have found was in a conmercial leaflet
from an americen (irn [2] t3l.

2, lHB OPÎICAL BLEIIENÎS

?,L the lransnitter

The lasers we use have been developed by Philips for digitel recording
applications t4l, they are A1 Ga As semiconductors having a double

heterojunction structure shich produces a strongly divergent beem fron ên

extremely snell eniEting area (a few sguare rnicrons). these devices are

eguipped with en optical systen which corrects the estigrnatism of bhe bean
(bhe leser is a structure sith a preferential plane) and nakes it almost
parallel. the optical system is adjusted and sealed et the facbory and the

result is a cheap and very snall unib (cormereially named collimetor pen)

used for instance in compact dise recording assemblies.

lno vereions, which differ by the optical output power are available:
the 2nlJ version is for reed and the ZOrntf for write in digitel recording
applications. For our applicetion the nost relevant peraneters are the
cenbrel wavelength I= 850 nn (with e very snal1 diepersion, or bendwidth

AI z 4 nm) and the divergence of the beam (- 0,3 rnrad) (Fig.l). Such a
smal1 divergence is a yery atbractive parameter for our application aE it
givee a bean dianeter of bhe order of one neter et krn distancea. For these

unibs the firn quotes an operational life time of the order of 10 000 houre

t5t.

the modulation epeed of bhe Â1 Ga Ae semiconductor structure ia
extremely hith (above 1 GHz) t6l. tJe have neesured a cut off frequency of
600 EIlz for the collimator pen. this figure ie presurnably linrited by the
packa6ing of bhe laser; it is nevertheless largely eufficient to test bhe

availability of the llnk and to perforn a stochestic cooling erperinent.
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the laser is eligned on the receiver usin6 an auxiliary finderscope
rith reticle. the optical ares of the laser and the finderscope are made

parellel on an optical bench (over a 30n distance typically) by adjusÈing
the laser support siÈh micrometric screus (FiA,.2r. the whole essenrbly is
aligned outdoors on the receiver using the reticle of bhe finderscope ês a

reference. Finer adjustments are necessary to optimise the received power.

The stability of the mechanism end of Èhe support must be better than 0.1
mrad.

Erperimenbs have been carried out rith a leser expander to furÈher
reduce bhe beanr divertence. A gain of Èhe received power by a factor up to
1.0 has been echieved, but at the expense of very critical alignment

settings. thie is uhy e laser erpander is not considered for our
applicetion, in addition to reasons of nechanieal eornplexity.

2.2 the Receiver

the receiver itself is e fast avelanche photodiode (RCÂ C3092I) with a

peak response around 800 nnr. lypical rise tirne is 0.5 ns with a sensit,ivity
of 7O Llct.

the package is specially adapted for optical fiber coupling, the
diameter of the sensitive area being epproximetely O.25 mn. the angular
aperture of the diodes, measured in the lab is t ô5".

the infrared light is collected by a Schnidt-Cassegrain telescope
(Fig.2). We have selected a cheap anateur model (C8 from Celestron) end

nodified the pointing screws to improve the alignment (betber stebility and

reproducibility). Focal length of Ehe prirnary mirror is 2 rn and front lens
diameter ?0 crn.

Seen from 2 kn the leser is a point source, and the eize of the ima6e

given by the telescope mirror is diffrection limited to e few microng. thie
is nuch smaller than the diode dieroeter (0.25nm) and therefore by sinrply
putbing the photodiode at the prinrary focus of the instrument, all the light
collected can reach the sensitive area. However the elignment of the
teleecope would be ertremely critical in this configuration (0,25 nn/2 m =

-Â10 'rad).
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Optimum alignrnent Lolerances for the receiver can be calculated using

the Abbe sinus 1aw (equivalent bo enribtance conservation in particle bearns)

(Fig.3). the meximum "acceptance" at bhe diode is: sin 45o x 0.25 run. At

the front end of the belescope this acceptance is also: 200 mm (aperture) r
sin ô (half angle of bhe cone) at best. In other words any lig,ht rey

felling on bhe telescope with an angle smeller than 6 ri1l be collected by

the diode. this is eguivalenb to saying thet the tolerable angular

alignment error of the telescope is also E. For e well natched systen the

nisalignment tolerance ,is bherefore 6 = t 1.76 t.0-3 rad.

1o achieve this matchint, en intermediate lens is inserted in front of
the diode (focal len6th = 10.3 nnr at 860 nm, distance = 10.1 nun); the result
is a non critical ali6nnent sebbing as confirned by experiments (6= t 2

nred for conrplete extinction of the signal).

All the light corning from objects inside the cone of helf angle 6

will be collected by the receiver; therefore Ehe larger the ô the less
critical the alignrnent, as we alreedy seid, but also the larger the spurious

light collected fron other sources, or in other words the smaller the

signal-to-noise ratio. this effect is clearly observed when meesuring the

incoming light with a redioneter at the focus of bhe primary mirror. tJitb

the lar6e sensitive area of the radiometer (lcn?), the signal to noise

retio is poor because of the lar6e 6 (10 m/2 m = 5.10-3) . 1o inprove

the signal to noise ratio we u6e an infrared filter (cut off wavelength

7E0 nn). A better eolution would be a nerrow band interferonetric filter
(ÂI < 10nn) exactly nratehed to the laser wavelength.

3. AÎIIOSPHERIC COillAHIilAlIOil

the test link chosen was between the euxiliary building BA3 on Èhe SPS

sibe and the saÈer bower near the lSR(distence L = 2.6 kn). the emitter ia

housed in en insulated plexiglas box mounted on the geodetic piller on toP

of BA3 (Fig. 2r. the alignnent mechanisn ie directly clenrped onto the

pillar for opt,irnun etability. fnside the box where the electronic equipment

is located, the eir benperature ie adequete in winter as well as in ounner

(hot eir is coming out of the building throu6h the piller sheabh).

the observation deck at Èhe top
convenient place to house the telescope
term recordlnga.

of Èhe rater
and electronic

tower provides a

equipmenb for long



5

the first outdoors transmission tests showed inrnrediately a large
fluctuation of the received power (the variance of the power fluctuation
being conparable to the nean power). the spectrum of the fluctuation is
given in Fig. 5 and Fig. 4 shows typical waveforms.

tJe first suspected the laser to be responsible for bhe fluctuation
(partition noise from one longitudinal mode to the nert which would give at
long distances a different interference pettern). this explanation ras soon

discerded, [6], and the effect is nos believed to be bhe scintillation of
the aÈnosphere, also responsible for the twinkling of slars.

Scintillation is the result of diffrecbion of light on refractive
irregularities on the 1i6ht pabh. A very sirnple introduction to this theory
is given in reference t7l. the relevant irregularity size is thet of the

Fresnel zone radius
( 1;- = 4.6 cm

f = ,Âu,, where u

ten Hertz rante for
(Fig. 5).

fi where L is the path length and I the wevelengtb

our case). lypical flucÈuetion freguencies
he speed of the moving air are in Èhe severel
Lm/s. this is consistant with the observations

P
et the receiving

ln

is t
u=

the size of the resulbing scintilletion pattern r
end is given by : t7l

fr ÇrP

where Z is the distance of bhe perturbing object fron the Bource (fie.6).

If the receiver area is large compared with 
"p, 

there is some

averaging effect between bhe different pictures of the pattern, the extreme

ceee being when all the enitted power is collected by the receiver. In this
situetion the scintillation'effect is zero. the influence of the receiver
aree has been observed on our link by reducing the useful eperture of the
telescope: bhe result is that the relative fluctuation increases as

expected. Â "diversity" reception system, ueing several receivers in
parallel would give reeulta eguivalent to that of a much larger aperture
telescope. However these epproaches are relatively erpensive.
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Host of the scinbillation effect is given by pabbern sizes which are of
the order of (or g,reater then) t,he telescope aperture because there is no

averagin6 in this case. Fron Fig.6 it is clear Èhet these lerge patterns
are created by atnospheric irregularities near the source. If we use

severel laser beams in parallel as indicated on Fig.7 these irreg,ularities
neer the source, of size Ë =

beams seperation is larger than Ç
4,6cm, will not be correlated if the

An experiment ses set up using bwo idenbical lasers eligned on the

telescope. the distance x between the two lasers could be varied from I n

down to 5 cm (Fig.7). Each laser was moduleted at a different RF Frequency

(10 lltlz and 300 !lHz) and, at the receiver end two tuned receivers were used

to monitor sinultaneously the fluctuations of the tro beams (Fig.a). the
result which is in full agreement with the sinrple theory mentioned above was

thet the two signals were conrpletely uncorrelated ercept et very small

disbances (Fig. 5, r = 5 cn).

Pratically this neens that Èhe signals fronr the two lasers never vanish

simultaneously: there is elways a useful signal available, although rith a

fluctueting anplitude. IJith several lasers in parallel the effects of
scintillation of the atmosphere can be lergely elinrinated at a moderate

pri ce.

the long term ftuctuations of the received signal are due to

meteorological condiùions and alignrnenb stability. Rain is not very

harrnful, but heavy snow falls or deep fog renders the link inoperative. It
is interesÈing to nention Èha! transmission at 8OO nm wevelength is beLter

then in the visible: a useful signel was received on the telescope although

the BA3 buildings could not be seen fron bhe water torer. One could consider
working et higher wavelengths to further gain some factor on the bad weabher

transmission. For the rnônent the technology st, FaV 1300 nm, is not yet

availeble or too expensive.

A thorough study of alignment etability hae not been attempted yet, but

the present results see!û to indicate that, for reletively shorÈ periods
(competible with e stocheetic cooling experinenb) no servosystems are

necesserlr to keep the Lasere end teleeeope on axis, if they ere installed on

buildings.
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4. ELECIROIIIIC CIRCUIÎY.

4.1 Laser Drive

the laser diode is driven by a current source which is switched by the

modulating signal through a differential transistor pair (Fi6.8). By

sensing the average light power emitbed with a photodiode built in the laser
package, it is possible to sbabilize the laser and evoid thernral run-out.
the photodiode signal [s compared to e reference, then amplified and finelly
controls the intensiby of the current source.

For the particular application of stochastic cooling of bunches, the

link only operates for short intervals (typically 400 ns)just at the bunch

pessage. tJe neke use of the rest of the Eime (> 90É), when the linh is
idle, to transnit bhe clock frequency. this has the edvantage that the

averege porer, which only depends upon bhe OI{-OFF ratio of bhe elock pulses,

is practieally constant and therefore well suited for the reguletion
c i rcui ty.

Juet after the bunch pessege, the bean infornation will be converted

fronr paral1e1 (output of analog to digital convertere) into serial form for
trensmission with the 1ink. 1o validate the transmission it is intended to
transrnit, just before the beam infornation, a coded word (heeder) which

would be recognized at bhe receiving end. the number of bits of this header

depends on the degree of confidence in Èhe velidity of bhe transmission
which is required. fn our experiments to a6ses8 the availability of the

link re decided bhat four bits would be sufficient to validate the

trensnission, end that a clock frequeney of 200 lfHz, for which complex logic
functions already erist, would be high enoug,h to demonstrate the principle.

the block diagran of the electronics on the leser side is given

Fig. 94. From the 2OO l&lz clock frequency a trigger pulse is derived, every

?3 us (revolution period) with a standard SPS unit. the four bit shift
regieter where the heeder word is etored ie then triggered, and the oubput

serlal code repleces the 2OO IA{.z clock frequency (Fig. 10a).
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4.2 Receiver

Ât the receiving, end, the first problem is bo take cere of Èhe large

dynamic rante due to scinEillation and weather changes. tJith an almost

constant duty cycle, AC coupling and a hard limiter provide eesily more than

4OdB dynemic rante (Fig. 9b). AC coupling also reduces the influence of the

steady background lighÈ.

friÈh the logic,signal from the lirniter the clock freguency is
reconstructed with a phase lock eircuit. the lock-in time is mede small

compered with the distance between two bunches to provide immediate reeovery

after en interruption. On the other hend the phase variation of Ehe clock

freguency should be negligible (naxinum neasured 20", during the

transmission of bhe useful nessate (header plus beam rord). these two

contradictory reguiremenbs are met in our design, for which no gating of the

loop ernplifier is necessary. the advantage of such e solution is that the

clock is transrnibbed independently fron bhe nessate, in a bime sharing

sequence: coding of the messate is straightforward and bhere is no loss of

speed ôs opposed to the stendard conbined trensmission codes

(e.g, llanchester eode) where more bandwidth is necessarlr.

Figure 10b shows the digital seguence at bhe receiving end, nanely a

train of clock pulses followed by the four bit word "9'r (f001) used to
validate the transmission. By a straightforward erpansion of the present

circuitry, it ie poesible to transrnib longer words, ôF reguired for
stochastic cooling tests. the deta transmission rate is, at present

200 lfbite/s (1 bi! per clock pulse) elthough the bandwidth capability of the

link is 400 Hbits/s (1 bit per clock transition).

5. RESULTS AITID CONCLUSTOilS

Although it ie still too early to drar firn conclusions on the long

tern beheviour of the link, we already know that uninterrupted periode of
the order of 24 hours are realistic. Stability of the opticel exes of the

laaerg and the telescope are satisfectory. llo realignnent is necesÊary

even after one week of operation.
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A typical winter recording is given in figure 11. showing the output
eignals of the radioneter and of bhe avalanche photodiode. In eddition, the
logic detector signal indicates, with a verticel bar when the coded word has

not been recognized (periods of snow end fog).

the probability of an horizontal visibility srnaller Èhan a giveo
disbance has been estinated for the Geneva-cointrin Airport t8l. The

reeulte, Eumnerized on figure LZ indicaÈe that for the proposed lint
(L to ? Kn distance) the evailebility of the trensmision should be of t.he

order of 991, even in winter.

Even in good weather conditions,
occeEionally suffers short interruptions,
those disappear completely, showin6 the
solut i on .

operation rith one leser only
but sith two lasers in parallel
effectiveness of the rnultilaser

In conclusion the etnospheric infrared link offers a cheep and

convenient way to transmit high data rates oyer kilomeÈer distances, with an

aveilability figure sufficient to iruplenrent e sbochastic cooling experiment
in bhe SPS.
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COLLIMATOR PEN

The collimator pen COL13A is used lor reading applications ruch as: data retriwal, video-audio disc
applications, opticel memorie3, sêcurity systems etc.

The pen is mounted in a non'hermetic encapsuletion, rpecif ically designed for easy alignment in an
opticâl resd or write system, and consisls of r lens sytlem and a larer dwice. The lenr sy3tem collimato'
the diverging laser light. The wavefront quality ir diffraction limited. A cylindrical lens is used for
co.rection of the astigmatism of the laser.
The housing is circular and precision manufactured wilh s diameter accuracy bstween + 0 and -11 ,rm.

OUICK REFERENCE DATA

Output power 0e

Current at output power Ce - 2 mW and temperature of 60 oC

Wavelength at peak emission lp1
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The alignment mechanisu for the tasers Housing of the lasers on the roof of BA3
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Telescope and eLectronics in the water Ëolter

Fig. 2



-\

Fig. 3

Abbe sinus 1aw or 'f acceptence conservetion" in natched optical systems

D sin = d sin

&,F.
Laser Â

Laser B

Fig. 4

lypical fluctuetion waveforms at lhe receiver
(L = 2.6 kn) 1O nrs/div

lop :

Spectrun of
fluctuet ions

Botton:
Coherence laser A - Laser B

(distance r=5cm)

Fig. 5
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o



t Clock

lrigger

Output

Clock fron VCO

lrigger out

Input signal
(afber linriter)

Fig. 10 Digital trananission waveforms, l0 nsldiv

a) enission

b) recepÈion



Errev
Generat

2OO MlIz
C lock

shifr
Regis ter

S re

tleader
lJord

S tart

a) emission

çK

Out

b) reception

Fig. 9

Schematics of the electronics for coding and decoding

Out
CK

IN _J - Phase
.dïecriL irni ter

2OO MHz
vco

Shifc
Regis ter

at

S tored
Code



TÂtCJl fOQ

f,[(t

i'ig. ll Typical
Note the

eetç--d:l sronql

t

2Alo 22l.to 22l- l!lrro

<reda-tiertel \
trlt)stnlss toll recording (winEer season) . liad trirnsnj.ssion corl:cslroncls to
large steacly si:rral on the radionleter ir-r ,Jay liglrt concl i rions.

SNow

l
I
I

i

tzr

a"_--t

Iaao Irnc

I

I

I

I

lr

l!
I

L-

I I

'I

r

a

I

I
I

l_ {

-Bedjgry)eI-".r

I

I

I
IilI

I

l-!

.t

{.[ilr,,lhll

,l

;

,l

,ir,

I

Iï

]ïr,Il'

.I
t

ll

the vertical bars on Clre lo,4ic si:ir)..11.



PrûbablllÈy of vlslblltty lrnltâÈton at
GJæva Colntrln ÀlnDrt

R V R = hlrtt€y Vlstl)lllty rbrrJeR./Il - 25oo n

Rl/R - l2oo nr

I{/R- læn

tfi

,2

o
:J s f'f A Êf :I A .S o

Fig. L2 From reference I


