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Abstract

Thenext generationair fluorescenceexperimentsstudyingcosmicraysnear10
���

eVrequiresignificantlybetter
atmosphericmonitoring than the original Fly’s Eye experiment. In this paperwe presentone methodto
monitortheaerosoltransmissionfactorfor theHigh ResolutionFly’sEye(HiRes)experiment.

1 Intr oduction:
The atmosphericcorrectionsto datafrom the High ResolutionFly’s Eye (HiRes)experiment(Sokolsky,

1999)areof two forms. The first is the correctionfor the finite transmissionof light from theextensive air
shower to the fluorescencetelescopes.In practicethe observed signal includesboth air fluorescenceplus
somescatteredair Cherenkov light from theair shower. The lattermustbesubtractedaspartof theshower
reconstruction/analysis andconstitutesthesecondcorrectionto thefluorescencedata.

Thusvariouspropertiesof theatmospheremustbeknown to allow thecorrectionof theobservedfluores-
cenceplusscatteredair Cherenkov light signalbackto thesourcefluorescencesignalat theair shower:

a) theverticalprofileof theatmosphere:density, ���	��
 , andtemperature,��	��
 , asa functionof theheight,� , above thefluorescencedetectoreyes. To first orderthis is well representedby valuesat theground,����� , combinedwith theU.S.StandardAtmospheremodel(Martin, 1999).

b) theverticalprofileof aerosols,alsoasa functionof theheightabove thefluorescencedetectoreyes.

c) the Rayleigh scatteringtotal and differential crosssectionas a function of wavelength(which are
known).

d) theaerosolMie scatteringtotalanddifferentialcrosssections(Tessier, 1999)asafunctionof wavelength
in therange:��������������� �!������� .

Our goal is to make the minimum numberof measurementsthat will allow us to correctHiResdatafor
atmospherictransmissionlossesandfor backgroundsfrom air Cherenkov light scatteredinto theair fluores-
cencesignal.To proceedweusea1-dimensionalmodel,i.e. variationonly with height,for theatmosphereand
for theaerosols.This is a very goodmodelfor themolecularatmosphere.It is alsogoodfirst approximation
for night timeaerosolson thehorizontalscaleof thepresentHiResexperiment(Sokolsky, 1996).

In this paperwe describeonly the subsetof the atmosphericmeasurementsneededto provide quantita-
tive measurementsof the transmissioncorrections.We first measurethe total, i.e. combinedmolecularand
aerosoltransmission,�#"%$��#& , at onewavelengthnearthe middle of the wavelengthacceptanceof HiRes
usingscatteredlaserlight from frequency tripled YAG lasers(355nm)at fixed elevations, � , viewed by the
fluorescencedetectorsat differentangles,')( , from thehorizontal.Theaerosoltransmission,�#& , is obtained
by dividing by thecomparatively well known moleculartransmission,� " . Themeasurementsof � & provide
a directmeasurementof theaerosolopticaldepth,*+&,�	��
 , versusheightabove HiRes.This measurementwill
alsoprovide informationon the vertical profile of aerosols.To make correctionsover the full wavelength
acceptanceof HiRes, ��������� -.�/-0�!������� , we will measurethe wavelengthdependenceof the aerosol
horizontalattenuationlengthat thelevel of theHiReseyes, �1��� .



2 AerosolTransmissionCorr ection:
Mie scatteringof light onaerosolsin theatmosphereresultsin anexponentialdecreaseof thelight intensity

of a light beampassingthroughtheatmosphere.Themultiplicative aerosoltransmissionis givenby:
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where Y��&��	��
F�[Z HK\^]`_ba<Hc\^]ed fK_Z H \ � _ga H \ � d fh_ is thenormalizeddensityof aerosolsversuselevationand ij&��I��
k� �
Z H \ � _ga H \ � d fh_is the aerosolhorizontalattenuationlength(e.g. in meters)at �l��� asa function of wavelength, � . The

aerosoltransmissioncanbere-expressedin termsof theaerosolopticaldepth,*+&��	�!mn�9
o� B ]�qpZ H \^]`_brs]t H \^fh_ andtheslantfactor,
�u (wv \^x U _ :
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3 Measurementof the AerosolOptical Depth:
To measurethe aerosoloptical depth, *+&��	�y
 , we needknown intensity, pulsed,UV light sourcesplaced

moreor lessthroughouttheatmosphereabovetheHiResaperture.For thelight sourcesweproposeto useside
scattered light from frequency tripledYAG laserbeams.Therelative brightnessof eachsourcewill beknown
basedon monitoringtheintensityof eachlaserpulseandby makinga (small)correctionfor variationsin the
scatteringprobabilityversuslaserlight scatteringangle(i.e. theanglebetweentheinitial laserbeamdirection
andthefinal directiontowardthemonitoringfluorescencetelescope);moredetailsareprovidebelow.

Now at a givenwavelengthandwith our1-dimensionalmodelfor theaerosols,* & �	��
 dependsonly on the
light sourceheight, � , above the fluorescencetelescope(s).Thus *+&y�	��
 is the samefor light from all light
sourcesat thesameheight � above thefluorescenceeye(s).Furthermorefor our 1-dimensionalaerosolmodel
theaerosoltransmissionfactorizesinto � -dependentandinto ' ( -dependentpartsasshown in Eqn.2.

Usingscatteredlaserlight weplaceknown intensity, | � , light sourcesatthesameheight,� , aboveafluores-
cenceeye but at differenthorizontaldistancesfrom theeye. Thesewill beviewedwith differentslantfactors
andwill have differentobserved intensities.If we denotetheobserved intensities,correctedfor simplegeo-
metricaleffects(e.g. the } A � dependencewith distance( } ) for line light sources)andfor Rayleighscattering,
by Y|�~�� u �	' ( 
 then: �� ~�� u 576�8e: ( =?> � � � @ A!z H \^]`_ R ST�UNV<JXW U L
Thenaturallogarithmof Y|�~�� u �	' ( 
 is then:
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 versus A �u (^v \^x U _ gives the aerosoloptical depth, *+&��	��
 . Alternatively for two

measurementswith verydifferentvaluesof
�u (^v \^x U _ weobtain:
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where' u "j& �{� is asmallangleto thehorizontalandcorrespondsto light from averydistantsource,and ' � &s���`�
is a large angleto the horizontalandcorrespondsto light from a nearbysource.This relation provides a
dir ectmeasurementof the aerosoloptical depth * & �	��
 .

Two possiblegeometriesfor thescatteredlaserlight sourcesaregivenby:



1. FixedRadiusMulti-sourceGeometry:
In this geometrywe would placevertically directedlasersat a fixed radius aroundone fluorescence
eye. This eye is themonitoreye andprovidesthemeasurementof therelative shotto shotlaserinten-
sity – only azimuthalsymmetryneedbeassumed.A second,attenuation, eye views theseat different
distances.Thusfor agiven � theattenuationeyeviews theseat differentvaluesof

�u (wv \wx U _ asrequired.

2. FixedRadiusSingle-sourceGeometry:
In this geometrywe would locatea singlesteer-able laserat a large ( ���l����� km) distancefrom the
attenuationeye. The shot to shot intensityof the laser(s)aremonitored. This provides the relative
shot to shot laserintensityfor pointsat fixed radius, from the laser;only azimuthalsymmetryneed
be assumed.A rangeof � and

�u (wv \wx U _ is obtainedby directingthe laserbeamat variousazimuthand
elevationangles.

In thesetwo geometriesthescatteringangleof thelaserlight, � , is effectively restrictedto arangeof angles
wheremolecular(Rayleigh)scatteringdominates.For theHiResverticalfield of view thelaserlight scattering
angleis in therange:����� �¡�<����� for thefixedradiusmulti-sourcegeometry. For thefixedradiussingle-source
geometrywe addoneadditionalrestrictionthat thelight scatteredout of thelaserbeamis viewedat a radius
of �¢��£Q��¤�¥ thelaser– attenuationeye separation.Undertheseconditionsthe light scatteringangleis in the
range: ����� � �¡�<¤�� � .

To estimatethelaserlight scatteringprobabilityversusangle,weshow in Fig. 1 thenormalizedmolecular
(Rayleigh)andpredictedaerosol(Mie) (Longtin, 1988)scatteringdifferentialcrosssections.The fraction,¦ &,�I��
 , of laserlight thatundergoesaerosol(Mie) scatteringin averticaldepth,§,� , of theatmosphereis given
by: ¨ & 57;)=©>
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where Y' is theangleof thelaserbeamto thehorizontal,µ·¶ is theangularacceptanceof theentranceaperture
of a given fluorescencetelescope,the ra-

tio of aerosolcrosssections, M�¸ H J ¹�º�T7JX» Lb¼ P LM�½a H ,
is called the aerosol phasefunction and
otherquantitiesaredefinedin Eqn. 1. A
similar expressionappliesto the fraction
of the laserlight thatundergoesRayleigh
scatteringin the atmosphere. The total
scatteringprobability is the sum of the
Mie andRayleighcontributions.
At 355nm the relative horizontal atten-
uation lengths for aerosoland molecu-
lar scatteringat the HiRes experiment
are predictedto be approximatelyequal
(Longtin, 1988). In practicethe HiRes
experienceis thatthetypicalaerosolhori-
zontalattenuationlengthat theHiResex-
periment,Dugway Utah, is about ��£X�¾¥
longer thanthe Longtin, 1988prediction
(Sokolsky, 1996).
In Fig. 2 weshow theexpectedtotal scat-

Figure 1: NormalizedRayleighandrepresentative Mie (Longtin,
1988)scatteringdifferentialcrosssectionsplottedversusscatter-
ing angle,� .

teringprobability(sumof RayleighplusMie normalizedto theRayleighcrosssection)for three



cases:Rayleighattenuationlengthis twicetheMie attenuationlength... thiscorrespondsto anightwith much
larger than expectedlevels of aerosols;
RayleighattenuationlengthequalstheMie
attenuationlength; Rayleigh attenuation
lengthisone-halftheMie attenuationlength
... this correspondsto a typicalnight with
low levels of aerosols.Exceptfor nights
with muchlarger thanexpectedlevels of
aerosolsthetotalRayleighplusMie cross
section(normalizedto theRayleighcross
section) is approximatelyconstantover
theangularscatteringrange: ����� � �¿�À��<¤���� . Thuswe anticipatethat only small
correctionswill be neededto normalize
thescatteredlight intensitiesat thediffer-
ent valuesof

�u (wv \wx U _ for eachfixed value

of � . Furthermore,thecorrectionsbecome
smaller, i.e. theratio in Fig. 2 approaches
1.0,astheheightof thesourcesincreases.
Specifically in Eq. 3 Y� & �	��
 for aerosols
decreaseswith a typical scaleheight of

Figure 2: The sumof Rayleighplus Mie scatteringdifferential
crosssectionsnormalizedto the Rayleighcrosssectionfor three
cases;seetext.

�¡��£{� km whereasY��"1�	��
 for themolecularatmospheredecreaseswith ascaleheight, �ÂÁ�£{¤ km.
Thesemeasurementsdiffer from otherproposedmonitoringmethods.First thefluorescencedetectorsread

out the scatteredlight. Thusa separatesteer-ablemirror/DAQ system,suchaswith conventionalLIDARs
(Hayashida,1999),is notneeded.Furthermorethelargeareafluorescencemirrorsallow thelight transmission
(atmosphericcalibration)measurementsto be madeover the samedistancesscalesasthe air shower (data)
events.Secondthelaserandattenuationeyegeometriesarechosensothatlight pathfrom thelaserto thepoint
of scatteringis a constant(at a givenheight, � ). Thusapartfrom azimuthalsymmetry, no otherassumption
needbemadeaboutthe initial transmissionfrom the lasersourceto thepoint of light scattering(toward the
attenuationeye). Thisdiffersfrom proposals(Teshima,1999)thatmodeltheentirelight path.

4 Conclusions:
This paperreviews the light transmissioncorrectionfor air fluorescenceexperimentsin a 1-dimensional

aerosolmodel for the atmosphere.Oneof the methodsproposedfor monitoring the aerosoltransmission
correctionsfor theHiResexperimentis presented.
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